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Abstract 

Inflammation of the uterus is commonly experienced by the dairy cow in the post-partum 

period. However, a proportion of cows fail to resolve this inflammation by 21 days post-

partum (DPP) which results in cows presenting with the clinical symptoms of uterine disease, 

purulent vaginal discharge (PVD). PVD is a well-known inhibitor of reproductive efficiency in 

dairy cows internationally however its effects on dairy cows in the Irish pasture-based grazing 

system are unclear. In previous studies, our group identified that 7 DPP is an important 

timepoint in the development of uterine disease as differential immune gene expression was 

identified in cows at this stage that will subsequently present with PVD at 21 DPP. Therefore, 

we hypothesise that PVD leads to ensuing sub-optimal levels of reproduction and milk 

production in the Irish dairy herd and that markers of inflammation at 7 DPP that can predict 

cows that will present with PVD at 21 DPP.  

Firstly, we determined the reproduction and milk production effects of PVD on a sample of 

pasture-based spring calving Irish dairy cows.  A total of 440 mixed-parity Holstein-Friesian 

dairy cows were assessed for PVD at 21 DPP by vaginal mucus scoring (VMS). Cattle were 

classified as healthy (VMS 0; clear or no vaginal exudate) or as having PVD (VMS 1-3; presence 

of purulent material in the vaginal exudate). The 305-day milk kg, milk protein kg and milk fat 

kg yield prior to and after disease diagnosis were recorded as well as fertility data such as 

services per conception and the calving-conception period (CCP) were recorded. Using the 

above categorisation, the prevalence of PVD was 60%. There were no significant differences 

in milk component yield between healthy cows and cows with PVD. Cows with PVD had an 9 

day longer calving interval and a 34% higher risk of having a longer calving interval than 

healthy cows. Odds ratio analysis determined that cows with PVD were 3 times more likely 

not to conceive at all, twice as likely not to conceive at first service, twice as likely not to 

conceive by 100 DPP and three times more likely to fail to conceive before 150 DPP when 

compared to healthy cows.  Cows were retrospectively categorised with “low” or “high” milk 

yield based on being above or below the median 305-day milk kg yield of the study population 

(6571 kg) in the lactation prior to vaginal mucus scoring. “High” yielding cows were 1.6 times 

more likely to present with PVD on day 21 PP instead of being healthy. In the high yielding 

group, cows with PVD were 4.9 times more likely not to conceive, 2.7 times more likely to 
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require multiple services to conceive, 2.1 times more likely to remain not pregnant by 100 

DPP and 4.4 times more likely to remain not pregnant by 150 DPP. The CCP was also 

significantly longer in cows PVD than their healthy counterparts (115.9 ±4.9 and 104 ±7.4 days 

respectively). This suggests that energy parturition in the cow focuses on maintaining 

adequate levels of milk production to the detriment of fertility. 

As the switch from physiological to pathological bovine uterine inflammation occurs around 

7 DPP, we hypothesised that the circulating concentrations of vitamin D, a potent 

immunomodulator, are lower in cows with PVD  at 7 DPP and are correlated with the acute 

phase protein (APP) alpha-1 acid glycoprotein (AGP) and metabolites known to rise in 

response to negative energy balance such as β-hydroxybutyrate (βHB), NEFA and glucose. In 

total, concentrations of the vitamin D metabolite 25(OH)D₃ in 557 mixed-parity Holstein-

Friesian at pre-calving, calving, 7 DPP and 21 DPP were measured in blood samples. The only 

significant difference found was at 7 DPP where healthy cows had higher circulating 25(OH)D₃ 

concentrations than cows with PVD. In high yielding cows, there were no 25(OH)D₃ 

concentration variances between healthy cows and cows with PVD at any timepoint. Focusing 

at 7 DPP, the concentrations of AGP, βHB, NEFA and glucose were similar between healthy 

cows and cows with PVD and there were no correlations between 25(OH)D₃ and any marker 

in healthy cows or cows with PVD. These results reveal that although vitamin D did not 

modulate the selected inflammatory markers at 7 DPP, it is apparent that elevated vitamin D 

consumption occurs in cows with subsequent PVD at this stage.  

This finding provides another indication that aberrant immunological profile at 7 DPP are 

evident in in cows with PVD at 21 DPP. With this knowledge, we hypothesised that a single or 

a panel of prognostic biomarkers that can accurately predict the onset of PVD is obtainable 

at 7 DPP. Alongside previously mentioned markers, we included the relative abundance of 5 

reproductive tract bacterium that are known to be highly expressed in cows with PVD and the 

quantities of 37 glycoforms of Immunoglobulin G for a total of 54 biomarkers. This accuracy 

was determined using receiver operative characteristic (ROC) curves to determine the area 

under the curve (AUC), which is a measure of the sensitivity and specificity of each biomarker. 

These measures were also used to calculate the optimal cut-off point of each biomarker. 

Linear regression was used to compute the AUC of each marker. When all biomarkers were 

entered into a model, an iterative stepwise selection process determined the optimal 
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biomarker for predicting PVD. At 7 DPP, a combination of IgG glycoforms 6 and 9 could 

identify cows with PVD at 21 DPP (AUC=0.77).

 In cows with an above median 305-day milk yield in the previous lactation, the IgG glycoform 

GP8 could distinguish between healthy cows and cows with PVD (AUC=0.87). However, a 

combination of GP6 and GP9 was slightly more accurate (AUC=0.88). 

In summary, the studies presented in this thesis have provided a new insight into the 

consequences of PVD in Irish dairy cows and how its onset can be predicted in dairy cows by 

profiling components of the innate immune system. Providing the dairy cow with heightened 

levels of vitamin D is important in the prevention of uterine disease and our results indicate 

that energy parturition in dairy cows may have an important role in its development. This is 

the first study to attempt to predict the onset of uterine disease using a multiplexed panel of 

biomarkers. Our results yielded a biomarker combination with an effective ability to identify 

cows at 7 DPP that will present with PVD at 21 DPP. This promising finding will have positive 

implications for herd health and farm profitability in the future.  
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1.1 Introduction: Historical Ireland and dairy farming 

The earliest known Irish dairy farmers confined their cattle to paddocks by using stone wall 

fencing in Céide, Co. Mayo around 3000 BC. Approximately 2500 years after this, Celtic 

settlers from the mainland of Europe brought with them dairy-related skills like cheese and 

butter making which gave dairy farming a further boost in popularity. The people of Celtic 

Ireland held the dairy cow in great esteem; it is known that dairy products was a considerable 

part of their diet and the wealth was based on the amount of cattle kept not by the amount 

of money or land that a person possessed (Foley, 1993). 

This tradition of Irish dairy farming continued down the centuries and despite the invasions 

of the Vikings, Normans and British Empire it continued to flourish. It played a crucial role in 

rebuilding the rural economy and society in the post-Great Famine era. For example, in 1896 

there were 279 creameries in Ireland and by 1914 this had increased to 450. During the Anglo-

Irish Trade War of the 1930s, the Irish economy suffered badly and as a result food became 

relatively scarce. Despite this, due to the relatively low production cost of pastoral-based 

dairy farming the consumption of dairy remained highly dependent upon (Friel and Nolan, 

1996). According to Kelly et al. (1986), the dietary profile of Irish citizens in 1936 was 32% 

dairy, 26% potatoes, 17% cereals, 7% meat & fish and 18% other sources. 

Today, there are 1.3 million dairy cows in Ireland with the majority found in the southern 

counties of Cork (339,500 cows), Tipperary (146,300 cows), Limerick (109,700 cows) and Kerry 

(97,900 cows). In 2015, Ireland produced 6.3 billion litres of milk (Central Statistics Office, 

2015). Most Irish farmers employ a pastoral grazing system with the aim of having cows 

grazing immediately after calving for the entire 305-day lactation period. Pastoral farming is 

a less intensive and cheaper production system. For every 10% increase in grazed grass in the 

feeding system, the cost of milk produced will be reduced by 2.5c/l (Dillon et al., 2008). 

1.2 Bovine reproduction and fertility 

At the heart of a profitable and efficient pasture-based milk production system is the need to 

sequence a compact calving period with the onset of grass growth in the spring. The preferred 

timeline for Irish cattle involves the herd calving in early February, followed by the breeding 

season commencing in mid-April. Artificial inseminations (AI) are carried out on healthy cows 
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in oestrous with repeats for those that don't become pregnant. Usually a stock bull is used 

for natural insemination should they fail to become pregnant by AI. The overall aim of this 

strategy is that the cow gives birth to one calf every 365 days, otherwise known as the calving 

interval. 

Breeding strategies to increase the total milk yield have correlated with a reduction in fertility 

over the last 50 years (Berry et al., 2014). This detrimental impact has been addressed with 

changes to selection indices, however, reproductive efficiency remains a significant challenge 

when it comes to maintaining a 365-day calving interval. This impact is reflected via increased 

calving interval as well as increased conception/services rate and culling due to fertility 

difficulties (Dobson et al., 2007). Based on Irish data the average calving interval for the Irish 

dairy herd is currently 390 days (ICBF, 2019, Teagasc, 2013). To address this, a breeding 

programme based on Irish production data to reverse these this trend was established. The 

Economic Breeding Index (EBI) was established to help farmers improve genetic gain in the 

herd, including fertility (Teagasc, 2014). It initially just took into account milk production but 

since the selection has changed and the EBI now comprises of six sub-indexes: production, 

calving, beef, health, maintenance and fertility (www.icbf.com).  The fertility phenotypes of 

calving interval and calf survival after a year of life comprise the fertility sub-index. The dairy 

index comprises of 35% of the index, 2% more than production traits which emphasises the 

importance fertility has in cattle breeding in Ireland.  

Another threat to reproductive efficiency is post-partum health. The presence of clinical 

disease can interfere with the organs of the reproductive tract such as the uterus, the ovary 

as well as the hypothalamus-pituitary axis (Williams, 2013, Gilbert, 2016). Therefore, 

understanding the molecular mechanisms behind disease and limiting or eradicating its 

effects on the reproductive organs involved in conception is an important issue. 

1.3 Ruminant reproductive physiology 

The function of the female bovine reproductive tract is to provide and transport  a female 

gamete for fertilisation by sperm in the oviduct, to provide and maintain adequate conditions 

for the foetus to develop during gestation and to expel the foetus safely during parturition 

(Senger, 2003). It consists of two ovaries, two uterine tubes (oviducts), the uterus, the vagina, 

and the vulva (Figure 1.1).  
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At the exterior of the reproductive tract is the vulva. Inside this, the vagina holds the penis in 

place during copulation, to provide a birth canal during parturition and to secrete mucus to 

inhibit bacterial invasion. Between this and the uterus is the cervix, a sphincter muscle that 

only opens during oestrous, parturition and at copulation to allow spermatozoa to enter the 

uterus.   

The bovine uterus comprises of the body, walls, cervix and two horns and is 25 cm in total 

length. Bovine uteri are described as being bipartite in shape as the uterus is divided into two 

uterine horns due to incomplete fusion of the uterine body. The uterine wall consists of an 

inner lining of mucosal membrane (endometrium). This tissues' vasculature and thickness is 

dependent on hormonal changes and pregnancy status. The endometrium is a glandular 

tissue and its secretions play a role in the implantation and maturation of the embryo. This 

inner surface of the uterus is covered with oval-shaped projections called caruncles. Caruncles 

are the site of foetal-maternal attachment and are believed to be 70-120 in number in the 

bovine uterus (Frandson et al., 2003).   

Connected to the uterus by the fallopian tubes, the ovary is the main organ of reproduction 

in the female as it produces the oocyte for fertilisation. Each ovary consists of the medulla 

(centre) and cortex (periphery). The medulla consists of fibro-elastic connective tissue and an 

extensive nerve and blood vessel system which enters the ovary via the hilus. The ovarian 

cortex contains the follicles and corpora lutea (CL) which play an important role in the 

hormone regulation in the oestrous cycle (Ball and Peters, 2004). 
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Figure 1.1: Lateral and dorsal view of  bovine reproductive tract and organs (Adapted from 

(Senger, 2003) 

1.4 Oestrous cycle 

The oestrous cycle is the process in which a follicle is developed until maturation when it is 

released (ovulation) before restarting the process again. Periods of time when oestrous cycles 

cease are called anoestrus and can be caused by seasonality, gestation and lactation. The 

length of the bovine reproductive oestrous cycle is 21 (18-24) days (Forde et al., 2011) and 

can be divided into two parts: the follicular and luteal phases. 

The follicular phase is the period of the cycle between dominant follicle selection and 

ovulation. In cows this is usually around the 18th to the 21st day of the oestrous cycle. 

Follicular development and follicular growth takes place throughout the whole cycle and most 

female cattle experience two or three follicular waves. During the follicular wave follicles of 

the antral follicle pool undergo emergence, selection, atresia and ovulation. Emergence takes 

place under the influence of FSH which is secreted by the pituitary gland under the influence 

of gonadotropin releasing hormone (GnRH). While GnRH has a positive effect on the release 

of both FSH and LH, FSH is largely responsible for the growth and LH is largely responsible for 

the final maturation and ovulation of the follicle.  
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After ovulation the CL, which is the remnants of the granulosa and theca cells of the pre-

ovulatory follicles, secretes progesterone (P₄). This has a negative feedback effect on the 

secretion of GnRH from the hypothalamus gland which would in turn stimulate the pituitary 

gland to produce follicle stimulating hormone (FSH) and luteinising hormone (LH).  This also 

signals the beginning of the luteal phase. 

In the luteal phase, the first of the 2 or 3 follicular waves of preovulatory follicles which are 

3-5mm in diameter are stimulated by small spikes of FSH emerge which is activated by 

oestradiol. By day 5, P₄ levels are slowly elevating. The knock-on effect of this is that FSH is 

inhibited by this increase in P₄ so these follicles suffer atresia. These preovulatory follicles 

produce oestradiol which causes a surge in GnRH. This leads to pulses of LH at low 

amplification and these surges occur about every four hours. Prostaglandin (PGF2α) is 

released by the epithelial endometrial cells by the specific transporter multidrug resistance 

protein 4 (MRP4) if conception has not occurred at approximately day 14-16 of the cycle. This 

hormone causes the regression of the CL (luteolysis). With P₄ no longer being produced, the 

cycle can begin again as GnRH synthesis restarts due to no inhibition by P₄ and oestradiol 

secretion by the selected dominant follicle, also known as the Graafian follicle. Due to the 

hypothalamus -pituitary axis, GnRH stimulates the secretion of FSH and LH from the pituitary. 

This surge of LH and FSH results in the selection of the Graafian follicle. This acquires 

competence and will be ovulated at the 21st day of the cycle. The cycle will begin again unless 

fertilisation occurs (Figure 1.2). 
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Figure 1.1 The bovine oestrous cycle with associated hormones (Crowe, 2008) 

Illustration of the secretion of FSH (blue line), LH (green lines), and P4 (orange line); and the 

pattern of growth of ovarian follicles during the oestrous cycle in cattle. Before every wave of 

follicular growth, there is a spike in FSH concentrations. Healthy growing follicles are yellow, 

while atretic follicles are red. The onset of oestrus and consequentially ovulation is due to a 

surge in LH and FSH concentrations. The  secretion of LH pulses during an 8 hour  period  early 

in the luteal phase (greater frequency, low intensity), the mid-luteal phase (lower frequency, 

higher intensity) and the follicular phase (high frequency, building to the surge) is indicated 

in the inserts in the top panel (Crowe, 2008).  

1.5 Fertilisation, gestation and parturition 

During the follicular phase, the ovary releases the oocyte into the oviduct to be fertilised by 

spermatozoa. Before this, sperm undergoes several physiological and biochemical 

modifications while progressing up the reproductive tract (Robertson, 2005). Briefly, after 

deposition in the cervix, non-motile sperm are removed by mucus before entering the uterus. 

Here capacitation, removal of seminal plasma coating to expose the portion that binds to the 

zona pellucida of the oocyte, occurs (McGeady et al., 2006). This finishes in the uterotubal 

junctionat the uterine end end of the oviduct. The sperm penetrates the oocyte and descends 

the oviduct to the uterus for implantation onto the uterus. Fertilisation occurs more 

commonly in the right uterine horn than the left at a 60:40 ratio (Ball and Peters, 2004). This 

occurs approximately 15-20 days after fertilisation (Ball and Peters, 2004). The conceptus 
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(now called the blastocyst at this stage) produces interferon tau (IFNτ) which plays a key role 

in maternal recognition of pregnancy. IFNτ inhibits the production of oxytocin by the 

endometrial cells which in turn blocks the production of PGF₂α. This consequentially prevents 

luteolysis, so the CL can remain producing P₄ and prevent another oestrous cycle from 

occurring (Crowe, 2008, Forde et al., 2011). 

In order to survive, the embryo must adapt to receive nutrients from the mother. Firstly, a 

yolk sac forms to provide an initial platform for maternal-embryo nutrient transfer. The 

amnion then develops to protect the growing embryo in a water bag. The allantois grows 

outward from the embryo as another layer of protection. As it grows its contacts the external 

layer of the embryo (trophectoderm) to form the chorion. The chorion and the 

endometrium's caruncles are now in contact. From this area of direct contact, the placenta 

forms. From this, the exchange of nutrients for the remainder of the pregnancy can occur 

(Kudlac, 1988, Attupuram et al., 2016). 

The average length of gestation in cows is 280-285 days, depending on the breed. Parturition 

is n endocrine event which is activated by the hypothalamus-pituitary-adrenal (HPA) axis (Ball 

and Peters, 2004). As the foetus has grown to its maximum size and has nearly filled the 

limited space in the uterus it becomes stressed. This triggers the release of adrenal 

corticotrophin (ACTH) by the anterior pituitary gland of the foetus. This produces corticoids 

which allow myometrial contractions to begin and increases the production of reproductive 

tract secretions. As P₄ is converted to oestradiol by foetal cortisol (Senger, 2003). In the 

absence of P₄, PGF₂α is synthesised. This and oestradiol combine to make contractions to 

detach the cotyledonary attachments of the placenta and to contract the smooth muscle of 

the cervix to allow for parturition.  

The pressure of the foetus on cervix and vagina triggers the release of oxytocin from the 

pituitary gland to stimulates further contractions. With these contractions, the allantochorion 

and the amniotic sac are ruptured. This provides lubrication for the calf's passing through the 

reproductive tract. This final stage of parturition can last up to 6 hours (Ball and Peters, 2004). 

1.6 Uterine involution 

The process where the uterus returns to its normal non-pregnant size and function after 

parturition is known as uterine involution. This resumption of normal uterine conditions 
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involves removal of lochia, shrinkage of the uterus, necrosis and sloughing of caruncles as well 

as the resolving of the endometrium (Sheldon and Dobson, 2004).  While the placenta is 

normally expelled 6-8 hours post calving, complete uterine involution can take 45-50 days in 

dairy cows. Within the first three weeks post-partum, the uterus shrinks from 1m to 10cm in 

length and 10kg to 1kg in weight (Gier and Marion, 1968). This is encouraged by the release 

of oxytocin and PGF₂α (Ball and Peters, 2004) 

If the placenta is not excreted 24 hours after calving, the cow is said to have a retained 

placenta (Gier and Marion, 1968). Therefore, retained placenta is an obvious risk factor for 

uterine disease. Other risk factors which leave the cow susceptible to uterine diseases are 

calving season, twin-births, calving conditions, dystocia, poor nutrition and metabolic 

disorders e.g.: ketosis, milk fever and displaced abomasum (Adnane M. et al., 2016, Aungier 

et al., 2014, Dubuc et al., 2010b). 

1.7 Uterine disease 

1.7.1 Metritis 

 “Metritis” can refer to puerperal metritis, which is described as signs of systemic illness, 

including fever, reduced milk yield, dullness and reduced appetite with an abnormally large 

uterus and fetid, watery, brown discharge emanating from the vagina. Clinical metritis is 

described as being foul-smelling, brown-red, watery vaginal discharge occurring within the 

first 20 days post-partum (Sheldon and Dobson, 2004). Prevalence of metritis has been 

recorded as high as 50% (Sheldon et al., 2009). 

1.7.2 Cytological endometritis 

Cytological endometritis (CYTO), sometimes referred to as subclinical endometritis, is the 

inflammation of the endometrium without clinical symptoms. It is diagnosed as increased 

numbers of polymorphnuclear cells (PMNs) in an endometrial cytology sample at 21-33 DPP 

in the absence of clinical symptoms (Kasimanickam et al., 2004). The PMN percentage can be 

obtained through uterine cytobrush, lavage, biopsy or by using cytotape (Pascottini et al., 

2015). The PMN threshold which diagnoses CYTO is not fully established. The threshold of 

PMNs is calculated by assessing the fertility outcomes of fertility outcomes, usually the 

calving-conception period (CCP). The threshold of >18% PMNs at 21-33 DPP or >10% PMNs at 

34-47 DPP has been suggested (Kasimanickam et al., 2004). This calculated using a ROC curve 
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to determine the sensitivity and specificity over a range of PMN percentages. Other studies 

have recommended a PMN percentage in the range of 6.5-18% (de Boer et al., 2014). The 

discrepancies may be due to fertility being influenced by many factors including inadequate 

cow nutrition, poor heat detection, improper insemination techniques and other farm 

management issues. The prevalence of CYTO is highly variable due to this reason and is known 

to range from 5-50% (Sheldon et al., 2009, Dubuc et al., 2010a). 

1.7.3 Clinical endometritis/Purulent Vaginal Discharge 

Clinical endometritis (CE) is diagnosed by assessing the cervico-vaginal mucus (CVM) its 

degree of purulency. This can be done with the use of a vaginoscope, gloved hand or a 

Metricheck device. Using a four point system, CVM is scored as 0 (clear mucus), 1 (flecks of 

mucopurulent material), 2 (<50% purulent material in 50ml of exudate) or 3 (≥50% purulent 

material in 50ml of exudate, Figure 1.3) (Williams et al., 2005). Reported prevalence rates of 

clinical endometritis vary, but a widely accepted figure is 20% on 21 DPP (Sheldon et al., 2008). 

 

Figure 1.2: The vaginal mucus scoring system as devised by (Williams et al., 2005) 

At 21 DPP CVM purulence is assessed and graded as 0 (clear mucus), 1 (flecks of mucopurulent 

material), 2 (<50% purulent material in 50ml of exudate) or 3 (≥50% purulent material in 50ml 

of exudate. 
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Although consequences of PVD and CYTO both result in impaired reproductive and productive 

performance, it has been proved that they are not clinically expressed exclusively together 

and that they have different reproductive implications. It has emerged that only 38% of cows 

on 35 DPP and 36% at 56 DPP with PVD  had a higher percentage of PMNs in uterine cytology 

samples (Dubuc et al., 2010a). This led the authors to believe that both manifestations were 

independent to each other and that they had additive negative effects on reproductive 

performance and health. Therefore, the terms “purulent vaginal discharge” (PVD) is preferred 

instead of CE. 

1.8 Risk factors for PVD 

The strongest risk factors for PVD relate to calving events that damage the structural integrity 

of the uterus. These include primiparity, hip dystocia, vulvular angle, abnormal/assisted 

calving, male calves and still birth (Dubuc et al., 2010b, Gautam et al., 2010, Potter et al., 

2010). The hygiene of the local environment at calving was once believed to play a central 

role in the development of PVD. After calving, the development of metritis and fever are 

strong risk factors for PVD (Benzaquen et al., 2007). Failure to expel foetal membranes can 

increase the likelihood of  PVD as the necrotic membranes act as a medium for bacterial 

proliferation (Kim and Kang, 2003). 

The development of PVD can be associated with metabolic imbalances.  In the peri-partum 

period, dairy cows endure the metabolic pressures of calving, lactogenesis and uterine 

involution. During this period, the dry matter intake (DMI) decreases meaning that in order 

to match their energy demands, the dairy cow mobilises its fat reserves and enters negative 

energy balance (NEB). Therefore, the vast majority of cows enter some degree NEB in the 

early post-partum (LeBlanc, 2014). This is indicated by a rise in circulating levels of NEFA. 

While this is a dense source of energy for the cow, ketones like β-hydroxybutyrate (βHB) are 

produced (Fenwick et al., 2008). Immunosuppression in the post-partum period is known to 

occur in periods NEB (Machado and Bicalho, 2015). The mobilisation of fat reserves releases 

pro-inflammatory signals like IL-6 ,TNF and Toll-like receptor (TLR) 4 (Tilg and Moschen, 2008). 

Low levels of circulating glucose are linked with impaired PMN function as it is required for 

chemotaxis, phagocytosis and oxidative burst (Galvao et al., 2010).  The functions of PMNs 

are negated in the presence of high levels of circulating NEFA and βHB leading to the onset of 
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uterine disease (Ster et al., 2012). The inability of PMN to carry out its functions are linked 

with the exacerbation of uterine disease (Hammon et al., 2006).  

Vitamins and mineral deficiencies can impede the immune system. A driving factor in the 

development of PVD may be due to the low availability of circulating calcium levels. Calcium 

is required for uterine smooth muscle contractions, immune cell activation and stimulation 

of oestrous. Hypocalcaemia can hinder fertility by decreasing ovarian blood flow leading to a 

delayed onset of oestrous and inhibiting uterine tissue contraction which can lead to the 

retention of membranes which acts as a medium for uterine pathogens (Jonsson and Daniel, 

1997, Mahen et al., 2018, Risco et al., 1994, Venjakob et al., 2018). Further to this, intracellular 

ionized calcium ([Ca2+]i) is a necessary step in early immune cell signalling (Kimura et al., 

2006) and low levels of  [Ca2+]i are known to dampen the immune response of peripheral 

blood mononuclear cells (PBMCs) of dairy cattle (Kimura et al., 2006). 

The association between hypocalcaemia and production diseases and disorders are well 

established (Martinez et al., 2018, Neves et al., 2018, Venjakob et al., 2018). The link between 

serum calcium concentration, PVD and fertility has been investigated. Hypocalcaemic cows 

have been found to be more prone to uterine disease and to be slower to develop a corpus 

luteum (Whiteford and I.M., 2005).Jeong et al. (2018) found that cows with ≥9.7mg/DL of 

calcium were less likely to develop PVD than those with a lower calcium concentration of 7.9-

96.6 mg/DL. They also calculated that the high calcium group were more likely to resume 

oestrous cycling within the first 8 weeks post-partum than the group whose serum calcium 

concentration was <7.9 mg/dL (odds ratio (OR) 3.71, P = 0.05). The maintenance of adequate 

levels of calcium in the diet of the transition cow before parturition would appear to be 

imperative as depleted intracellular calcium stores two weeks before calving can lead to later 

inadequate PBMC production (Kimura et al., 2006). Calcium is endogenously synthesised 

through intestinal absorption, a process that requires vitamin D and magnesium. Metabolic 

disorders like ketosis, milk fever and excessive body condition loss increase PVD susceptibility 

(Gautam et al., 2010, Giuliodori et al., 2017) (Figure1.4).  
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Figure 1.4: The odds ratios of risk factors that lead to the development of PVD 

Results presented as ORs with 95% confidence intervals. Blue horizontal line indicates the 

OR=1 threshold of significance. References: 1: Brunn et al. (2002), 2: Correa et al. (1993), 3: 

Potter et al. (2010), 4: (Dubuc et al., 2010b) 5: Gautam et al. (2010), 6: Kim and Kang (2003), 

7: Benzaquen et al. (2007), 8: Konyves et al. (2009), 9: Giuliodori et al. (2017). ¹Indication of 

statistical non-significance (confidence intervals (CI)=1). ²PVD and metritis were not 

distinguished and were considered as one outcome. ³Fever was assessed rectally and was 

determined as a body temperature ≥39.4˚c. Adapted from Adnane M. et al. (2016) 

1.9 Treatment of PVD 

Treatment of PVD is commonly administered with intrauterine antibiotics or intramuscular 

injections of PGF2 in order to help the uterus, return to a condition where conception is 

possible. Treatment with cephapirin improved reproductive performance in cows with PVD  

(Runciman et al., 2008, LeBlanc et al., 2002b, Runciman et al., 2009).  The administration of 

ceftiofur or for three consecutive days or two doses of cloprostenol (PGF2) did not improve 

clinical or reproductive parameters (Kaufmann et al., 2010). However, LeBlanc et al. (2002b) 

and McDougall et al. (2013) found that administration of PGF2 can improve reproductive 

performance. Despite this success, a met-analysis found that PGF2 administration offers 
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little in the way of improving reproductive performance in cows with PVD (Haimerl et al., 

2013). 

1.10 Uterine immunology 

The uterus has a unique immune system; it must prevent pathogens from entering the uterus 

yet permit the access of sperm and the development of the foetus. This tolerance was first 

characterised by (Medawar, 1953b, Medawar, 1953a) who concluded that the foetal 

development is supported by the suppression of the maternal immune system. In later years, 

this phenomenon was elucidated in more detail. Wegmann et al. (1993) found that the 

maternal immune system is not suppressed but rather augmented to facilitate gestation. They 

determined that a switch in the adaptive immune response from a type 1 helper lymphocyte 

(Th1) response characterised by pro-inflammatory cytokine expression, to an anti-

inflammatory Th2 lymphocyte response.  

This change in the immune function of the dairy cow during gestation starts when the CL is 

produced during the luteal phase of the oestrous cycle. The CL produces progesterone which 

assists blastocyst development by suppressing the uterine immune response. The tolerance 

of the conceptus relies on the immunological communication between the conceptus and the 

mother. The conceptus does this by releasing IFNτ. This stimulates the uterus to express 

immunosuppressive genes to inhibit lymphocytes (Hansen, 2011). The conceptus produces 

major histocompatibility complex (MHC) class 1 antigens early in gestation so that it is ignored 

by the maternal immune signalling molecules like CD8+ T cells. The conceptus produces low 

levels of MHC class 1 antigens during gestation to allow for its development. There are two 

classes of MHC class 1 antigens. Classical MHCs produce antigens to protect the conceptus 

from pathogens and non-classical MHCs inhibit leukocyte function (Rapacz-Leonard et al., 

2014). 

The immunosuppressive environment of gestation is ended at parturition with a waning of 

progesterone levels. This induces a pro-inflammatory state which is necessary to allow for the 

survival of the calf during calving, removal of pathogens and of the placenta. The disruption 

of any of these processes can lead to damage or removal of the uterine epithelium, a potent 

co-ordinator of the innate immune response resulting in uterine inflammation. 
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1.11 Uterine immune response 

1.11.1 Cervico-vaginal mucus (CVM) 

The reproductive tract immune system involves the combination of physical barriers (e.g.: 

anatomical barriers of the vulva, cervix and uterus) and the CVM. The vagina and the cervix 

prevent the entry of pathogens further into the reproductive tract. CVM is secreted 

continually by the epithelial cells of the vagina, cervix and uterus. It aids defence against 

microbial pathogens and promotes lubrication for safe calving and membrane expulsion. It is 

composed mostly of water and mucins. Mucins bind to pathogen oligosaccharides preventing 

their adhesion to the epithelial cells. CVM also promotes microbial killing as it contains 

immunoglobulin A (IgA), lactoferrin and lysozyme, all defensive proteins (Adnane et al., 

2018b). 

1.11.2 Epithelial cells 

Underneath the CVM is the uterine epithelium. These cells not only act as a barrier preventing 

pathogen penetration to deeper layers of the uterus, but they mediate the innate immune 

response. Bovine epithelial cells express TLRs 1-7 and 9 (Davies et al., 2008, Chapwanya et al., 

2013). When these cells come into contact with LPS, they release pro-inflammatory cytokines 

like IL-1β, IL-6 and IL-8. These cytokines are involved with the chemoattraction of immune 

cells such as PMNs to the site of infection, and secretion of antimicrobial peptides (Davies et 

al., 2008, Cronin et al., 2012, Roach et al., 2002). 

1.11.3 Stromal cells 

Stromal cells lie beneath epithelial cells. These cells respond to oestrous increasing in 

thickness and anoestrous by before declining, facilitating conception. As parts of the 

epithelium can be removed during calving, the underlying stromal cells can be left exposed. 

The stroma comprises not just of stromal cells but of blood vessels and uterine glands. If 

bacteria penetrate this layer, proliferation can occur. However, the stromal cells can also 

actively orchestrate an  innate immune response as they are known to produce IL-6 and IL-8 

and well as producing TLRs (Cronin et al., 2012, Davies et al., 2008). 

1.11.4 Uterine microbiology 

About 80-100% of all cows experience bacterial invasion after calving (Sheldon and Dobson, 

2004) which is unsurprising considering the that the expulsion of necrotic tissue occurs. Early 
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studies on the causative bacteria of uterine disease identified Escherichia coli (E. coli), 

Trueperella pyogenes (T. pyogenes), Fusobacterium necrophorum (F. necrophorum)  and 

Prevotella species as the most common pathogens of uterine disease (Doherman et al., 2000, 

Williams et al., 2005). Analysis relationships between the Gram-negative E. coli and T. 

pyogenes species uncovered that early E. coli dominance allows for the later proliferation of 

T. pyogenes (Williams et al., 2007). A specific strain of  E. coli was identified in cows with 

uterine disease by Sheldon et al. (2010). This strain, named Endometrial Pathogenic E. coli 

(EnPEC), was found to more adherent and better at penetrating through uterine epithelial 

cells. T. pyogenes, a Gram-positive bacteria, is an opportunistic bacteria that is known to 

cause pro-inflammatory reactions in bovine oviductal epithelial cells (Danesh Mesgaran et al., 

2018).  

Traditional culture methods have been replaced with time-efficient and less expensive 

metagenomic pyrosequencing. These studies and these have given novel insights into the 

fluctuation of bacterial populations in the reproductive tract in advance of the onset of PVD. 

Where once it was believed that higher density of E. coli and T. pyogenes leads to uterine 

disease, recent studies have found that other bacterial species are involved in colonising the 

uterus and that their dynamics cause a dysbiosis in the microbiome preceding the onset of 

PVD (Knudsen et al., 2016, Wang et al., 2016). Increased density of Fusobacterium,  

Trueperella, Ureaplasma, Prevotella and Bacteroide species were found in cows with uterine 

disease and subsequent poor reproductive performance at 35 DPP  (Machado et al., 2012). In 

a similar study,  Bicalho et al. (2017b) found that cows that were diagnosed with PVD at 35 

DPP had a higher load of Bacteroidetes at 7 DPP (Bicalho et al., 2017b). They also conclude 

that when species from the phyla Fusobacteria, Proteobacteria, and Bacteroidetes dominate 

the uterine microflora the likelihood of PVD occurrence is higher. The local environment may 

also play a role in the development of uterine disease. Cows that were assisted during calving 

were more likely to be show higher levels of F. necrophorum contamination and 

consequentially develop PVD (Bicalho et al., 2012). As PVD is believed to represent 

inflammation of the lower reproductive tract, Miranda-CasoLuengo et al. (2019) found similar 

microflora in the uterus and vagina at 7, 21 and 50 DPP with the populations being most 

similar at 7 DPP. They attribute this to drainage from the uterus into the vagina. Distinct  

vaginal and uterine microbiomes occur later in the post-partum period, which promotes 
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reproductive tract health and prevents diminished conception rates (Machado et al., 2012). 

Miranda-CasoLuengo et al. (2019) also identified that a highly complexed microbiome was 

characteristic of healthy cows at 7 DPP and cows that developed PVD at 21 DPP had a far less 

diverse population with Bacteroides, Helcococcus and Fusobacterium phlya dominating. This 

led to the conclusion that a uniform bacterial population in the reproductive tract at 7 DPP is 

a risk factor for PVD. 

Bovine herpesvirus (BoHV-4) and uterine bacteria can have a commensal relationship. Viral 

replication occurs in the epithelial cells of the uterus and after using lymphocytes and 

macrophages to replicate, it can remain dormant until activation (Donofrio et al., 2007). 

Without the involvement of uterine bacteria, BoHV-4 does not have strong pathogenicity as 

it has been detected in healthy cattle. BoHV-4 is known to be associated with the presence of 

with E. coli and T. pyogenes. An in vitro study revealed how BoHV-4 replication is enhanced 

by LPS and that PGE is produced by bovine endometrial cells (Donofrio et al., 2008). As the 

endometrial tissue is damaged, BoHV-4 replicates and exacerbates the inflammatory 

response and this continues until the causative bacteria are expelled. These findings indicate 

that BoHV-4 can remain latent in the bovine uterus, using bacterial contamination of the 

uterus as an opportunity to replicate. 

1.12 Innate immunity 

The transition cow requires prompt immune responses as it surmounts physiological, 

nutritional and environmental challenges (Trevisi and Minuti, 2018). The innate immune 

response encompasses the physical, chemical and cellular components of the immune 

response that orchestrate host cell inflammatory responses to eliminate bacteria and repair 

damaged tissue (Sheldon et al., 2014, Amjadi et al., 2014). Approximately 95% of pathogen 

challenges are resolved by the immune response through the co-ordination of white blood 

cells, humoral factors, cytokines and chemokines (Daha, 2011). The bovine reproductive tract 

innate immune response is necessary for the not just the clearance of bacteria but for the 

resumption of oestrous.  

1.12.1 Toll-like receptors (TLRs) 

TLRs are cell-surface signalling molecules that recognise a range of pathogens and initiate an 

appropriate immune response.  In total, 10 bovine TLRs have been mapped (TLR 1-10) 
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(McGuire et al., 2006) . Each TLR triggers a specific signalling pathway which activates a 

tailored immune response for the particular pathogen (McGuire et al., 2006). Several TLRs 

detect viral nucleic acids. TLR 3 recognises double stranded RNA, TLRs 7 and 8 are known to 

signal single stranded RNA and CpG DNA are recognised by TLR 9 (Kawai and Akira, 2007). TLR 

4 is an important in the initiation of the inflammatory response to uterine disease as it detects 

LPS on the cell surfaces of Gram-negative bacteria. It stimulates the secretion of the pro-

inflammatory cytokines IL-6 and IL-8 as well as chemokines like CXCL1 and CCL20 by epithelial 

and stromal cells (Sheldon and Roberts, 2010). The cell walls of Gram-positive bacteria 

contain lipoteichoic acid (LTA) instead of LPS. LTA binds to TLR 2 and 6 heterodimers, 

activating Mitogen-activated protein kinase (MAPK) and nuclear factor-κB (NF-κB) pathways 

(Turner et al., 2014). This pathway induces the secretion of cytokines (interleukin (IL)-1β, IL-6 

and TNFα) and chemokines (IL-8)  (Takeuchi and Akira, 2010). 

1.12.2 Cytokines and chemokines 

After the detection of PAMPs, pro-inflammatory cytokines (IL-1 and IL-6) and cytokines (IL-8) 

are produced after TLR 4 signalling (Sheldon et al., 2014). Pro-inflammatory cytokines are 

involved in the inflammatory response by clearing infection and immune cell recruitment. IL-

1 has two main family members; IL-α and IL-β. These are powerful modulators of the immune 

response and have many functions. At calving, the levels of circulating IL-1 increase, 

supporting resolution through promoting leukocyte transportation, prostaglandin synthesis 

and increasing circulating calcium levels (Davidson et al., 1995, Chapwanya et al., 2012). 

Circulating concentrations of IL-1 may indicate that immune dysregulation of cows that 

develop PVD may occur before calving and persist into the post-partum period. Lower levels 

of IL-1 were found at this stage in cows that retained foetal membranes. By 30 DPP, the cows 

that presented with PVD had significantly higher levels of circulating IL-1 than healthy cows 

(Islam et al., 2013). Interestingly, cows that developed CYTO had increased levels of IL-1β in 

circulation (Galvao et al., 2011). These studies show that the level of cytokine recruitment 

differs between cows with CYTO and PVD, possibly due to their association with certain 

bacterial populations. Il-6 production is stimulated by IL-1 and TNF after PAMP detection. The 

roles of IL-6 include neutrophil, monocyte and natural killer cell maturation as well as 

regulating the acute phase response (APR).  IL-6 expression is highest during calving before 

decreasing in the post-partum period. However, cows with PVD have higher IL-6 
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concentrations than healthy cows and IL-6 was lower in cows with retained placenta. IL-8, 

also known as CXCL8, is a recruiter of neutrophils to infectious sites where it activates them. 

IL-8 peaks at 15 DPP before returning to basal levels by 60 DPP (Chapwanya et al., 2012). 

Endometrial epithelial cells are more potent producers of IL-8 than stromal cells (Chapwanya 

et al., 2013). Excessive IL-8 concentrations can leave cows susceptible to PVD (Sheldon, 2014). 

Cows may develop PVD with inadequate levels of IL-8 as this can lead to the retention of foetal 

membranes (Kimura et al., 2002). In CVM, the 7 and 21 DPP expression of IL-1β is higher in 

cows that present with PVD at 21 DPP.  IL-1, IL-6, and IL-8 are higher in cows with PVD at 21 

DPP (Adnane et al., 2017) 

1.12.3 Neutrophils 

The innate immune response to PAMPs are most commonly driven by macrophages and 

macrophages (Sheldon et al., 2014). The most prevalent white blood cell in the body are 

neutrophils. They are recruited to the local site of infection by the release of chemical signals 

from IL-8 and IFNγ (chemotaxis). Neutrophils are recruited very quickly as their half-life is 

short at around 8-12 hours. Neutrophils influx the uterus after calving enhancing involution 

(Chapwanya et al., 2012). However, their phagocytic ability can be hindered in the presence 

of hypocalcaemia and NEB (Vieira-Neto et al., 2017, Hammon et al., 2006). 

1.12.4 Macrophages 

Macrophages are an important immune cell involved in the clearance of uterine pathogens. 

Monocytes are produced in the bone marrow and they differentiate into macrophages or 

dendritic cells upon being released into circulation. Macrophages are chemoattracted to the 

site of infection and are activated by the inflammatory cytokines TNF and IFNγ. The functions 

of macrophages include the production of antibodies, wound healing, removal of dead 

neutrophils and tissue from the infection site and stimulating tissue regeneration (Mosser 

and Edwards, 2008). Macrophages have an important role in preventing retention of foetal 

membranes, a strong risk factor for PVD. The phagocytic activity of macrophages was reduced 

in the placentomes of cows with retained foetal membranes, indicating its role in the 

detachment of foetal membranes (Miyoshi et al., 2002).  
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1.12.5 Acute phase proteins (APPs) 

In order to return to a homeostatic state, the host may undergo an adaptive change during 

times of inflammation. One systemic response to inflammation is the triggering of the APR 

which elevates systemic concentrations of acute phase proteins (APPs) (Petersen et al., 2004). 

APPs are extracellular proteins that are recruited to a localised area of stimuli such as 

infection, inflammation, stress, injury and trauma as part of the APR (Hirvonen J et al., 1999). 

APPs are known to reflect the magnitude of the presence of LPS (Jacobsen S et al., 2004, 

Manimaran et al., 2016). This makes them prime candidates as biomarkers for uterine 

disease. While they are known to be extensively expressed in the liver when stimulated by 

cytokines, APPs have been expressed extra-hepatically in tissues including the bovine 

endometrium (Wathes et al., 2009). The main functions of APPs are to suppress inflammation 

and maintain homeostasis (Petersen et al., 2004). 

APPs are produced from a local site of inflammation after stimulation by cytokines such as IL-

6, IL-1, TNF and INFτ. APP concentration can differ when stimulated; a major positive APP can 

display a 100-1000 fold increase in serum in 1-2 days (e.g.; Hp and SAA), within 2-3 days a 5-

10 fold increase is seen in moderate APPs  and minor APPs increase approximately 50-100% 

(Petersen et al., 2004, Eckersall and Bell, 2010). They have been found in several biofluids 

including plasma, serum and saliva (Krasteva and Kisselova, 2011). One moderate APP that 

has been seen to have a heightened expression when endometritis is occurring is alpha-1 acid 

glycoprotein (AGP). 

1.12.5.1 Alpha-1 acid glycoprotein (AGP) 

AGP's correlation with endometritis has been the subject of many investigations. AGP (also 

known as orosomucoid) is a heavily glycosylated protein which has a carbohydrate content of 

45% (Fournier T. et al., 2000). The terminating sugars on the glycan chain facilitate a change 

in structure (glycosylation). This change in structure is believed to protect the AGP molecule's 

structural integrity so it can carry out its anti-inflammatory and immunomodulatory functions 

without being impeded (Taguchi et al., 2013). Some of these functions include the stimulation 

of monocytes to release cytokines, modulation of neutrophil migration and stimulation of 

fibroblast proliferation  (Fournier T. et al., 2000). 
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Our group has previously profiled AGP at 21 and 28 DPP (Williams et al., 2005). After 

developing a vaginal mucus scoring system, analysis of AGP did not result in much difference 

between scores (P>0.05). The concentration of the glycoprotein was higher on 21 DPP than 

on 28 DPP. Variables such as parity and season of calving had no effect also.  Despite this, 

cows with a fetid vaginal mucus odour had a higher circulating AGP concentration than those 

who had a non-fetid odour (1.50 ± 0.09 mg/mL and 1.05± 0.02 mg/mL, P < 0.001). Vaginal 

mucus was also analysed for its pathogen density. When bacteria were analysed 

independently, T. pyogenes growth densities were associated with clinical endometritis at the 

two time points, higher concentrations of AGP and the presence of vaginal mucus with fetid 

odour. This may indicate that AGP is not mediated by the severity of uterine disease and it is 

upregulated by the presence of T. pyogenes. This link between AGP and T. pyogenes reaffirms 

its candidacy as a biomarker for uterine disease. 

An earlier study had found that the glycoprotein was higher in cows with metritis when 

compared to the control group within the first week post-partum (P=0.05), but did not 

correlate with the severity of metritis between 4 and 11 DPP (Hirvonen J et al., 1999). 

However, the highest levels of AGP in cows with metritis which had retained placenta and/or 

dystocia. This expression was not evident in an APP called haptoglobin (Hp) as it remained in 

low levels in most cows with metritis, but it was associated with reproductive failure. The 

protein is synthesised mostly in the hepatocytes, a cell found in the parenchymal tissue of the 

liver as a single chain glycoprotein, Hp is cleaved to form an amino-terminal alpha-chain and 

a carboxy-terminal beta-chain. It has long been established that Hp scavenges and binds to 

haemoglobin (Kristiansen M. et al., 2001). This binding characteristic of Hp is an important 

component of the APR as it attaches to the free haemoglobin released by erythrocytes, which 

consequently inhibits its oxidative activity. This makes the haem unavailable to bacteria and 

in turn retards their growth (Yang F. et al., 2002).  Hp has been seen to increase in plasma 

during times of physiological stress such as inflammation, infection, trauma and tissue 

damage which has led to investigations on its potential as a biomarker for diseases (Yang F. 

et al., 2002). An increase in Hp concentration during the first week post-partum is believed to 

be a risk factor for dystocia, twinning, metritis, PVD and CYTO (Dubuc et al., 2010b). The 

potential of Hp as a biomarker of endometritis has been investigated several times. 

Circulating Hp levels of ≥0.8g/l in the first week post-partum has been seen as  a risk factor 
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for subsequent PVD and CYTO (Dubuc et al., 2010b). After adjusting the model for other post-

partum disorders such as dystocia and retained placenta, they found that the rise in Hp would 

occur regardless if these disorders occurred. In CVM, Hp is found in higher concentration in 

cows with PVD at 21 DPP (Adnane et al., 2017). Inconsistent findings like this have led to the 

consensus that Hp is not a suitable biomarker for uterine disease due to its lack of specificity 

(Drillich M. et al., 2001). However, measuring Serum amyloid A (SAA) in tandem with Hp is an 

excellent way to distinguish acute from chronic inflammation respectively as it can increase 

10 fold during an APR which is faster than Hp (Alsemgeest et al., 1994). This can be particularly 

useful when dealing with clinical and subclinical manifestations of disease (Horadagoda et al., 

1999). 

1.12.5.2 Serum amyloid-A (SAA) 

A member of the 14-kD alipoprotein family, the full range of SAA's immunomodulatory 

functions of SAA are not yet to be fully understood. It's secretion is dependent on IL-1 and/or 

tumour necrosis factor alpha (TNFα) (Tothova C. et al., 2014, Petersen et al., 2004). Some of 

its known properties include the inhibition of oxidative burst of neutrophilic granulocytes 

(Linke et al., 1991) calcium mobilisation by monocytes (Badolato et al., 1994) and it has a 

chemotaxic effect on monocytes, PMNs and T-cells (Rached et al., 2015). SAA has been known 

to be expressed in different isoforms (e.g.: SAA1, SAA2, SAA3 and SAA4) depending on the 

severity of inflammation (Jensen L.E. and A.S., 1998). 

One of these isoforms, SAA3, has been found to be upregulated in endometrial cells of 

subjected to bacterial contamination. A 16.8 fold increase of SAA3 was seen in the uterine 

biopsies of cows symptomatic of clinical endometritis at two weeks post-partum when 

compared with the same group seven weeks later (Chapwanya et al., 2009). A later study by 

the same author quantified SAA3 in endometrial epithelial cells that were stimulated with E. 

Coli at 6hrs and 24hrs (Chapwanya et al., 2013). At 6hrs and 24hrs, SAA3 was expressed 721 

and 3453-fold higher respectively than the control cells. These two studies show SAA3 to be 

an important of the early localised endometrial acute phase response to bacterial 

contamination. SAA was elevated nearly two fold in the endometrial biopsies of cows with CE 

at 7DPP in comparison to healthy cows (108.1µg/ml and 51µg/ml respectively) (Foley et al., 

2015). The author concedes that the rise of SAA may not be specific to uterine disease 
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because a similar elevation at 7DPP was seen in cows with clinical mastitis is previous studies. 

However, the detected SAA concentration was far lower (29.9µg/ml) than their findings. 

1.12.5.3 Haptoglobin (Hp) 

The protein is synthesised mostly in the hepatocytes, a cell found in the parenchymal tissue 

of the liver as a single chain glycoprotein, Hp is cleaved to form an amino-terminal alpha-chain 

and a carboxy-terminal beta-chain. It has long been established that Hp scavenges and binds 

to haemoglobin (Kristiansen M. et al., 2001).  This binding characteristic of Hp is an important 

component of the APR as it attaches to the free haemoglobin released by erythrocytes, which 

consequently inhibits its oxidative activity. This makes the haem unavailable to bacteria and 

in turn retards their growth (Yang F. et al., 2002). Hp has been seen to increase in plasma 

during times of physiological stress such as inflammation, infection, trauma and tissue 

damage which has led to investigations on its potential as a biomarker for diseases (Yang F. 

et al., 2002). Hp has been investigated as a biomarker of several diseases of cows. 

Mannheimia haemolytica infection, Pasteurella multocida infection, Bovine viral diarrhoea, 

Bovine respiratory syncytial virus infection, Foot and mouth disease, Mastitis, Respiratory 

disease, Metritis and Hepatic lipidosis (Petersen et al., 2004). 

An increase in Hp concentration during the first week post-partum is believed to be a risk 

factor for dystocia, twinning, metritis, CE and SCE (Dubuc et al., 2010b). The potential of Hp 

as a biomarker of endometritis has been investigated several times. Circulating Hp levels of 

≥0.8g/l in the first week post-partum has been seen as  a risk factor for subsequent PVD and 

CYE (Dubuc et al., 2010b). After adjusting the model for other post-partum disorders such as 

dystocia and retained placenta, they found that the rise in Hp would occur regardless if these 

disorders occurred. Findings like this have led to the consensus that Hp is not a suitable 

biomarker for uterine disease due to its lack of specificity (Drillich M. et al., 2001). However, 

measuring SAA in tandem with Hp is an excellent way to distinguish acute from chronic 

inflammation respectively as it can increase 10 fold during an APR which is faster than Hp 

(Alsemgeest et al., 1994). This can be particularly useful when dealing with clinical and 

subclinical manifestations of disease (Horadagoda et al., 1999). 
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1.12.6 Immunoglobulins (Igs) 

A part of the humoral immune response, Igs are antibodies that are produced by B 

lynmphocytes during the adaptive immune response. This glycoprotein can be divided many 

classes but the IgG class is by far the most abundant Ig and the most extensively studied 

(Shade and Anthony, 2013).  IgGs are large molecules with a molecular weight of 150 kDA 

(Schroeder and Cavacini, 2010). There structure is Y shaped and the antibody binding part of 

the IgG is the fragment antibody binding (Fab) fragment and it is made up of one heavy and 

light chain. The fragment crystallizable (Fc) region is the tail region of an antibody that 

interacts with cell surface receptors called Fc receptors and some proteins of the complement 

system. This property allows antibodies to activate the immune system. The Fc portion of IgGs 

have a single N-linked glycosylation site at amino acid 297 of the heavy chain. This N-linked 

glycan has a biantennary structure with a core structure of tri-mannose core of and N-

acetylglucosamine (GlcNAc), mannose and GlcNAc (Xue et al., 2013). The addition of 

galactose, sialic acid, glucose and fucose structures to the reducing GlcNAc results in 

significant change in function of the IgG molecule (Figure 1.5). This known as glycosylation 

(Dekkers et al., 2018). 
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Figure 1.5: Representation of the IgG structure and glycan composition (Dekkers et al., 

2018) 
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(A) Diagram of the IgG molecule with heavy chains (red) and light chains (blue). The Fab, 

Fc and hinge domains are highlighted with the antigen-binding domains highlighted 

(yellow). At the site of amino acid 297, the N-linked glycan is located. 

(B) Diagram of the core saccharides of the IgG glycan (grey area) with possible joining 

saccharides. 

1.12.7 Anti-microbial peptides (AMPs)  

AMPs are cationic peptides that are secreted from epithelial and phagocytic cells that 

contribute to the elimination of harmful bacteria, fungi and viruses (Izadpanah and Gallo, 

2005). They neutralise these pathogens through their hydrophilic and hydrophobic regions. 

The hydrophilic regions form pores in or attach to the pathogen's membrane which leads to 

its death. The hydrophobic region insert themselves into the lipid-dominated pathogen 

bacteria (Schuerholz T. et al., 2012). 

There are many reported classes of AMPs with cathelicidins and defensins being the two main 

classes.  Of the cathelicidin genes associated with the bovine species,  Cathelicidin-1 

Bacternecin-1 (CATHL1 BAC1), CATHL4 Indolicidin and CATHL2 BAC5 all carry out potent 

antimicrobial activity on E. Coli, a prominent bacteria associated with endometritis 

(Kosciuczuk et al., 2012). Due to its antimicrobial activity and immunomodulating properties, 

the BMAP-28 peptide is crucial to the host's defence because it is believed it may also activate 

the immune response by stimulating the expression of TNF-α in bovine mammary epithelial 

cells. 

Based on their structure, defensins can be divided into two groups α defensins and β 

defensins. The α defensins are found in abundance in the neutrophils and the paneth cells of 

the small intestine. β defensins are upregulated when triggered by cytokines such as IL-1 and 

TNF- α  and are commonly found in the epithelial cells of various tissues (Izadpanah and Gallo, 

2005). They have been found to be present in endometrial cells also (Chapwanya et al., 2013). 

The same author was also involved in a transcriptomic biomarker-based study on microRNA 

for endometritis also. 

1.12.8 microRNAs 

MicroRNAs (miRNAs) are short (18-25 nucleotides in length) single stranded non-coding RNAs 

that regulate gene expression by gene silencing. Gene silencing is carried out post-
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transcriptionally (i.e.; after the synthesis of a primary transcript RNA) in two ways; messenger 

RNA (mRNA) degradation and translational repression. Translational repression occurs when 

the miRNA binds to a complimentary mRNA preventing a ribosome from creating a new 

protein sequence whereas mRNA is degraded by deadenylation (Hu and Coller, 2012). 

miRNAs are believed to be promising candidates for biomarkers to a range of disease. They 

fulfil the prerequisites for biomarkers; expressed in a stable quantity in bodily fluids, are well 

conserved between different species, can be assessed by various methods and give excellent 

specificity due to their differential expression between certain tissues and at different 

physiological stages (e.g.: age, pregnancy status, disease status and breed). Their gene 

silencing properties and good biomarker characteristics have led them to be the focus of 

studies in which a prognostic or diagnostic tool is sought for a disease. 

Studies into uterine disease in several species, including humans, have found that the normal 

immune response to bacteria in the uterus has been compromised by miRNA-induced 

silencing (Teague et al., 2010, Braza-Boils et al., 2014).  A link between microRNA gene 

silencing and the development of bovine endometritis has been investigated. (Salilew-

Wondim et al., 2016) sequenced the endometrial miRNA profiles of Holstein-Friesian cows 

grouped as healthy, subclinical and clinical endometritis based on histological endometrial 

biopsies. This sequencing revealed a dysregulation of 35 miRNAs in the clinical cohort and 102 

miRNAs in the subclinical cohort with 14 upregulated miRNAs shared between both groups. 

Several members of the let-7 family were upregulated in the subclinical cohort while let-7e 

and let-7f levels were high in the clinical cohort. The let-7 family are known to post 

transcriptionally repress production of cytokines like TLR 4, IL-6 and IL-10. TLR 4 is critical for 

pathogen recognition in epithelial cells to initiate immune responses against microbial 

infection while IL-6 and IL-10 have significant roles in the primary immune responses (Chen 

XM et al., 2007, Strestik et al., 2001). 

A similar miRNA based study investigated the circulating miRNA profile in serum of cows with 

metritis and healthy cows within a week post-partum (Kasimanickam and Kastelic, 2016). 

They found 84 upregulated miRNAs in the metritis cows with miR-15b (84-fold increase), miR-

17-3p (74-fold), miR-16b (55-fold), miR-148a (52 fold) and miR-26b (41 fold) being the most 

upregulated miRNAs. Of these five miRNAs, miR-15b and miR148a were believed to be 
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associated with the presence of gram-negative bacteria (e.g.: E. Coli) and to disrupt the 

expression of target genes for normal uterine involution. These upregulated miRNAs of the 

cows with metritis effected targeted genes associated with biological processes such as 

cellular processes, biological regulation and metabolic processes. It is believed that these 

effected processes are crucial for an effective uterine involution to clear agents that cause 

inflammation. 

Exosomal and circulating miRNA profiles can differ greatly. An investigation into comparing 

the differences in miRNA expression between plasma microvesicles and PBMCs in human 

peripheral cells was conducted by (Hunter et al., 2008). They found that 71 miRNAs were 

expressed between both groups while 4 miRNAs were exclusively expressed in PBMCs. 

Interestingly, 33 miRNAs were expressed only in the plasma microvesicles.  This finding shows 

how important exosomal miRNA is; if studies focus only on sequencing extracellular miRNA, 

they could risk omitting approximately 33% of all miRNAs in the blood and consequently their 

targeted gene.  

1.13 Uterine disease impact on fertility  

PVD is known to have adverse consequences on subsequent fertility of dairy cows. Cows with 

PVD have a 32 day longer CCP than healthy cows (LeBlanc et al., 2002b). A higher proportion 

of cows with PVD do not conceive 6 weeks into the post-partum period than healthy cows 

(Runciman et al., 2009).Cows with PVD have been recorded as having a 205 day longer CCP 

than healthy cows (Gautam et al., 2009)and a significantly higher risk of having an extended 

CCP (Gautam et al., 2010).  

The molecular mechanisms behind this reproductive inefficiency are established. The 

presence of pathogenic bacteria in the uterine lumen triggers signalling pathways. TLRs in the 

epithelial cells of the uterus detect the presence of pathogen-associated molecules (PAMPs) 

when stimulated by LPS which is a major component of the outer membrane of Gram negative 

bacteria and is secreted by these cells (Herath et al., 2006). In response, anti-microbial 

peptides (AMPs), chemokines (e.g.; IL-8) and cytokines (e.g.; IL-1, IL-6, TNF) are released by 

the endometrial cells to combat these PAMPs. Both chemokines and cytokines are signalling 

proteins, but their functions differ slightly. Chemokines are believed to be heavily involved in 

the process of recruiting neutrophils to the site of infection while cytokines are modulators 
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of inflammation (Turner et al., 2014). This infection also leads to endometrial cell damage and 

inflammation which in turn leads to these cells switch from producing the luteolytic PGF₂α to 

the luteotropic prostaglandin E₂ (PGE₂).  

This cascade of events inhibits normal ovarian function.  The secretion of GnRH by the 

hypothalamus is inhibited. Therefore, it cannot trigger the production of   LH or FSH. This 

hormonal disruption and the consequential lower oestradiol concentrations leads to a longer 

luteal phase (i.e.; longer period of time for dominant follicle to emerge and smaller first 

dominant follicle diameters) (Sheldon et al., 2008, Dobson et al., 2007). This increases the 

time it takes for a dominant follicle to be ovulated, which in turn increases the period of time 

between parturition and conception, disrupting the seasonal breeding system in the process 

and has financial implications for the farmer (Shalloo et al., 2014) (Figure 1.6).  

 

Figure 1.3: Bacteria contamination in the uterus initiates a signalling cascade which 

underlies infertility (Sheldon et al., 2009) 
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(A): Bacterial contamination by gram-negative bacteria (e.g. E. coli) results in LPS being 

detected by epithelial cell TLR 4. Cytokines and chemokine production are initiated. 

(B) Chemokine and cytokines orchestrate the immune response by chemoattracting PMNs 

and stimulating macrophages (MOs) 

(C) BoHV-4 can replicate in MOs, infect endometrial stromal and epithelial cells exacerbating 

tissue damage. 

(D) LPS supresses GnRH by the hypothalamus and LH from the pituitary. This reduces the 

ability to produce a dominant follicle. 

(E) Oestradiol concentrations diminish reducing the likelihood of ovulation. Follicular fluid 

contains LPS which perturbs oestradiol secretion from the granulosa cells of the ovum. 

(F) Peripheral plasma concentrations of progesterone are lower than in normal fertile 

animals. Prostaglandin production switches from luteolic F series to luteotrophic E series. 

1.14 Uterine inflammation 

Inflammation is the general term for local accumulation of fluid, plasma proteins and white 

blood cells to protect against further damage caused by injury, infection or tissue failure 

(Janeway, 2008). A healthy acute inflammatory response aims to clear pathogens, repair 

damaged tissue and allow for the return of previous functionality (Medzhitov, 2008). A certain 

level of healthy physiological inflammation at calving is necessary for uterine involution 

(Chapwanya et al., 2012, Foley et al., 2015). However, dysregulation of the inflammatory 

response can occur as a proportion of cows do not surmount an adequate inflammatory 

response and others respond to inflammation excessively. This results in chronic and 

persistent inflammation leading to disproportionate tissue damage and the occurrence of 

PVD (Medzhitov, 2008, LeBlanc, 2014) (Figure 1.7).  
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Figure 1.7: Indicators of the dysregulated immune response of cows with PVD at 21 DPP  

At each timepoint, markers of inflammation are differentially expressed between healthy 

cows and cows with PVD which leads to excessive, chronic (red line) or blunted, inadequate 

inflammatory response (dashed red line). A robust, acute inflammatory response (green line) 

in the early post-partum period is healthy and leads to faster pathogen clearance. Adapted 

from  LeBlanc (2014). 

Key: ↑: higher expression in cows with PVD than healthy cows, ↓: lower expression in PVD 

cows than healthy cows, IL: interleukin, Phago.: phagocytic ability of PMNs, Hp: haptoglobin, 

AGP: alpha-1 acid glycoprotein, TNF: tumour necrosis factor. Markers in bold were detected 

in CVM. All other markers were found in serum circulation unless specified. References: 1: 

Ishikawa et al. (2004), 2: Kim et al. (2005), 3: Dubuc et al. (2010b), 4: Galvao et al. (2010), 5: 

(Miranda-CasoLuengo et al., 2019), 6: Adnane et al. (2018a), 7: Adnane et al. (2017), 8: (Kim 

et al., 2014), 9: Gautam et al. (2009), 10: Runciman et al. (2008).  

Recent studies suggest that the switch from physiological to pathological inflammation in the 

uterus may occur around 7 DPP  (Miller et al., 2019, Adnane et al., 2018a, Miranda-

CasoLuengo et al., 2019). Therefore, the expression of inflammatory markers at this timepoint 

may provide predictive biomarkers for PVD at 7 DPP, 14 days before the onset of PVD.  
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1.15 Predictive biomarkers 

Biomarkers are defined as "almost any measurement reflecting an interaction between a 

biological system and a potential hazard, which may be chemical, physical, or biological. The 

measured response may be functional and physiological, biochemical at the cellular level, or 

a molecular interaction" (Strimbu and Tavel, 2010).  

Pepe et al. (2001) proposed that the development of a predictive biomarker should follow 

these guidelines: 

• Pre-clinical exploratory studies: Putative biomarkers are identified at this stage  

• Clinical validation: An assay is used to detect the presence of the disease in question 

• Retrospective longitudinal validation: Biomarker is found to be aberrantly expressed 

between control and diseased group before disease diagnosis  

• Prospective validation of the biomarker accuracy 

• Testing its usefulness in clinical applications to predict clinically relevant parameters 

An ideal biomarker would be retrievable from a biofluid that is easily accessible, retrievable 

with minimum discomfort and found in adequate abundance. Bovine studies have focused on 

the assessment of biomarkers from range of biofluids including serum (Shen et al., 2018, 

Scriba et al., 2014), urine (Van Meulebroek et al., 2018), follicular fluid and cervico-vaginal 

mucus (Adnane et al., 2018b).  

Biomarkers have been proposed for a variety of bovine diseases. such as mastitis and 

tuberculosis (TB) (Seth et al., 2009, Thulasiraman P et al., 2013, Zandkarimi et al., 2018)Once 

a putative predictive biomarker has been identified, its accuracy at discriminating between 

the control and diseased groups must be assessed. While differences in mean expression of a 

biomarker may indicate an ability to distinguish between two groups, it is not a correct 

measure of predictive ability. Other markers of predictive ability are used instead.  

1.15.1 Area under the curve (AUC) 

Each quantity of the biomarker has its sensitivity and specificity calculated and the overall 

discriminatory ability of the biomarker is calculated. These measures are used to construct a 

ROC curve. A ROC curve plots the sensitivity and the 1-specificity of each cut-off point on the 

x-axis and y-axis respectively. If the plotted curve shifts closer to the top left-hand corner the 
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area under the curve (AUC) increases. Therefore, the AUC is a measure of sensitivity and 

specificity (sensitivity + (1- specificity)) and it is regarded as the overall evaluation of a 

biomarker’s predictive accuracy (Mandrekar, 2010). The value of the AUC ranges from 0-1, 

with an AUCs below 0.5 indicating no discriminatory ability and an AUC of 1 implying a perfect 

prognostic ability (Hosmer et al., 2013). There appears to be no widely accepted rating for 

AUCs, however Šimundić (2009) suggests the following grades for AUC: ≤0.5 (test not useful), 

0.5-0.6 (poor), 0.6-0.7 (sufficient), 0.7-0.8 (good), 0.8-0.9 (very good) and ≥0.9 (excellent). 

 

Figure 1.8:  An example of a ROC curve with areas under the curve (AUCs) of 0.5, 0.7 and 0.9 

AUC are calculated (Šimundić, 2009). 

1.15.2 Sensitivity and specificity 

Sensitivity is defined as the proportion of true positives subjects with disease, i.e.; the 

probability of getting a positive result in subjects with the disease. Specificity is a 

complimentary measure of diagnostic accuracy. It is the defined as the proportion of subjects 
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with a negative result without the disease (i.e.; the probability of the marker quantity 

remaining stationary when the disease is absent (Šimundić, 2009). Both measures range from 

0-1. Preferably, these two values would both increase due to the strength of a biomarker. 

However, these two values often display an antagonistic relationship. Usually, the sensitivity 

and specificity of a ROC curve is provided by the optimal cut-off threshold. 

 

1.15.3 Cut-off threshold 

The final aspect of assessing a biomarker’s prognostic ability is to calculate the optimal cut-

off threshold. This threshold is the point at which disease is most likely to occur at if levels 

deviate above or below depending on the biomarker’s reaction to disease. The cut-off point 

with the best ability to distinguish between both groups is assessed by calculating the Youden 

index (J). This is calculated as: J= Sensitivity + (1-Specificity)-1. J ranges from 0-1 and with 0 

representing no ability to distinguish between two groups and 1 indicating a perfect ability 

(Habibzadeh et al., 2016).  

1.16 Thesis aims and hypothesis 

1.16.1 Hypothesis  

Differential expression in systemic immune profile components within the first week post-

partum can act as biomarkers for the prognosis of subsequent endometritis. 

1.16.2 Specific aims  

1. Evaluate the impact of PVD on fertility and milk production on Irish pasture-based dairy 

herds and identify the subset of cows most at risk of developing PVD. 

2. Determine the peri-partum period concentrations of vitamin D (25(OH)D₃) in cows that 

subsequently present with PVD at 21 DPP.  

3. Assess the ability of assorted markers at 7 DPP to predict the onset of PVD.  
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Chapter 2:Purulent vaginal discharge diagnosed in 

pasture based Holstein-Friesian cows at 21 days post-

partum is influenced by milk yield and results in 

decreased fertility 
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2.1 Introduction  

Uterine inflammation is known to play a physiological role in the uterus of the post-partum 

cow and is a key precursor to timely involution and tissue repair. However, the coincident 

combination of several factors can contribute to exacerbation of inflammation, potentially 

leading to uterine disease (Sheldon et al., 2014). The development of uterine disease can be 

influenced by pre-disposing factors such as NEB, calving difficulties (dystocia, twin birth, 

stillbirth, retained placenta and an inclined vulval angle) and early post-partum uterine 

infection known as metritis (Adnane M. et al., 2016, Daros et al., 2017, Potter et al., 2010). 

More recent analyses have assessed the relative contributions of the host immune response 

and pathogen presence on disease occurrence (Chapwanya et al., 2012). Cows with prolonged 

and excessive inflammation experience a significant shift in the reproductive tract 

microbiome in the days following calving to a less diverse uterine microbiome population than 

their healthy counterparts (Miranda-CasoLuengo et al., 2019, Santos and Bicalho, 2012).  

Uterine disease is categorised based on clinical symptoms at the specified time of diagnosis. 

CE is diagnosed by the presence of purulent or muco-purulent vaginal discharge at 21 DPP 

(Sheldon and Noakes, 1998). CE was historically believed to represent overall uterine health 

due to drainage of purulent material from the uterus into the vagina. It is now apparent that 

PVD may instead reflect inflammation of the lower reproductive tract, including the cervix or 

vagina (Dubuc et al., 2010a). The recommendation based on this finding was that the use of 

the term PVD instead of CE provides a more accurate description of reproductive tract 

disease. PVD is diagnosed by examining the contents (largely mucus) of the vagina by using a 

Metricheck device, a vaginoscope or a gloved hand. A zero to three-point visual scoring 

system based on the degree of purulency of vaginal mucus is widely used (Williams et al., 

2005). Initially, the prevalence of PVD was estimated to be 20% at 21 DPP (Sheldon et al., 

2006). However, recent studies have recorded higher prevalence rates of up to 54% 

(Giuliodori et al., 2013). Variances in prevalence rate may be due to several factors including 

diagnostic methods, time of diagnosis, nutritional status, and production system (Esposito et 

al., 2014, LeBlanc S.J. et al., 2002).  

Seasonal, pasture-based milk production requires dairy cows to conceive every 365 days in 

order to capitalise on the onset of fresh grass growth as a cheap source of nutrition (Roche, 

2006). The subtle nutritional perturbations experienced by cows in pasture-based dairy 
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systems leaves them more vulnerable to entering NEB than cows in intensive systems, 

potentially resulting in sub-optimal fertility and diminished farm profitability (Roche et al., 

2007, Savc et al., 2016, Shalloo et al., 2014).  

The physiological demand on a transition dairy cow to high milk yield is known to be a 

principle risk factor in heightening subsequent susceptibility to disease and hindering 

reproductive efficiency (Dobson et al., 2007). A study by P. Fleischer et al. (2001) found cows 

with a high milk yield in the previous lactation have an increased probability of the occurrence 

of milk fever (3.3 times), mastitis (2.5 times) and ovarian cysts (3.1 times), however the 

majority of herds were not pasture-based and the incidence of PVD was not studied. To our 

knowledge, no study has previously determined how susceptible pasture-based cows with a 

previously high milk yield are to presenting with PVD or how PVD potentially impacts their 

fertility. To ensure that future herd health and the fertility rates of pasture-based cows does 

not deteriorate, the relationship between milk yield and PVD must be elucidated to identify 

subset-specific risk factors for reduced production and reproductive inefficiency. Therefore, 

the objectives of this study were to evaluate the consequences of PVD on consequential milk 

production and fertility and to evaluate if a high milk yield can increase susceptibility to PVD 

and hinder fertility in the next lactation.  

The objective of this study was to assess the impact of PVD in spring-calving, pasture-

based dairy cows on production and reproduction indices and stratified according to previous 

full lactation milk yield. 

2.2.1 Aim and hypotheses 

Our hypotheses are that cows diagnosed with PVD at 21 DPP are more susceptible to the 

disease due to a high milk yield in the previous lactation and that PVD incurs subsequent 

reproductive impairment  

Aims: 

1. Determine the reproductive profiles of cows with PVD 

2. Assess the impact of a high milk yield in the previous lactation has on PVD 

susceptibility in the next lactation 
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2.2 Material and methods 

 

2.2.1 Study design 

A convenience sample of 440 cows from five commercial farms from the Leinster region of 

Ireland were enrolled into this study. Calving took place during spring 2014 and 2015 and a 

proportion of cows on one farm were sampled in both years. Average herd size was 73 and it 

ranged from 30 to 188 cows. All farms employed a spring calving production system where 

cows calved between January and April. They were maintained outdoors in a pasture-based 

grazing system from calving until November of the same year. Nutritional management on all 

farms consisted of grazed grass with concentrate supplementation during milking. A grass 

silage-based diet was provided to lactating and dry cows when housed indoors. Drying off 

occurred in November/December and cows were housed indoors from this time until 

parturition. Cows in all herds were milked twice a day during the lactation period. 

2.2.2 Disease diagnosis 

All cows were assessed for the presence of PVD at three weeks post-partum based on the 

vaginal mucus scoring system developed by (Williams et al., 2005). Vaginal mucus is scored as 

0 (clear mucus), 1 (flecks of mucopurulent material), 2 (<50% purulent material in 50ml of 

exudate) or 3 (≥50% purulent material in 50ml of exudate).  Using a paper towel the cow's 

vulva was wiped before a cleaned, lubricated gloved hand was placed through the vulva. Once 

this was completed, the mucosal contents of the ventral, lateral and dorsal walls of the vagina 

and exterior cervix were extracted for clinical examination. Sampling was carried out on each 

farm once a week from January to April. To avoid intra-observer variation, all members of the 

sampling team were initiated with the same sampling protocol before sampling and all 

members were involved across the two years of sampling. The vaginal mucus of all cows was 

visually assessed for colour, proportion and volume of purulent material as well as for the 

presence of a fetid odour. Cows without vaginal discharge or that were deemed to have a 

VMS of 0 were defined as “healthy”. Cows with a VMS of 1-3 were classified as the cows with 

“PVD” as they presented with varying degrees of purulence in their vaginal discharge.  Using 

the vaginal mucus scoring system that was developed by (Williams et al., 2005), the vaginal 

mucus of 440 cows were assessed at 21 DPP 
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2.2.2 Milk production and reproduction 

The 305-day milk kg, fat kg and protein kg yield of the lactational period before (n=322) and 

after (n=424) disease diagnosis were recorded by milk recording on a monthly basis during 

lactation. Milk recording data was unattainable for 16 cows. Seven cows left their respective 

herds during lactation and as their levels of production may not be an accurate evaluation of 

their milk yielding potential, they were omitted from analysis. Once each milking was 

completed, all milk production data was uploaded to the Irish Cattle Breeding Federation 

(ICBF) database (www.icbf.com) and then extracted for further analysis. 

Reproductive data in the form of failure to conceive (n=305), the number of services per 

conception (n=305) and the length of the calving-conception period (CCP) (n=379) were 

collated. The presence of each cow within the herd at the start of the year following sampling 

was also recorded (n=434). The presence of 6 cows in the herd at the start of the following 

year was not adequately defined and they were subsequently omitted from analysis. This was 

defined as “persistence” instead of other terminology (e.g.: culling rate) because the available 

records did not specify the reason for the removal of cows from the herd. 

2.1.3 Statistical analyses 

Statistical analyses were carried out using SAS 9.4 (SAS Institute, Cary, NC, USA). Firstly, the 

prevalence of PVD was calculated using PROC FREQ using the aforementioned diagnostic 

criteria. Mixed general linear regression models were fitted using the MIXED procedure to 

evaluate the differences between healthy cows and cows with PVD as well as the difference 

between the VMS categories for the dependent milk production variables. These are the 305-

day milk kg, 305-day fat kg and 305-day protein kg of enrolled cows from the lactation before 

sampling and after sampling. Reproductive dependent variables that were brought forward 

for mixed general linear regression analysis were the services/conception and CCP. Six CCP 

values were omitted from further analysis as their excessive values were due to management 

decisions unaffected by disease-related infertility. Statistical significance was set at P<0.05. 

Before analysing the differences in the dependent variables, residuals from the fitted models 

were tested for normality. This was carried out by graphical checks using residuals plotted 

against fitted values to assess homogeneity of variance and the residual distribution was 

checked by plotting the quantiles of the residuals against the expected quantiles from a 

normal distribution. Where appropriate, a log transformation was used to correct these 
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issues. Each dependent variable was analysed in a separate model with the inclusion of 

disease diagnosis, cow tag number, lactation and farm as independent variables. The farm 

variable was included as a random effect in each individual model. As a proportion of cows 

from one farm were sampled in both years, cow tag number was included in each model as a 

repeated effect. Explanatory variables were removed from the model in a backwards 

elimination based on likelihood ratio test comparison using P>0.05 as the reason for removal. 

Services per conception were analysed using the GLIMMIX procedure specifying a Poisson 

distribution as the values were in integer form. A Tukey post-hoc test was included for 

multiple comparisons when the four VMS categories were compared. The statistical model 

used for analyses was:  

Model: γ= Diagnosis + lactation + farm (μ) + Cow tag number (г)  

Where γ = dependent variable (e.g.: 305-day milk kg yield), μ= random effect, г = repeated 

measure and diagnosis is based on either VMS category or healthy/PVD status. Results are 

presented as least square means with standard errors of the means (SEM). Cows were 

categorised into two groups based on being above/equal (n=161) or below (n=160) the 

sample population’s median value of the 305-day milk kg yield for the lactation prior to 

sampling (6571 milk kg). The differences in CCP and services/conception between healthy 

cows and cows with PVD in each median group were analysed using the same method as 

described previously.  

The proportional hazard ratio of each category having a lengthened CCP when compared to 

the healthy cows were calculated by using a univariate Cox proportional hazard models with 

the use of the PHREG procedure. Kaplan-Meier survival curves were generated using the 

LIFETEST procedure by plotting the CCP values against the proportion of cows in each group 

left to complete the CCP at each timepoint. They were constructed to compare between each 

VMS categories and between the healthy cows and the cows with PVD. CCPs over 150 days 

were censored. Univariate odds ratios were determined using the LOGISTIC procedure to 

establish the likelihood of cows with PVD failing to conceive, requiring multiple services to 

conceive, failing to conceive before 100 DPP and failing to persist in their herd at the start of 

the year after sampling. These findings were presented as ORs with associated 95% CI and P-

values. 
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2.3 Results  

 

2.3.1 Prevalence of uterine disease 

The frequency of animals diagnosed with each VMS was as follows: VMS 0 (40%, n=175), VMS 

1 (27%, n=117), VMS 2 (15%, n=67) and VMS 3 (18%, n=81). The overall, the prevalence of 

PVD in this study was 60% (n=265) while 40% (n=175) were healthy at 21 DPP. The prevalence 

of PVD ranged from 38% to 87% in the six breeding herds involved in this study.   

2.3.2 Calving-conception period (CCP) 

Survival analysis demonstrated that the rate at which the healthy cows became pregnant 

after service was higher than the cows with PVD. The hazard ratios for VMS 0 (n=159), 1 

(n=96), 2 (n=51) and 3 (n=67) were 1, 0.7 (P<0.01), 0.71 (P=0.05) and 0.59 (P<0.01) 

respectively (Figure 2.1). When grouped as healthy and PVD, the hazard ratios for both are 1 

and 0.66 respectively (P<0.001) (Figure 2.2).   
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Figure 2.1: Cows with VMS 1, 2 and 3 have an increased risk of having a longer CCP than 

cows with VMS 0 

Survival curves and hazard ratios (inset tables) for 377 cows illustrating the duration of time 

to complete the calving-conception period for each VMS categories. The hazard ratios for 

VMS 0, 1 2 and 3 were 1, 0.7, 0.71 and 0.59 respectively (P≤0.05). The median CCP of each 

group is in paranetheses in the legend. 
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Figure 2.2: Cows with PVD have a 34% risk of having a loner CCP than healthy cows  

Survival curves and hazard ratios (inset tables) for 377 cows illustrating the duration of time 

to complete the calving-conception period for cows diagnosed as healthy and as having PVD. 

The “healthy” and “PVD” groups’ hazard ratios were 1 and 0.66 respectively (P<0.001). The 

median CCP of each group is in paranetheses in the legend 

Despite this difference in survival analysis there was no significant difference in the mean 

lengths of the CCP between each VMS categories (VMS 0: 100.2 ±10.2, VMS 1: 108.5 ±10.2, 

VMS 2: 106.9 ±11 and VMS 3: 111.4 ±10.7, P>0.05, Table 2.1). The cows with PVD (389.6 ±8.7, 

n= 214) had a 9 day significantly longer CCP than the healthy cows (100.2 ±10.2, n=159, 

P<0.01, Table 2.1).  

2.3.3 Services/conception 

The number of services/conceptions were recorded for 417 cows. The number of 

services/conceptions of each category was VMS 0 (1.54 ±0.13 services, n=170), VMS 1 (1.86 

±0.14 services, n=113), VMS 2 (1.84 ±0.21 services, n=57) and VMS 3 (1.96 ±0.2 services, n=77) 

(P>0.05). The cows with PVD were found to require more services (1.87 ±0.11 services, n=247) 
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than the healthy cows (1.55 ±0.13 services, n=170) to conceive (P=0.04). In both models, the 

farm effect was found to be significant (P=0.04) (Table 2.1).  

In total, 31 cows did not conceive after VMS was carried out. Of these 31 cows, 25 cows were 

diagnosed with PVD (80.7%) and 6 were healthy (19.3%). Cows that did not conceive were 

three times more likely to have PVD rather than to be diagnosed healthy (CI: 1.8-7.4, P=0.02). 

The number of cows that did not conceive at the first service was 158, with 110 of these 

having PVD (69.6%) and 48 of these being healthy (30.4%). A univariate odds ratio analysis 

found that cow with PVD were 1.9 times more likely to fail to conceive at first service than 

healthy cows (CI: 1.3-2.9, P<0.01). In total, 71% and 77% of cows that conceived after 100 DPP 

(n=97) and 150 DPP (n=22) were diagnosed with PVD respectively. Univariate odds ratio 

analysis determined that cows that cows with PVD were twice and three times as likely not 

to conceive within 100 DPP (CI: 1.3-3.1, P<0.01) or 150 DPP (CI: 1.2-7.47) respectively. 

Cows that did not conceive by 150 DPP (n=15) were 3 times more likely (CI: 1.21-7.47) to 

present with PVD (n=13, 87%). 

2.3.4 Milk components 

The cows with PVD (n=253, 7704.8 ±103.7 kg) had a numerically higher 305-day milk kg yield 

than healthy cows (n=170, 7791.4 ±75.1 kg). However, there were no significant differences 

between the two groups (P>0.05), but there were significant inter-farm and lactation effects 

(P<0.0001). This was replicated in the VMS categories. There were no differences between 

the VMS category comparisons and healthy cows and cows with PVD comparison for 305-day 

milk fat and milk protein kg yield (P>0.05, Table 2.1).   

 

 

 

 

 

 



 

48 
 

Trait VMS 0  VMS 1  VMS 2  VMS 3  P¹ Healthy 

 

PVD 

 

P² 

Prevalence 

(%) 

40 27 

 

15 

 

18 

 

 40 

 

60 

 

 

Calving-

conception 

period (days) 

100.2  

±10.2 

108.5 

±10.2 

 

106.9 

±11 

111.4 

±10.7  

NS 100.2  

±10.2  

109  

±9.8 

 

** 

Services 

/conception 

1.54  

±0.2 

 

1.79 

±0.2  

1.65 

±0.2  

1.89 ±0.2 

 

* 1.54 ±0.2 

 

1.77 

±0.1 

 

* 

305-day milk 

(kg) 

7704.8  

±103.7  

7761.7 

±485.2  

7822.

3 

±494.

1 

7794.8 

±493  

NS 7704.8 

±103.7  

7791.8 

±75.1 

NS 

305-day milk 

fat (kg) 

321.7  

±4.9 

 

319.6 

±20.9  

328.1 

±21.4 

 

324.8 

±21.3 

 

NS 321.7 

±4.9 

 

323 

±3.6 

 

NS 

305-day milk 

protein (kg) 

266.8  

±3.7 

 

270.4 

±14.6  

271.2 

±14.9  

269.1 

±14.9  

NS 266.8 

±3.7 

 

269.6 

±2.7 

 

NS 

 

Table 2.1: Summary table with prevalence rate of PVD, means and SEM for calving-conception 

period, 305-day milk kg, milk protein kg and milk fat kg for each VMS category, healthy 

cows and cows with PVD.   

 

VMS groups were assigned based on the visual assessment of vaginal mucus as recommended 

by (Williams et al., 2005). Mucus is scored as 0 (clear mucus), 1 (flecks of mucopurulent 

material), 2 (<50% purulent material in 50ml of exudate) or 3 (≥50% purulent material in 50ml 

of exudate). Cows with VMS 0 were classified as “healthy” and cows with VMS 1-3 were 

classed as “PVD”. Key: ¹P-values of comparisons between VMS groups, ²P-values of 
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comparisons between healthy cows and cows with PVD, *P ≤ 0.05, **P ≤ 0.01, NS = Not 

significant. 

 

2.3.5 Persistence 

Of the 19 cows that did not persist in the following year’s herd, 12 presented with PVD (63.2%) 

and 7 were healthy (36.8%). A univariate odds ratio calculated that the cows with PVD were 

less like likely to persist into the following year’s herd than healthy cows, although the 

difference was statistically insignificant (OR 1.1, CI: 0.41-2.83, P=0.89).  

 

2.3.6 The relationship between previous lactation’s milk yield and PVD susceptibility 

A univariate odds ratio was performed to determine the likelihood of cows presenting with 

PVD after an above median 305-day milk kg yield in the previous lactation. There were 160 

cows below the median value (“low” yielding cows, range: 3568-6567kg) and 161 cows equal 

to or above the median (“high” yielding cows, range: 6571-11774 kg). The proportion of cows 

with PVD in the “low” and “high” yielding groups were 46.9% (n=75) and 63.4% (n=102) 

respectively. “Low” yielding cows were 37% less likely to present with PVD (OR: 0.63, CI:0.4-

0.98, P=0.04). “High” yielding cows were 1.6 times more likely to develop PVD in the next 

lactation than to be diagnosed as healthy (CI: 1.03-2.49, P=0.04).  

 

2.3.7 The relationship between previous lactation’s milk yield and reproductive 

inefficiency 

There were no differences in services/conception between the healthy cows and cows with 

PVD in the “low” (1.3 ±0.13 services and 1.69 ±0.15 services respectively, P=0.08) or “high” 

yielding groups (1.4 ±0.15 services and 1.69 ±0.13 services respectively, P=0.18) (Figure 2.3). 

Cows diagnosed as having PVD (n=81, 87.9 ±7.4 days) and as being healthy (n=79, 82.8 ±6.9 

days) after a “low” milk yield had similar CCP lengths in the following lactation. Cows with 

PVD after a “high” milk yield had a longer CCP (n=62, 115.9 ±4.9 days) than healthy cows 

(n=89, 104 ±7.4 days, P=0.04, Figure 2.4). Focusing on the “high” yielding group, cows with 

PVD were 4.9 times (CI: 1.1-22.2, P=0.04) more likely not to conceive at all. In total, 16 “high 
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yielding” cows did not conceive with 88% of these having PVD. Of the 57 cows that did not 

conceive by 100 DPP, 72% presented with PVD. A univariate odds ratio determined that cows 

with PVD were 2.1 times (CI: 1.1-4.3, P=0.04) more likely not to conceive before 100 DPP than 

healthy cows. Cows with PVD were 4.4 times (CI: 0.96-20.26, P=0.06) more likely not to 

conceive before 150 DPP than healthy cows. There were 15 cows in this category, with 87% 

of these presenting with PVD.   
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Figure 2.3: The number of services/conceptions between healthy cows and cows with PVD 

in “low” and “high” yielding groups were not statistically different (P>0.05).  

Cows (n=322) were divided into two groups based on being below (“low” yielders, n=161) or 

equal to/above (“high” yielders, n=160) the median 305-day milk kg yield of the previous 

lactation. 
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Figure 2.4: In “high” yielding cows, cows with PVD have a 12 day longer calving interval than 

high yielding healthy cows (P=0.04). 

Cows (n=322) were divided into two groups based on being below (“low” yielders, n=161) or 

equal to/above (“high” yielders, n=160) the median 305-day milk kg yield of the previous 

lactation. (*=P>0.05) 

 

2.4 Discussion 

In pasture-based dairy systems, aligning peak grass growth in spring with maximal animal 

requirements underpins the economic sustainability of the grass-based farming system. The 

short period of time (approximately 85 days) during which cows in seasonal grazing systems 

must conceive in order to maintain reproductive efficiency leaves little room for delay (Roche 

et al., 2017). As this production system is predicted to lead future milk production, assessing 

the impact of post-partum diseases in pasture-based herds is warranted (Britt et al., 2018). 

While negative consequences of PVD on milk production and reproduction have been widely 

reported for cows under intensive and high concentrate farming systems (LeBlanc S.J. et al., 

2002, Sheldon et al., 2006), pasture-based systems have not been studied to the same extent.  

Reported prevalence of PVD is highly variable throughout the literature. In intensive systems, 

prevalence of PVD ranges from 5% to 47.5% due to differences in time of diagnosis, disease 

categorisation and method used (Gautam et al., 2009, Pleticha et al., 2009, Bicalho et al., 

2016). In pasture-based herds, using a VMS scoring system as described here, PVD prevalence 



 

52 
 

has been recorded at 27% (Potter et al., 2010), 35% (Plontzke et al., 2011) and 54% (Giuliodori 

et al., 2013a). The higher prevalence of 60% in our study may be attributable to differences 

in risk factors such as cow parity, breed, calving difficulties the potentially the presence of 

metabolic disorders (Potter et al., 2010, Aungier et al., 2014). As expected with any disease 

diagnosis, there exists a proportion of cows which can clear infection without intervention 

and reproductive impairment due to natural cleansing mechanisms within the uterus. Many 

previous studies have shown how time of diagnosis impacts on disease prevalence. The 

prevalence of PVD decreased from 49% at 20-26 DPP to 22% at 27-33 DPP in dairy cows in 

intensive systems in North America (LeBlanc et al., 2002). In the previously mentioned studies 

with pasture-based herds, PVD prevalence decreased to 18% at 35 DPP (Plontzke et al., 2011) 

and 33% at 31 DPP (Giuliodori et al., 2013). Complete involution of the bovine cervix and 

uterus occurs between 25-47 DPP (LeBlanc, 2008) and as such the prevalence of PVD in our 

study may have been lower if we sampled at a later timepoint. However, the accepted 

standard date for PVD diagnosis is 21 DPP (Sheldon 2004), and this date concurs with previous 

work performed by our group. We do recognise however that re-assessment of the same herd 

at a later time point may improve the accuracy of disease diagnosis.  Although it is not possible 

to compare all these risk factors between studies, the weather conditions that the cows in 

our study withstood may have been a contributing factor in developing PVD. Sampling was 

carried out in our study with temperatures averaging 5.4°c and rainfall averaging 3.1cm 

during the sampling period. This was colder and wetter than the temperatures during 

sampling in the studies by (Giuliodori et al., 2013a) (16°c, <0.5cm rain) and (Plontzke et al., 

2011) (Plontzke et al., 2011) (18°c, <0.2cm rain) according to (www.accuweather.com). Cows 

which endured cold and wet conditions have been shown to have increased circulating 

cortisol and non-esterified fatty acids NEFA due to fat reserve mobilisation in an effort to 

maintain homeostasis (Tucker et al., 2007). Interestingly, cows that experienced these 

conditions for a week presented with reduced circulating numbers of lymphocytes and 

basophils (Webster et al., 2008). These immune cell perturbations could also potentially 

contribute to the higher PVD prevalence detected in this study.  

The impact of PVD on milk yield in dairy cows has been reported across various studies with 

contrasting results. While Giuliodori et al. (2013b) reported a higher milk yield of 2kg/day in 

cows with PVD compared to healthy cows, the majority of related studies did not find a 
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significant effect (Fourichon et al., 1999, Dubuc et al., 2011a). Similarly, no significant 

difference in milk production between the VMS categories or between the healthy and cows 

with PVD (P>0.05) was detected in our study.   

Multiple previous studies have identified consistent negative effects of the diagnosis of PVD 

on fertility, including a 205-day prolonged CCP in pregnancy rate (Gautam et al., 2009) and an 

average increased calving to conception interval of around 30 days (LeBlanc S.J. et al., 2002). 

Our finding that cows with PVD have lower conception rates at first service agrees with 

previous studies (S. J. LeBlanc et al., 2002, McDougall et al., 2007). Cows that present with 

VMS 0 at service had an OR of 2.99 to conceive at first service (Aungier et al., 2014). Cows 

with PVD at 35 DPP were 40% less likely to conceive at first service (Dubuc et al., 2011b). The 

diagnosis of PVD led to a 35% higher risk of having a longer calving interval (9 days) and more 

services/conception in our study. The inferior fertility may be due to the delayed oestrous, 

possibly as a result of uterine bacterial contamination. A potential mechanism has been 

recently identified via the effects of the bacterial endotoxin lipopolysaccharide on endocrine 

and ovarian function (Fourichon et al., 2000, LeBlanc S.J. et al., 2002, Lopez et al., 2004). 

Related work found that the median CCP was extended by 57 and 70 days in cows with PVD 

(Giuliodori et al., 2013a, Bicalho et al., 2016). The concurrent presence of cytological 

endometritis has been shown to have an additive negative effect on fertility (Galvao et al., 

2009, Dubuc et al., 2011a). The presence of this disease in healthy cows could lead to an 

underestimate of the true reproductive impact in this study.  

Our study has identified that the risk of presenting with PVD is heightened in cows with a 

higher milk yield in the lactation prior to PVD diagnosis and that these cows incur more severe 

reproductive impediments than cows with PVD regardless of previous milk yield. Gröhn et al. 

(1995) assessed the impact of a high milk yield in the previous lactation has on the 

susceptibility to retained placenta, metritis, ovarian cyst, milk fever, ketosis, abomasal 

displacement and mastitis. They concluded that high milk yield was only a risk factor for 

mastitis. PVD is a multi-factorial disease that can be brought on by the interactions of 

advanced age, inadequate peri-partum nutrition, excessively high or low body condition 

score. Milk production is prioritised over other processes such as metabolic and reproductive 

pathways in the dairy cow due to homeorhetic processes in the post-partum period (Bauman 

and Currie, 1980) and results presented in this study  suggest that there is a cumulative effect 
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of high milk yield which extends beyond a lactation and can have subsequent detrimental 

effects on reproduction in the subsequent production cycle. 

2.5 Conclusion 

This study investigated the effects that PVD has on the milk production and fertility of dairy 

cows employed in a pasture-based grazing system. The occurrence of PVD impedes fertility; 

cows with PVD are three times more likely not to conceive, are twice as likely to require 

multiple services to conceive and to twice as likely to fail to conceive before 100 DPP and to 

have a 9-day lengthier calving-conception period than healthy cows. The effect is exacerbated 

in cows with PVD that had a heightened milk yield in the previous lactation. Cows with these 

traits are five times more likely to fail to conceive and over twice as likely to require more 

than one service to conceive and to fail to conceive before 100 DPP. These cows also incur a 

12 day longer calving-conception period than healthy cows. The significant impact of 

compromised uterine health on subsequent reproductive metrics and the importance of 

accurate diagnosis of clinical uterine disease in pasture-based dairy systems have been 

clarified in this study. These findings are important for animal welfare and farm economic 

sustainability, particularly in the context of dairy sector expansion. 
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Chapter 3: Vitamin D concentration in the peri-partum 

period preceding purulent vaginal discharge and its 

association with inflammatory markers at 7 DPP 
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3.1 Introduction 

Uterine inflammation during the first three weeks post-partum in dairy cows is part of the 

normal uterine involution process as it leads to timely tissue repair and homeostasis. A 

proportion of cows develop persistent and prolonged inflammation and present with PVD, 

which can have detrimental effects on subsequent fertility (Gautam et al., 2009). The 

consequences of insufficient levels of circulating micronutrient concentration on disease 

prevention and fertility in the transition cow are well documented (LeBlanc et al., 2002c, Borş 

et al., 2016).  

One of these micronutrients, vitamin D, is obtained by dairy cows through the consumption 

of vitamin D₂-based supplements or by synthesising vitamin D₃ endogenously in the skin 

following sun exposure. Vitamin D₂ and D₃ are metabolised by 25-hydroxylase (also known as 

the enzyme CYP2R1) in the liver to form 25-hydroxyvitamin D (25(OH)D₃), which is the inactive 

form and it is the most abundant vitamin D metabolite. The active form 1,25(OH₂)D₃ is 

synthesised by the 1α-hydroxylation (carried out by the enzyme CYP27B1) of 25(OH)D₃. 

Vitamin D’s classical functions of calcium homeostasis maintenance are well established 

(Christakos et al., 2011). In recent times, the influence that vitamin D exerts on the immune 

response has gained considerable attention (Di Rosa et al., 2011, Hewison, 2010). 

The innate immune response is initially carried out by physical barriers, followed by 

chemokines, cytokines, Toll-like receptors (TLRs) and acute phase proteins (APPs) (Amjadi et 

al., 2014). The immunomodulatory properties of 25(OH)D₃ in orchestrating the innate 

immune response has been explored in great details in a variety of diseases.  

Studies which looked at eth association of inflammatory bowel diseases have uncovered the 

role played by 25(OH)D₃ in epithelial cell integrity. Deficiency in 25(OH)D₃ and vitamin D 

receptors (VDRs) in mice led to increased gut permeability due to the downregulation of E-

cadherin, claudin-1, ZO-1, and occludin proteins. These are proteins that have a role in 

promoting tight junctions in epithelial cells (Ooi et al., 2013, Assa et al., 2014). A deficiency of 

25(OH)D₃ can lead to changes in the intestinal microbiome .  The expression of pathogen 

receptors which lead to bacterial autophagy is upregulated in the presence of 25(OH)D₃ 

(Cantorna et al., 2014). In the context of human reproductive tract, heightened expression of 

tight junction proteins RhoA and Erzin occurred in the presence of 25(OH)D₃-associated genes 
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(Lee et al., 2017). A dysbiosis of the vaginal microbiome occurs in women who are deficient 

in 25(OH)D₃ (Jefferson et al., 2019). The authors believe that a 25(OH)D₃ deficiency alters 

vaginal glucose homeostasis which leads to the proliferation of selective bacteria. 

In dairy cows, the in vivo administration of 25(OH)D₃ in cows with an infected mammary gland 

has been shown to reduce somatic cell count, promote the expression of local immune genes 

and decrease pathogenic bacterial proliferation (Lippolis et al., 2011). Based on these 

findings, Nelson et al. (2010a) found that activated bovine monocytes convert 25(OH)D₃ to 

1,25(OH₂)D₃ in response to TLR signalling due to mammary tissue infection. The expression of 

the pro-inflammatory cytokines IL-17F and IL-17A are inhibited in PBMC cultures following 

treatment with 1,25(OH₂)D₃ (Nelson et al., 2011). Using an in vitro model, 25(OH)D₃ has been 

seen to reduce S. aureus proliferation and modulate antimicrobial peptide (AMP) expression 

in response to bacterial infection in bovine mammary epithelial cells (bMECs) (Tellez-Perez et 

al., 2012). As well as activating immune cells, supplementation with 25(OH)D₃ in the peri-

partum period has been linked to the suppression of pro-inflammatory markers of NEB in 

buffaloes (Ahmed et al., 2017). As peri-partum NEB is a recognised risk factor of PVD, the 

association between 25(OH)D₃, NEB and PVD must be established (Galvao et al., 2010).   

APPs are immunomodulatory blood proteins that are produced in response to trauma, 

infection or inflammation as part of the acute phase response (Cray et al., 2009).  While 

25(OH)D₃ is believed to be a negative acute phase reactant due to its negative correlation 

with the APP C-reactive protein in humans (Waldron et al., 2013, Silva and Furlanetto, 2015), 

little is known about the association between 25(OH)D₃ and APPs in cows. AGP is a naturally 

occurring N-linked, heavily glycosylated plasma glycoprotein that is secreted by liver 

parenchymal cells (Smith et al., 2012). AGP serves many immunomodulatory functions such 

as the stimulation of monocytes to release pro and anti-inflammatory cytokines, the 

reduction of platelet aggregation (Lecchi et al., 2008) and modulation of LPS-induced cytokine 

secretion by monocytes and macrophages (Fournier, Medjoubi-N et al. 2000). The variation 

of the circulating concentrations of one APP, alpha-1 acid glycoprotein (AGP), after the onset 

of PVD has been analysed previously. AGP increases in response to a greater load of uterine 

pathogens at 21 and 28 DPP (Williams et al., 2005, Sheldon I.M. et al., 2001).   
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A threshold concentration of circulating 25(OH)D₃ at which cows have optimal health and 

performance remains unclear. The minimum threshold value of 30ng/ml has been used as the 

cut-off value for 25(OH)D₃ sufficiency as proposed by authors of a human based study 

(Gunville et al., 2013). The levels of circulating 25(OH)D₃  are known to vary throughout the 

peri-partum and post-partum period due to being required in varying amounts based on 

production and immunological demands at different timepoints (Holcombe et al., 2018). 

Therefore, it is imperative that a 25(OH)D₃ threshold for several timepoints is developed to 

provide a guideline to avoid further health complications in the peri-partum period.  

The importance of inflammatory signature at the 7 DPP timepoint in the development of PVD 

has emerged in recent years. At this timepoint, cows that subsequently develop uterine 

disease exhibit altered transcriptomic differences (Foley et al., 2015), differential proteomic 

expression (Miller et al., 2019), heightened AGP expression in cervico-vaginal mucus (CVM) 

(Adnane et al., 2018a) and a dysbiosis in the reproductive tract microbiome (Miranda-

CasoLuengo et al., 2019). These unique inflammatory signatures indicate that cows 

predisposed to uterine disease may transition from normal, physiological uterine 

inflammation to prolonged, pathological uterine inflammation around 7 DPP.  

The important role played by 25(OH)D₃ in the host immune response in maintaining a diverse 

human vagina microbiome and resolving bovine mammary gland infection, has promising 

implications its role in bovine uterine inflammation resolution. However, this is yet to be 

clarified. In this study, the 25(OH)D₃ concentration in spring-calving, pasture-based dairy 

cattle at pre-calving, calving, 7 DPP and 21 DPP were assessed to determine if uterine health 

status is linked with changes in 25(OH)D₃ concentrations. In addition, we will focus on the 7 

DPP expression of AGP, BHB, NEFA and glucose and their correlation with 25(OH)D₃ to verify 

associations between them. 

3.2 Aim and hypotheses 

Our hypotheses are that circulating concentrations of 25(OH)D₃ are lower in cows preceding 

diagnosis of PVD and that differing levels of circulating 25(OH)D₃ can lead to altered 

expression of AGP, pro-inflammatory markers and reproductive tract microbiome at 7 DPP. 

Aims: 
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3. Characterise and compare the circulating 25(OH)D₃ concentrations of healthy cows 

and cows with PVD at several timepoints 

4. Calculate threshold cut-off 25(OH)D₃ concentrations at several timepoint which 

indicate optimal uterine health 

5. Assess the correlation between 25(OH)D₃ concentrations and AGP, BHB, NEFA, 

glucose and reproductive tract bacteria in healthy cows and cows with PVD at 7 DPP 

 

3.3 Methods 

3.3.1 Sample collection 

Sampling was carried out in the spring of 2014, 2015 and 2019. In total, a convenience sample 

of 536 mixed-parity Holstein-Friesian cows from 11 farms throughout the province of Leinster 

were enrolled in this study. Each of these farms employed a pasture-based spring calving 

production system. Cows calved between January and April and were stocked on pasture 

after calving. All enrolled cows were milked twice a day. 

Blood sampling was carried out at pre-calving (40-60 days before calving), calving, 7 DPP and 

21 DPP. Before obtaining the blood sample, a 70% ethanol spray was used to sterilise the area 

around the coccygeal vein. Blood was collected using 9ml lithium heparin (2014 and 2015 

trial) and 9ml serum vacutainer® tubes a for metabolite analysis. The heparin tubes were 

inverted several times after blood was drawn to prevent clotting.  

3.3.2 Diagnosis of PVD 

The assessment for PVD was carried out at 21 DPP. Prior to obtaining mucus for assessment, 

a paper towel was dipped in diluted HiBiTane Plus 5% concentration (AstraZeneca, UK) and it 

was used to clean the cows’ vulva. Once the vulva was sufficiently clean, a lubricated glove 

was placed through the vulva to the vagina where mucus was removed from the ventral, 

lateral and dorsal walls of the vagina for assessment. The vagina mucus was assessed using 

the VMS system developed by (Williams et al., 2005). Cows were categorised as healthy if 

they presented with VMS 0 or without mucus. Cows were categorised as having PVD if they 

had a VMS of 1 or higher. 
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3.3.3 Metabolite and protein analysis 

All blood samples were returned to the Animal Health Laboratory in Teagasc, Grange for 

processing. Blood samples were brought back to the lab where they were centrifuged at 2000 

x g for 15 minutes at 4˚c. The heparin and serum samples were stored in cryotubes at -80˚c 

and -20˚c respectively until further analysis. Concentrations of AGP, βHB, NEFA and glucose 

were measured using the Beckman Coulter AU 400 Clinical Analyzer using the protocol 

supplied by the kit. βHB, NEFA and glucose were measured using the kinetic method, 

colourmetric method and hexokinase method respectively. 

The sample absorbance of AGP was read using the GloMax®-Multi Detection System from 

Promega in conjunction with the The Tridelta Phase™ Alpha-1 Acid Glycoprotein Assay Kit (a 

solid phase sandwich Enzyme Linked Immuno Sorbent Assay (ELISA) kit). Vitamin D 

concentrations were measured using the Eagle Bioscience 25(OH)D₃ ELISA kit. 

3.3.4 Statistical analysis 

Using SAS 9.4, (SAS Institute, Cary, NC, USA) the MIXED procedure was used to fit mixed linear 

regression models to calculate differences between cows diagnosed as healthy and cows with 

PVD in the concentrations of circulating 25(OH)D₃, AGP, βHB, NEFA and glucose and the 

abundance in reproductive tract bacteria. The dependent variables at each timepoint were 

analysed in separate mixed linear regression models alongside the independent variables of 

disease diagnosis, cow ID, farm and lactation.  Cow tag number was added as a repeated 

effect because 16 cows from one farm were sampled in two years. Explanatory variables were 

removed from the model in a backwards elimination based on likelihood ratio test 

comparison using P>0.05 as the reason for removal. The residuals of the variables were tested 

for normality prior to analysing the differences. This was done by visually assessing the 

homogeneity of variance between the residuals plotted against fitted values. The residuals of 

AGP were deemed to be in an abnormal distribution so a log transformation was used to 

correct this issue. A log transformation did not normalise βHB concentrations, therefore a 

Boxcox lambda transformation was carried out. When comparing differences between the 

VMS categories, a post-hoc Tukey test was included in the model to compensate for the effect 

of multiple comparisons. Results are presented as least square means with standard errors of 

the means.  
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Threshold cut-offs were calculated by first constructing a univariate ROC curve by using the 

LOGISTIC procedure. The model’s intercept and the variables’ regression co-efficient were 

used to compute the cut-off point. The model for this equation was as follows: cut-off= 

(probability level/ (1-probability level) + model intercept)/variable slope. To determine the 

strength of the sensitivity (true positive rate (TPR)) and specificity (false positive rate) of each 

cut-off, the J was calculated. The J is used to measure the strength of the proposed cut-off 

threshold. The value for each cut-off point’s sensitivity and specificity are used to calculate J 

(J = Sensitivity - (1 - Specificity) (Fluss et al., 2005). The J with the highest value was deemed 

as the optimum cut-off point. Correlations between 25(OH)D₃ and AGP, βHB, NEFA and 

glucose in the healthy cows and cows with PVD were evaluated using Pearson correlations 

(PROC CORR). A P-value of <0.05 was considered statistically significant. 
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3.4 Results 

3.4.1 25(OH)D₃ concentrations from pre-calving to 21 DPP 

The pre-calving levels of 25(OH)D₃ were similar between healthy cows (18.5 ±1.6 ng/ml) and 

cows with PVD (20.6 ±0.95 ng/ml, P=0.3). This was replicated at calving (43.2 ±5 ng/ml and 

41.1 ±3.7 ng/ml respectively, P=0.6) and at 21 DPP (39.5 ±3.9 ng/ml and 38.1 ±3.6 ng/ml, 

P=0.4). However, at 7 DPP, healthy cows had a greater 25(OH)D₃ concentration than cows 

with PVD (32 ±0.7 ng/ml and 30.3 ±0.5 ng/ml respectively, P=0.03). The effects of farm 

(P<0.0001) and lactation (P=0.03) differences were significant in the model at 7 DPP (Figure 

3.1). 
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Figure 3.1: 25(OH)D₃ concentrations at pre-calving, calving/0 DPP, 7 DPP and 21 DPP of 

healthy cows and cows with PVD  

Least square means of concentrations of circulating 25(OH)D₃ were measured in dairy cows 

at pre-calving (n=72), calving (n=70), 7 DPP (n=544) and 21 DPP (n=154). Cows were classified 

by uterine disease status based on VMS. Cows were categorised as “healthy” if they presented 

with no mucus or VMS 1 at 21 DPP and as “PVD” if they presented with VMS 1-3 at 21 DPP. 

Two-way ANOVAs calculated differences between both groups at individual timepoints (* 

P>0.05). 
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3.4.2 Threshold cut-off points 

For every timepoint, the optimal threshold cut-off point at which PVD can be detected with 

maximum sensitivity and specificity was calculated. The cut-off points and J for each time 

point were pre-calving (30 ng/ml, J=0.27), calving (44.8 ng/ml, J=0.47), 7 DPP (17.1 ng/ml, 

J=0.05) and 21 DPP (28.1 ng/ml, J=0.37).  

3.4.3 The likelihood of high levels of 25(OH)D₃ at 7 DPP leading to cows presenting 

with PVD 

The median concentrations of 25(OH)D₃ at 7 DPP cows was 27.1 ng/ml. Cows were grouped 

based on being below (range: 3.7 ng/ml to 27 ng/ml) or equal to/above (range 27.1 ng/ml to 

72.5 ng/ml) the median value. The prevalence of PVD below and above the median were 

65.6% and 67.4% respectively. Using a univariate odds ratio, there was no increased likelihood 

in cows above the median presenting with PVD at 21 DPP (OR: 1.07, CI: 0.76-1.51).  

3.4.4 25(OH)D₃ concentrations at 7 DPP in healthy cows and cows with PVD with a 

high 305-day milk kg yield in the previous lactation  

 A total of 557 cows were divided into two groups based on being below or above/equal to 

the median 305-day milk yield value (6690 milk kg) from the previous lactation. The range of 

305-day milk kg yield for below and equal to/above the median were 2358kg - 6680kg and 

6690kg – 11774kg respectively. Using these milk yield groups, we investigated if circulating 

concentrations of 25(OH)D₃ vary between healthy cows and cows with PVD due to different 

milk yields at four timepoints. There was no difference in milk yields between healthy cows 

and cows with PVD at any timepoint (P<0.05, Table 3.1), although the difference between the 

groups was trending towards significance at pre-calving (P=0.06) 
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Table 3.1: 25(OH)D₃ means of healthy cows and cows with PVD at pre-calving, calving/0 

DPP, 7 DPP and 21 DPP based on being equal to/above the median 305-day milk yield value 

during the previous lactation.  

Cows were categorised based on their 305-day milk kg yield during the previous lactation. 

Cows that were equal to/above the median 305-day milk yield value were classified by uterine 

disease status based on VMS. Two-way ANOVAs calculated differences between both groups 

at individual timepoints. 

 

3.4.5 Concentrations of circulating markers at 7 DPP 

The 7 DPP profiles of AGP and metabolites were assessed to determine if differences occurred 

between cows diagnosed as healthy or has having PVD at 21 DPP. The concentrations of AGP 

were similar in healthy cows (0.84 ±0.18 mg/ml) and cows with PVD (1.11 ±0.07 mg/ml, 

P=0.14). Interestingly, the concentrations of βHB (healthy: 0.84 ±0.04 mmol/l, PVD: 0.81 ±0.03 

mmol/l), NEFA (healthy: 0.82 ±0.05 mmol/l, PVD: 0.85 ±0.03 mmol/l) and glucose (healthy: 

3.12 ±0.04 mmol/l, PVD: 3.15 ±0.03 mmol/l) were similar in both groups (P>0.05). This 

Timepoint Healthy PVD P 

Pre-calving 17.3 ±1.49 

(n=5) 

20.6 ±0.92 

(n=19) 

0.06 

Calving/0 

DPP 

45.16 ±5.17 

(n=2) 

43.1 ±3.03 

(n=31) 

0.66 

7 DPP 33.2 ±2.75 

(n=65) 

31.8 ±2.68 

(n=131) 

0.1 

21 DPP 41.1 ±4.48 

(n=7) 

40.2 ±4.2 

(n=47) 

0.59 
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indicates that NEB at 7 DPP was not a significant risk factor for developing PVD. The effects of 

farm and lactation were significant in each model (P<0.05, Figure 3.2). 
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Figure 3.2: Concentrations of AGP, βHB, NEFA and glucose at 7 DPP were similar in cows 

diagnosed as healthy and with PVD at 21 DPP. 

 AGP (n=113), βHB (n=546), NEFA (n=548) and glucose (n=547) concentrations were measured 

in blood serum and plasma at cattle at 7 DPP. A one-way ANOVA was used to determine 

significant differences between both groups. 

 

3.4.6 Concentrations of circulating markers at 7 DPP in cows with a high 305-day milk 

kg yield in the previous lactation 

The AGP, βHB, NEFA and glucose profiles of cows with a high 305-day milk yield in the previous 

lactation were analysed to determine differences between healthy cows and cows with PVD. 

Regardless of milk yield, the healthy cows and cows with PVD had similar concentrations of 

AGP (0.83 ±0.71 mg/ml and 1.52 ±0.22 mg/ml respectively, P=0.23), βHB (0.91 ±0.06 mmol/l 

and 0.71 ±0.04 mmol/l respectively, P=0.12), NEFA (0.58 ±0.04 mmol/l and 0.57 ±0.03 mmol/l 
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respectively, P=0.83) and glucose (3.1 ±0.11 mmol/l and 3.2 ±0.1 mmol/l respectively, P=0.22, 

Figure 3.3). 
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Figure 3.3:  The 7 DPP concentrations of AGP, βHB, NEFA and glucose were similar in cows 

with a high 305-day milk yield and diagnosed as healthy and with PVD at 21 DPP. 

 AGP (n=62), βHB (n=190), non-esterified fatty acids (NEFA) (n=190) and glucose (n=190) 

concentrations were measured in blood serum and plasma of cattle at 7 DPP. A one-way 

ANOVA was used to determine significant differences between both groups. 

3.4.7 Correlation of 25(OH)D₃ and circulating markers at 7 DPP in healthy cows at 21 

DPP 

 Using the same categorisation based on the 7 DPP median concentration of 25(OH)D₃, the 

correlation between 25(OH)D₃ and any metabolite markers were not significant (P>0.05, 

Table 3.2).  
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Table 3.2: Correlation of 25(OH)D₃ with AGP and metabolites at 7 DPP in cows diagnosed as 

healthy at 21 DPP 

 

When grouped above and below the median 7 DPP concentration (27.1 ng/ml), the 

correlation between the 7 DPP concentrations of 25(OH)D₃ and AGP (n=113), βHB (n=546), 

NEFA (n=548) and glucose (n=547) concentrations in cows diagnosed as healthy at 21 DPP 

were measured using a Pearson correlation. 

3.4.8 Correlation of 25(OH)D₃ and circulating markers at 7 DPP in cows with PVD at 

21 DPP 

As seen in the healthy cows, there were no significant correlations between 25(OH)D₃ and 

metabolite markers (P>0.05). Although it was trending towards significance (P=0.07), the 

correlation between 25(OH)D₃ and NEFA in cows with PVD and above the 7 DPP 25(OH)D₃ 

concentration median was slightly negative at -0.14 (Table 3.3).  

Marker Below median 

correlation 

P Above median 

correlation 

P 

AGP -0.04 0.94 0.16 0.8 

βHB -0.07 0.5 -0.18 0.1 

NEFA -0.4 0.97 -0.004 <0.001 

Glucose -0.14 0.07 0.05 0.62 
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Table 3.3: Correlation of 25(OH)D₃ with AGP and metabolites at 7 DPP in cows diagnosed as 

healthy at 21 DPP 

When grouped above and below the median 7 DPP concentration (27.1 ng/ml), the 

correlation between the 7 DPP concentrations of 25(OH)D₃ and AGP (n=113), βHB (n=546), 

non-esterified fatty acids (NEFA) (n=548) and glucose (n=547) concentrations in cows 

diagnosed as having PVD at 21 DPP were measured using a Pearson correlation. 

 

 

 

 

 

 

 

 

Marker 
Below median 

correlation 

P Above median 

correlation 

P 

AGP 0.07 0.69 -0.18 0.17 

βHB 0.06 0.42 -0.08 0.32 

NEFA 0.05 0.55 -0.14 0.07 

Glucose -0.03 0.82 0.05 0.62 
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3.5 Discussion 

Analysing metabolite fluctuation during the transition period is crucial to understanding the 

development of post-partum diseases. The peri-partum period is a difficult period for the 

dairy cow; it must balance the maintenance of homeostasis with the demands of gestation, 

calving, uterine involution, immune function and lactogenesis (Mulligan and Doherty, 2008). 

The role played by vitamins during the transition period is key in returning the uterus to a 

condition where conception can occur (Spears and Weiss, 2008). Dietary supplementation of 

25(OH)D₃ improves circulating concentrations as well as the metabolic and reproductive 

profiles of the transition cow (Omur et al., 2016, Guo et al., 2018).  

A depletion in circulating 25(OH)D₃ concentration between pre-calving and the early post-

partum period has been recorded in several studies. Nelson et al. (2016a) compared 

circulating 25(OH)D₃ concentrations at several times during lactation and found that 

concentrations were at their lowest in the early lactation period. Similar results were found 

by (Olsen et al., 2016). They reported that differences in serum 25(OH)D₃ and vitamin D 

binding protein concentrations were at the lowest levels at the start of lactation. During this 

early post-partum period when the endometrium is undergoing significant repair and 

remodelling after calving (Leslie 1983). It is most likely that the diminished circulating 

25(OH)D₃ concentrations in the early post-partum period are lower than at other timepoints 

as it is consumed in order to maintain homeostasis. It is converted into 1,25(OH)D₃ by 

activated monocytes (Nelson et al., 2010b) and utilised during intestinal calcium absorption 

which is required for lactogenesis and uterine tissue contraction (Horst et al., 1994). 

In our study, the circulating 25(OH)D₃ concentrations at 7 DPP of cows that subsequently 

developed PVD were lower than in healthy cows. The development of uterine disease in dairy 

cows is preceded by a switch from physiological to pathological inflammation at 7 DPP 

(Chapwanya et al., 2012). At this time point, the expression of the pro-inflammatory cytokines 

IL-1β, IL-6 IL-17A are highly expressed in cows that subsequently develop uterine disease  

(Foley et al., 2015).  The 25(OH)D₃ concentrations at 7 DPP in our study follow this pattern of 

a heightened inflammatory state. The lower 25(OH)D₃ concentrations in cows with PVD is 

very likely due to increased consumption of 25(OH)D₃ by immunological systems during this 

time. Despite this, there were no 25(OH)D₃ concentrations differences due to disease status 

of cows with a high milk yield at 7 DPP or at any other timepoint. Focusing on 7 DPP, the 
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25(OH)D₃ concentrations were higher in high milk yielding cows in healthy cows and cows 

with PVD than in the enrolled cows. This phenomenon is not due to high yielding cows having 

higher levels of circulating 25(OH)D₃ concentrations. The milk yields of dairy cows after 

25(OH)D₃ supplementation has found no significant increase in milk yield in the first 56 DPP 

(Guo et al., 2018). Further investigation in this area is warranted to understand the role 

25(OH)D₃ has in high yielding herds. 

The 25(OH)D₃ concentrations found in our study are in contrast to those found in a study by 

Holcombe et al. (2018). They recorded higher mean concentrations at a pre-calving period 

(93.8 ±2.1 ng/ml) and at 7 DPP (82.6 ng/ml ±1.7) than in our study (19.6 ng/ml ±1.3 and 31.2 

ng/ml ±0.6 respectively). This contrast may highlight the potential impact of several factors 

including supplementation levels, production system and latitude. The cows enrolled in the 

study by Holcombe et al. (2018) were fed a total mixed ration (TMR) diet with vitamin D₃ 

supplementation while housed indoors. Hymoller et al. (2009) found that of dairy cows with 

limited access to pasture, those who were supplemented with 20,000 i.u. of exogenous 

25(OH)D₃ for a year had higher concentrations only during January to March when they were 

housed indoors. During the pre-partum period, cows in our study were fed silage indoors with 

varying levels of concentrates during this time period and may have been supplemented to a 

lesser degree than the cows in the study by (Holcombe et al., 2018).  

While numerous studies have investigated the intracrine properties of 25(OH)D₃ on immune 

cells like monocytes, lymphocytes and anti-microbial peptides in cattle (Tellez-Perez et al., 

2012, Nelson et al., 2010a), it’s relationship with the acute phase protein response has not 

been examined as in depth. In calves, an inverse association between 25(OH)D₃ and SAA was 

seen in experimentally infected calves implying that the initiation of the APR led to diminished 

25(OH)D₃ levels (Nonnecke et al., 2014). In the case of bovine uterine disease, acute phase 

protein production in the liver is stimulated when cytokines are secreted by epithelial cells 

that have detected the bacterial endotoxin LPS and by the TLR4 /MD2/CD14 complex. 

CYP27B1, an enzyme which converts 25(OH)D₃ to 1,25(OH)D₃, is known to be highly expressed 

in CD14 cells of infected bovine mammary cells (Nelson et al., 2010a). This indicates that 

25(OH)D₃ may be metabolised to form 1,25(OH)D₃ at the site of infection, resulting in 

diminished 25(OH)D₃ concentrations while APP concentrations simultaneously rise. Our 

results found a negligible relationship between 25(OH)D₃ and AGP. The exact reason behind 
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this is unclear, however it is possible that this antagonism may occur at 21 DPP in cows 

presenting with PVD. Although, several studies quantified AGP expression at 21 DPP or later, 

our research is the first to evaluate AGP’s candidacy as a prognostic biomarker and its 

expression relative to 25(OH)D₃. However, the healthy cows and the cows with PVD had 

similar AGP concentrations at 7 DPP. Interestingly, while one study noted that circulating AGP 

levels do not correlate with the severity of uterine disease (Hirvonen et al., 1999b), Adnane 

et al. (2018a) found higher AGP concentrations in the CVM of cows with PVD, leading the 

authors to propose it as a putative predictive marker for PVD. CVM may be a better biofluid 

than serum to evaluate AGP as a predictive biomarker due to its proximity to the site of 

infection (Williams et al., 2005). The terminating sugars on the glycan chain encourage the 

glycosylation of AGP, thus resulting in many different glycoforms of AGP. These changes in 

structure can occur during pathophysiological states when the immune system is 

compromised such as arthritis, liver cirrhosis and hepatitis in humans (Fournier, Medjoubi-N 

et al. 2000). The prognostic ability of glycosylation changes of APPs in times of disease is a 

growing area in the field in human immunology research. Studies which looked at pancreatic 

cancer (Sarrats et al., 2010), lung cancer (Ayyub et al., 2016) and rheumatoid arthritis (Saroha 

et al., 2011) have found that glycoforms of AGP may have use as a diagnostic tool.  As we did 

not see differences in AGP concentrations between healthy cows and cows with PVD, 

analysing AGP's glycosylation changes alongside its quantification within the first week post-

partum could provide a more accurate evaluation of its prognostic ability as an early 

biomarker for PVD.  

The metabolites βHB, NEFA and glucose are commonly used to diagnose NEB which is a 

known driver of bovine uterine disease (Herdt, 2000, LeBlanc et al., 2004). It commonly occurs 

in the post-partum period when dairy cows are required to mobilize their body’s adipose 

reserves as an energy source to produce milk (Bicalho et al., 2017a, Wathes et al., 2011). 

Excessive mobilisation of this tissue leads to the production of IL-6 and TNF, which are potent 

pro-inflammatory cytokines (Tilg and Moschen, 2008). Findings from studies that investigated 

the association between 25(OH)D₃ and indicators of NEB suggest that 25(OH)D₃ may help to 

combat suboptimal metabolic condition in cattle. The granulosa cells of follicles collected 

from dairy cows with high circulating levels of βHB at 60 DPP had a downregulation of vitamin 

D-linked genes, leading the authors to believe that adequate supplementation of 25(OH)D₃ 
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may inhibit βHB-induced deleterious transcription effects (Girard et al., 2015). When 

supplemented with a mixture of vitamins A, D₃ and E from 14 days pre-partum to 49 DPP, 

buffaloes had significantly lower levels of circulating NEFA at 35 and 49 DPP (Ahmed et al., 

2017). This is beneficial as NEFA is known to bind to TLR4, instigating inflammation 

(Hotamisligil and Erbay, 2008). The susceptibility of cows to developing uterine disease due 

to high NEFA and βHB concentrations may be mediated by 25(OH)D₃ through its role in 

calcium synthesis. The role of 25(OH)D₃ in increasing the absorption of intestinal calcium is 

well defined (Horst et al., 1994). Within 10 DPP, the serum concentrations of NEFA and 

calcium are negatively correlated. Added to this, hypocalcaemia can lead to the development 

of uterine disease due to PMN impairment (Martinez et al., 2012, Ribeiro et al., 2013). 

Therefore, 25(OH)D₃ may have a secondary role in correcting energy balance and promoting 

uterine health. We did not detect any differences in βHB, NEFA and glucose at 7 DPP between 

healthy cows and cow with PVD, even in those with an elevated milk yield during the previous 

lactation. This leads us to believe that NEB was not a strong factor in the development of PVD 

in this study. The concentrations of NEB markers and our findings were similar in other studies 

that studied the relationship between NEB and uterine disease at 7 DPP (Foley et al., 2015) 

and at several timepoints up to 42 DPP (Burke et al., 2010) in pasture herds. It is apparent 

that NEB is more predominant in cows with higher milk production levels (e.g.: North 

American dairy herds in intensive production systems) rather than pasture-based herds 

(Pedernera et al., 2008). Our findings did not detect a discernible correlation between 

25(OH)D₃ and metabolites at 7 DPP. The contrasting results may highlight that the 

relationship between 25(OH)D₃ and these metabolites may not be apparent later into 

lactation when milk levels are at their peak. 

 

The lower circulating 25(OH)D₃ in the cows enrolled in our study could be attributed to the 

lower latitude at which they were located. The intensity of sunlight is highly variable at 

different latitudes causing distinct 25(OH)D₃ concentrations in humans (Webb et al., 2018, 

Mason et al., 2011). Hymoller et al. (2009) concluded that endogenously produced 25(OH)D₃ 

is a more effective way to raise circulating 25(OH)D₃ concentrations than dietary 

supplementation  the lower concentrations in post-partum cows in their study illustrate the 

restrictive effect of latitude on 25(OH)D₃ concentrations. In a study by Hymoller et al. (2009),  
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average circulating 25(OH)D₃ levels of cows with limited access to pasture at a latitude of 59˚N 

did not exceed 10 ng/ml until the summer months. This is a lower concentration than the 

cows in our study (latitude of 53 ˚N). It is therefore conceivable that a combination of 

insufficient 25(OH)D₃ supplementation and poor sunlight intensity when on pasture due to 

latitude may have caused lower 25(OH)D₃ in the enrolled cows of our study during the pre-

partum period and at 7 DPP.  

A pressing issue in bovine research is the establishment of a level of circulating 25(OH)D₃ 

concentrations necessary for optimal health. Currently, in bovine studies, the optimal 

threshold of 30 ng/ml is used as a reference for 25(OH)D₃ deficiency (Nelson et al., 2016a). 

However, this reference was calculated in human studies  (Gunville et al., 2013). It is known 

that 25(OH)D₃ concentrations can differ throughout the lactational period (Nelson et al., 

2016b). Therefore, it is necessary for bovine research to develop 25(OH)D₃ cut-off thresholds 

at different timepoints intended for dairy cows. The Youden Index provides a value of the 

degree of sensitivity and specificity of each threshold, increasing in strength from 0-1 (Fluss 

et al., 2005). At calving, the J of the cut-off threshold of 44.8 ng/ml was 0.47 and the sensitivity 

and specificity were 0.72 and 0.75 respectively. This was the highest J of all the time points 

although its J indicates that it is regarded as an uninformative value (Habibzadeh et al., 2016). 

This study is the first to calculate optimal threshold 25(OH)D₃ cut-offs for dairy cows in the 

peri-parturient period. The cut-off threshold as determined in our study provides farmers 

with a definitive guideline to maintain adequate levels of circulating 25(OH)D₃ concentration 

to only maintain uterine health. As the concentrations in our study were lower in comparison 

to similar studies based in North America, the thresholds in our study may be only applicable 

to dairy cows in the Irish dairy production system. Further work should focus on calculating 

the cut-off thresholds for other diseases and for optimum production levels (e.g.: milk yield 

and conception at first service) for dairy cows in different geographic regions. 

In summary, the significantly lower 7 DPP 25(OH)D₃ concentrations in cows with PVD at 21 

DPP almost certainly indicates an increased consumption of 25(OH)D₃ occurs at this 

timepoint. This agrees with previous studies’ findings that show that cows that will proceed 

to present with PVD at 7 DPP exhibit altered immune responses at 7 DPP. Therefore, in order 

to mitigate or avoid the repercussions of PVD on fertility as seen in chapter 2, 7 DPP appears 

to be suitable timepoint to look for prognostic biomarkers for PVD. 



 

74 
 

 

 

 

 

 

Chapter 4: The assessment of putative biomarkers at 7 

days post-partum for the early detection of purulent 
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4.1 Introduction 

Currently, the diagnosis of PVD is carried out most commonly at 21 DPP (Sheldon et al., 2006). 

By the time of diagnosis, affected dairy cows have already incurred considerable negative 

impacts to its general health and will often develop subsequent fertility issues (McDougall et 

al., 2011). The financial losses of uterine disease have been calculated to be approximately 

€292 per year/cow (Drillich et al., 2001). Therefore, to improve herd health and welfare and 

to reduce the costs associated with PVD, the development of a test that uses biomarkers to 

predict the onset of PVD with high accuracy would be advantageous.  

A predictive biomarker is a biomolecule that is expressed in a manner that distinguishes one 

group from another before the onset of an event (e.g.: the diagnosis of a disease) (Strimbu 

and Tavel, 2010). For example, the heightened expression of several microRNAs in milk (mir-

21, miR-146a, miR-155, miR-222, and miR-383) in milk have been proposed as predictive 

markers of mastitis (AUC >0.8) (Lai et al., 2017). ROC analysis was performed on several 

biomarkers to assess their ability to predict the onset of. With an AUC of 0.97, the peptide 

Pks5 has shown excellent potential as a predictive marker for bovine tuberculosis (Lamont et 

al., 2014). Predictive accuracy relates to the ability of a test to distinguish healthy subjects 

from subjects that develop the targeted condition/disease in advance of its occurrence 

(Šimundić, 2009). The measures of discriminatory ability that are used to quantify sensitivity, 

specificity, the cut-off threshold, AUC and Youden Index. To determine these measures, a ROC 

curve is used. To create a ROC curve, the sensitivity (Y axis) and the 1-specificity (X axis) of 

each cut-off point are plotted against each other forming an AUC. Sensitivity is defined as the 

proportion of positive observations that are measured as positive (i.e.: the TPR). Specificity is 

the proportion of negative observations that are measured as negative (i.e.: the true negative 

rate (TNR)). Preferably, these two values would both increase in tandem, but by definition, 

these two values often display an antagonistic relationship. The sensitivity and specificity of 

a biomarker relates to the cut-off threshold. This is the cut-off where the sensitivity and 

specificity are at optimal values. Graphically, a cut-off threshold that is near the top-left 

corner represents a value with high sensitivity and specificity. Therefore, the cut-off threshold 

is the point is where the ROC curve is intersected by a 45˚ line from the top left corner. This 

point is calculated as (sensitivity + (1- specificity)). This value is known as the Youden Index (J) 

and it ranges from 0-1 with 1 indicating a cut-off point with a perfect ability to determine the 
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likelihood of disease above/below it  (Youden, 1950).  The AUC is the preferred way to 

summarize the overall accuracy of the test and is a commonly used determinant of diagnostic 

or predictive accuracy (Mandrekar, 2010). The AUC ranges from 0.5-1 with 1 being a 

biomarker with perfect discriminatory ability. AUCs >0.7 are deemed as non-informative 

(Swets, 1988). 

When attempting to predict the onset of PVD, two main issues must be addressed. The 

putative biomarkers must be relevant to the disease/disorder in question and the time at 

which the biomarkers are assessed must be at a time where the biomarkers are expressed 

distinctly between the groups and enough time is provided for the opportunity for 

therapeutic intervention before the symptoms occur. Earlier work from our group (chapter 3 

of this thesis), found that cows proceed to be diagnosed with PVD at 21 DPP have lower 

concentrations of circulating 25(OH)D₃ at 7 DPP than cows that are diagnosed as healthy at 

21 DPP. This adds to the evidence that a predictive biomarker for PVD may be attainable at 7 

DPP by analysing the differences in the inflammatory profile between cows diagnosed as 

healthy or as having uterine disease at 21 DPP (Foley et al., 2015, Adnane et al., 2018b, Miller 

et al., 2019).  

As PVD is a complexed multi-factorial disease that is induced by the combination of host 

immunity, pathogen density and environmental influences, the circulating concentrations of 

serum metabolites are commonly assessed for their predictive ability due to their accessibility 

and biological relevance. Energy balance is a risk factor for many production diseases and 

disorders as well as hindering reproductive efficiency (Wathes et al., 2009, Swangchan-Uthai 

et al., 2013). The signatures of NEFA, βHB and glucose have been assessed for their ability to 

predict for diseases in transition cows. NEFA has shown poor accuracy at predicting diseases 

like displaced abomasum, ketosis and retained placenta (all AUC 0.6, P>0.01) but βHB has 

better use as a predictive marker for these diseases (Ospina et al., 2010). The level of bacterial 

infection in the reproductive tract is known to contribute to the susceptibility to uterine 

disease. Early studies identified that bacterial species like Escherichia coli, Trueperella 

pyogenes, Prevotella melaninogenicus and Fusobacterium necrophorum dominate in the uteri 

of cows that are diagnosed with PVD at 21 DPP (Williams et al., 2005, Williams et al., 2007).  

In a study by Miranda-CasoLuengo et al. (2019), an analysis of the reproductive tract 

microbiome uncovered a dysregulation in the succession of bacterial colonies at 7 DPP to 21 
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DPP. At these two timepoints, the microbiome differentiated into a uniform population rather 

than maintaining a diverse population. Bacteroidetes and Fusobacteria were predominant in 

cows that subsequently developed PVD at 21 DPP. The species Back96, Efup1452, 

Efup1452_ext (all Fusobacteria), Ure579 (Ureaplasma) and Helc194f (Helococcus) were the 

most upregulated species in cows that went on to develop PVD and were suggested as 

predictive biomarkers for PVD. 

Immunoglobulins are glycoproteins that are produced by plasma/B cells tasked with 

recognising and binding to specific antigens found on bacteria and viruses. There are several 

Ig classes; IgM, IgA, IgE and IgG (Ulfman et al., 2018). IgG is the most abundant antibody found 

in bovine serum (Shade and Anthony, 2013). The structure of IgG permits the attachment of 

sugars (e.g.: fucose and galactose) to its proteins or lipids and it usually occurs in response to 

external stimuli, commonly the onset of disease. This is known as glycosylation (Schroeder 

and Cavacini, 2010). IgG is known to be differently glycosylated in human inflammatory 

diseases such as metabolic syndrome (Plomp et al., 2017), thyroid cancer (Martin et al., 2018) 

and ovarian cancer (Alley et al., 2012). The alterations in IgG glycosylation patterns have led 

to their examination as predictive biomarkers for diseases in humans. Two fucosylated and 

agalactosylated glycoforms can distinguish between healthy patients and patients in the early 

stages of breast cancer with high accuracy (Gebrehiwot et al., 2019). Russell et al. (2017) 

found that a combination of four IgG glycoforms provided a panel of predictive biomarkers 

for Parkinson’s disease with excellent precision. In relevance to PVD, IgG galactosylation rises 

during pregnancy and it falls in the post-partum period in pregnant women suffering from 

rheumatoid arthritis, indicating IgG galactosylation plays an integral role in the prevention of 

per-partum diseases (van de Geijn et al., 2009). Due to the promising findings of these studies, 

glycoforms of IgG were included in the analysis for predictive biomarkers at 7 DPP for PVD  

Therefore, we hypothesised that a combination of bacterial, metabolic and host protein 

biomarkers at 7 DPP can provide a biomarker/panel of biomarkers that can accurately 

distinguish between healthy cows and cows with PVD at 21 DPP. The objectives of this study 

were to determine the optimal biomarker/combination of biomarkers to distinguish between 

cows at 7 DPP using bacterial, circulating and IgG glycoform biomarkers. 
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4.2 Methods 

4.2.1 Sampling background  

Sampling was carried out in spring 2014, 2015 and 2019. A total of 693 mixed-parity (…range) 

spring calving Holstein-Friesian from eleven farms from the Leinster province of Ireland were 

recruited into this study. The 305-day milk yield of the previous lactation of each multiparous 

cow were gathered using the www.icbf.com website. Cows were divided into two groups 

based on being below (“low yielding cows”) or above/equal (“high yielding cows”) to the 

median value (6691kg). 

4.2.2 Blood sampling 

 Blood sampling was carried out in all cows at 7 DPP. A 70% ethanol spray was applied to the 

area around the coccygeal vein before a needle was inserted. Lithium hepranised 

Vacutainers® were used to collect blood samples. Post collection, all samples were 

transported from the farm to the laboratory within 4 hours of collection and were centrifuged 

at 2000 x g for 15 minutes at 4˚c. The supernatant plasma was collected using disposable 

Pasteur pipettes and stored in cryotubes at -80˚c. 

4.2.3 Vaginal Mucus Scoring 

Assessment for VMS was carried out at on average 21 DPP (range 17-25 DPP) as developed 

by (Williams et al., 2005). Using a solution of HibiTane (BCM Ltd, UK), the vulva was wiped 

clean and cleaned with tissue paper. The lateral, dorsal and ventral walls of the vagina were 

palpated so that vaginal mucus could be extracted for examination. Cows with a VMS of 0 (no 

purulent exudate in vaginal mucus) were described as the control group while those with VMS 

1-3 were grouped as having PVD as they presented with varying degrees of purulency in their 

vaginal mucus.  

4.2.4 Swab samples 

Duplicate vaginal swab samples were obtained at 7 DPP. To collect vaginal swab samples a 

double-guarded instrument (Labstock, Co. Meath, Ireland) was used. After cleaning the vulva 

as described previously, the instrument was inserted into the vagina. The swab was then 

pushed through the sheath and carefully rotated against the wall of the vagina. Once this had 

been completed, the swab was re-entered into the sheath and the instrument was removed 

from the vagina. The swab was cut off and placed into 1.5 ml polypropylene tube containing 

http://www.icbf.com/
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300 μl of TE buffer (20mM TrisHCl, pH 8.0, 2mMsodium EDTA) and snap-frozen in liquid 

Nitrogen. This was then repeated for the uterus. Once the samples were brought back to the 

laboratory, they were stored in a -80c freezer until analysis. 

4.2.5 Swab DNA extraction 

Once thawed, swab samples were vortexed to remove cells from the cotton tip and then 

centrifuged for 8 minutes at 8000 x g. The Qiagen DNeasy Blood and Tissue kit was used to 

extract metagenomic DNA following the manufacturer’s instructions for Gram positive 

bacteria. Briefly, pellets were suspended by vortexing in 90 µl TET buffer (TE supplemented 

with 0.2% [v/v] TritonX-100). 40 mg/ml egg white Lysozyme was added to the 90 µl of TET 

and the mixture was incubated at 37˚C for 2 hours. After this incubation period, proeinase K 

digestion of the sample was performed for 56 ˚C for 1 hour. Samples were incubated at 90 ˚C 

for a further 5 minutes. After adding AL buffer, the supernatant was loaded into the Qiagen 

column for elution. This was performed with 50 µl of AE buffer. Extracted DNA was stored at 

-80 ˚C until further analysis. 

4.2.6 Bacterial markers analysis workflow 

Microbial populations associated with vaginal and uterine DNA samples were profiled by 

terminal-restriction fragment length polymorphism (T-RFLP). Briefly, amplicons of the 16S 

rRNA genes were obtained by PCR, using primers 27F-CM (5’-AGAGTTTGATCMTGGCTCAG) 

and 1492R (5’- TACGGYTACCTTGTTACGACTT) and 6FAM-27F-CM and U1052R (5’- 

GARCTGRCGRCRRCCATGCA). Digested products were ethanol precipitated, resuspended in 

Hi-Di Formamide (final concentration 50 ng/μl) containing GeneScan-500 LIZ Size Standard 

(Applied Biosystems) and separated by capillary electrophoresis using a 3130xl capillary array 

(36 cm) in an ABI 3130xl Genetic Analyzer (Applied Biosystems). 

4.2.7 Bioinformatics 

T-RFLP fragment sizes were determined using GeneMapper v4.0 (Applied Biosystems). 

Merging of biological replicates and multiple alignment of T-RFLP profiles was performed with 

T-Align. Only fragments present in both sample replicates and contributing at least 0.5% of 

the total fluorescence signal were included in the analysis. The relative abundance of a given 

Operational Taxonomic Unit (OTU) in the community of a sample was calculated as a 

percentage from the total signal of the T-RFLP profile. Using the conditional formatting tool 
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in Excel 2010, heatmaps of relative abundance obtained from the fluorescent signal of 

terminal restriction fragments were made. Cells were formatted depending on their value 

using a 3-colour scale where the midpoint was set as the 95th percentile. Data were analysed 

using Primer6 v6.1.13 and Permanova+ v1.0.3. A square root transformation was carried out 

for relative abundances were used to obtain a normal distribution based on S17 Bray-Curtis. 

A network focusing on the high frequency OTUs detected in both vagina and uterus was 

generated with QIIME 1.8 and implemented in Cytoscape 3.2.0. 

Pyrosequencing data was analysed with the Quantitative Insights Into Microbial Ecology 

(QIIME 1.8). Multiplexed sequences were assigned to samples based on their unique 

nucleotide barcode while any low quality or ambiguous reads were removed. Datasets were 

deposited into the Sequence Read Archive (SRA) under accession numbers SRX3849466 and 

SRX3849984. A predicted T-RFLP profile of the vaginal microbiome at 7DPP was generated by 

in silico digestion of sequences obtained by pyrosequencing. OTUs, at 97% of sequence 

identity, were aligned to the best matching sequence in the Greengenes 13_8 core reference 

alignment using the PyNAST method. Taxonomic affiliations were assigned with uclust and a 

phylogenetic tree constructed using FastTree. A more detailed description of the analysis is 

described in (Miranda-CasoLuengo et al., 2019). 

4.2.8 Circulating plasma markers 

Lithium hepranised Vacutainers® were used to collect blood samples. These samples were 

transported from the farm to the laboratory within 4 hours of collection and were centrifuged 

at 2000 x g for 15 minutes at 4˚c. The supernatant plasma was collected using disposable 

Pasteur pipettes and stored in cryotubes at -80˚c. The concentrations βHB, glucose, NEFA and 

urea were measured using the Beckman Coulter AU 400 Clinical Analyzer using the protocol 

supplied by the kit manufacturer. BHB and urea were measured using the kinetic method, 

glucose was measured using the hexokinase method and NEFA was measured using the 

colourimetric method using the protocol supplied by the manufacturer.   

 The concentrations of AGP calcium, Hp, iron, SAA and 25(OH)D₃ were measured by using the 

GloMax®-Multi Detection System from Promega to read the sample absorbance. Calcium and 

iron were measured on the Beckman Coulter AU 400 Clinical Analyzer with the use of 

Beckman Coulter kits and the colourimetric method. Hp concentration was measured using 



 

81 
 

The Tridelta PhaseTM Haptoglobin Assay Kit (a colorimetric assay). The Tridelta PhaseTM Serum 

Amyloid A Assay Kit (a solid phase sandwich ELISA kit) was used to measure SAA. The Eagle 

Bioscience 25OH Vitamin D ELISA Kit was used to measure vitamin D concentration.  

4.2.9 Glycomics workflow 

Serum samples were placed in a 96-well IgG affinity purification plate (Thermo Scientific, 50 

μL Protein G agarose resin per well) before automated liquid handling robot platform was 

used. This platform was used for the accurate quantification of N-glycans to determine the 

pattern of glycosylation of glycoproteins. In this case, the glycosylation pattern of bovine 

immunoglobulin G was assessed for the degree of glycosylation. The process involves the 

following steps: 

• IgG affinity purification: The sample is diluted being loaded to the 96-well IgG affinity 

purification plate (Thermo Scientific, 50 μL Protein G agarose resin per well) which 

results in the isolation of IgG. 

• Glycoprotein denaturation and glycan release: The filtrate of each well is incubated at 

65˚c for 20 minutes before it is centrifuged at 3700 xg for 15 minutes. The N-glycan 

are cleaved from the protein using the enzyme peptide-N-glycosidase F (PNGase F). 

Next, the samples are washed with de-ionised water, incubated again and then eluted 

through ultrafiltration membranes to provide a 50-60μl elute. 

• Glycan enrichment on solid-supported hydrazide: 40μl of ultralink hydrazide resin was 

dispensed into each well before washing with MeOH, de-ionsied water and 

acetonitrile (MeCN) before incubation. A 70µl solution of MeCN/acetic acid (ratio of 

98:2) was added to 20μl of the glycan mixture before washing.  This was repeated with 

50µl of the solution. These steps were repeated before 50µl of a fluorescent labelling 

mix were dispensed into each well. The plate was then incubated at 70˚c with agitation 

at 700 rpm for 120 minutes. 

• Glycan solid phase extraction: A 10µl aliquot filtrate of each sample was generated for 

fluorescence reading after further washing using a MeCN/de-ionised water mixture 

and incubation. 

• Ultra-Performance Liquid Chromatography (UPLC): N-glycans derived from solid phase 

extraction were separated using UPLC. This was carried out using a hydrophilic 

interaction liquid chromatography (HILIC) which uses MeCN as a solvent.  
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This process is described thoroughly by Stockmann et al. (2015). Using HILIC with fluorescence 

detection, the glycans were separated into 32 glycan peaks (GP) with each peak representing 

a specific glycan. Low peaks indicate low levels of glycosylation with higher peaks indicating 

high levels of glycosylation. The degree of glycosylation was calculated by dividing the peak 

area of the fucosylated form of a glycan present in the test sample, by the sum of the peak 

areas of the fucosylated and afucosylated (glycoforms without fucose attached) forms of the 

glycan. The degree of fucosylation was determined for the agalactosylated glycan (Fuc. Ratio 

G00), the mono-galactosylated glycans (Fuc. ratio G1a and Fuc ratio G1 b), the bis-

galactosylated glycan (Fuc. ratio G2) as well as for the combination of these glycans (Fuc. ratio 

all). 

4.2.10 Statistical analysis 

Statistical analyses were performed using SAS 9.4 (SAS Inc., Cary, NC). Firstly, the 305-day milk 

yield of the previous lactation of each multiparous cow. Cows were divided into two groups 

based on being below (“low yielding cows”) or above/equal (“high yielding cows”) to the 

median value (6691kg). ROC analysis was carried out using the LOGISTIC procedure to 

determine each biomarker’s ability to discriminate between healthy cows and cows with PVD. 

Multivariate ROC analysis was performed with the inclusion of the explanatory variables farm 

and lactation. After this iterative process, only variables with a significant ability to predict 

PVD remained in the model. The significance threshold for elimination was set at 0.05. The 

optimal cut-off thresholds of each biomarker were calculated. Using the model’s intercept 

and regression coefficients which were generated using PROC LOGISTIC, the logistic 

regression model (logit) for optimal cut-off thresholds was calculated as: logit= model 

intercept + slope of variable(x), where x is the cut-off point. In order to solve for x, the final 

model to calculate the optimal threshold was: 

X= (logit – model’s intercept)/variable’s slope co-efficient. 

The cut-off point with the best ability to distinguish between both groups was assessed by 

calculating the J. This was calculated as: J= Sensitivity + (1-Specificity)-1. J ranges from 0-1 and 

with 0 representing no ability to distinguish between two groups and 1 indicating a perfect 

ability. 
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After this, the best combination of biomarkers within each category of biomarker (circulating, 

bacteria and IgG categories) to predict PVD was computed. ROC multivariate analysis was 

carried out for each category by entering relevant biomarkers into a multivariate model 

alongside the explanatory variables of farm and lactation. A stepwise selection was included 

to remove any variables that had an insignificant ability to discriminate between the two 

groups from the model before adding a significant variable to the model. This was done until 

only significant biomarkers were left.  As each model was a binary response case (i.e.: healthy 

or PVD diagnosis), the Hosmer-Lemeshow Goodness-of-Fit Test was carried out to determine 

the adequacy of the fitted model. When the test determined that P>0.05, the model was 

deemed correct. The ROCCONTRAST statement was included in order to implement the 

nonparametric approach as recommended by (DeLong et al., 1988). All biomarkers that were 

assessed in this study were not analysed in the same model as their numbers of each 

biomarkers that were analysed varied widely. For example, there were 568 values of glucose 

for analysis and 49 values for calcium. The large amount of missing data would have created 

bias and lead to distorted results (Liu and Zhou, 2013). 

Using PROC MIXED, mixed linear regression models were used to calculate the least squares 

means differences between cows diagnosed as healthy or as having PVD at 21 DPP for 

biomarkers that had significant ability to discriminate between the two groups during the ROC 

analysis steps. Each biomarker was assessed for differences in individual models alongside 

the explanatory variables of farm, lactation and cow ID tag number. Where appropriate, cow 

ID tag number was included as a repeated effect to compensate for cows that were sampled 

during spring 2014 and 2015. Where appropriate, a logarithm transformation was performed 

on data when their residual values did not adhere to a normal distribution. When assessing 

the differences in biomarkers between healthy cows and cows with PVD in high yielding cows, 

the variables farm and lactation were included as random effects as analysis could only be 

computed until this step was taken. Results are presented as least square means with SEM. If 

a logarithm transformation was carried out, P-values correspond to transformed data. A P-

value of <0.05 was considered statistically significant. 
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4.3 Results 

4.3.1 ROC analysis of each biomarker to distinguish between healthy cows and cows 

with PVD 

The results of the ROC analysis of each biomarker are shown in Table 5.2. The ROC AUCs with 

standard errors (SE) were derived from a total of 54 different biomarkers. Multivariate ROC 

analysis found that four biomarkers were significant in their respective models.  Of these four 

markers, IgG glcyoforms GP9 had the highest AUC at 0.71 (AUC: 0.71, SE: 0.06, P<0.001, Figure 

4.1).The other significant biomarkers were GP14 (AUC: 0.68, SE: 0.06, P=0.01), GP26 (AUC: 

0.68, SE: 0.06, P=0.01) and GP3 (AUC: 0.65, SE: 0.07, P=0.03). The cut-off thresholds, 

probability, sensitivity, specificity, Youden and mean differences between healthy cows and 

cows with PVD were also calculated (Table 4.1). The AUCs of all other biomarkers are listed in 

Table 4.2. 

 

Figure 4.1: The IgG glycoform GP9 had the best ability of any individual biomarker to 

distinguish between healthy cows and cows with PVD 7 DPP  
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All biomarkers were analysed in individual models to determine their ability at 7 DPP to 

predict the onset of PVD at 21 DPP. The IgG glycoform GP9, was deemed the best predictor 

of PVD in this subset of cows. The cut-off threshold was calculated to be 0.64 relative peak 

percentage area. Also calculated the sensitivity (0.5) and specificity (0.91) of the optimal cut-

off and the Youden index ((sensitivity+specificity)-1, 0.41). 

 

Table 4.1: The cut-off thresholds, probability, sensitivity, specificity, Youden and mean 

differences between healthy cows and cows with PVD of the four biomarkers. 

 

 The cut-off threshold is computed using the model’s intercept and regression co-efficients to 

calculate the point on the ROC curve where sensitivity and specificity are at the highest. Also 

calculated were the estimated probability of identifying a true positive of the optimal cut-off 

threshold, the sensitivity and specificity of the optimal cut-off and the Youden index 

((sensitivity+specificity)-1). 

 

 

 

Biomarker Cut-off 
threshold 
(Relative 
peak % 
area) 

Probability Sensitivity Specificity Youden Healthy 
(Relative 
peak % 
area) 

PVD  
(Relative 
peak % 
area) 

P 

GP6 6.77  0.2 0.64 0.6 0.24 6.34 
±0.34 

6.77 
±0.31 

0.03 

GP9 0.64 0.84 0.50 0.91 0.41 0.81 
±0.05  

0.66 
±0.03 

<0.01 

GP14 2.07 0.83 0.57 0.77 0.34 2.55 
±0.14 

2.14 
±0.08 

<0.01 

GP26 0.14 0.83 0.50 0.86 0.36 0.1 
±0.02 

0.15 
±0.02 

<0.01 

GP3 1.33 0.84 0.48 0.77 0.25 0.17 
±0.15 

1.45 
±0.12 

0.04 
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Category Biomarker n AUC SE 
(AUC) 

Significant Variables 

Circulating 25(OH)D₃ 550 
0.74 

0.03 25(OH)D₃ (P=0.03), Farm (P<0.001), Lactation 
(P<0.01) 

IgG 
Glycoform 

GP10 119 
0.74 

0.06 GP10 (P=0.02), Farm (P=0.05) 

Circulating Haptoglobin 49 0.73 0.08 Haptoglobin (P=0.06) 

Bacteria Back96 252 0.72 0.03 Farm (P<0.0001) 

IgG 
Glycoform 

GP8 119 
0.72 

0.05 GP8 (P=0.06) 

Circulating βHB 558 0.71 0.02 Farm (P<0.001), lactation (P<0.01) 

Circulating NEFA 591 0.71 0.02 Farm (P<0.001), lactation (P<0.01) 

Bacteria Efup1452 252 0.71 0.03 Farm (P<0.0001) 

Circulating Glucose 568 0.70 0.02 Farm (P<0.001), lactation (P=0.04) 

Bacteria Ure579 252 0.70 0.04 Farm (P<0.0001) 

Bacteria Helc194f 252 0.69 0.04 Farm (P<0.0001) 

Bacteria Efup1452_ext 252 0.69 0.04 Farm (P<0.0001) 

IgG 
Glycoform 

GP13 119 
0.64 

0.07  

Circulating Iron 50 0.63 0.09  

IgG 
Glycoform 

GP6 119 
0.63 

0.06 GP6 (P=0.07) 

IgG 
Glycoform 

GP28 119 
0.62 

0.07  

IgG 
Glycoform 

GP21 119 
0.62 

0.07  

IgG 
Glycoform 

GP17 119 
0.62 

0.07  

Circulating AGP 114 0.61 0.09  

IgG 
Glycoform 

GP16 119 
0.60 

0.07  

IgG 
Glycoform 

GP25 119 
0.60 

0.06  

IgG 
Glycoform 

GP2 119 
0.60 

0.07  

IgG 
Glycoform 

GP12 119 
0.60 

0.07  

Circulating Urea 85 0.59 0.07  

Circulating Calcium 50 0.59 0.09  

IgG 
Glycoform 

GP7 119 
0.58 

0.09  

IgG 
Glycoform 

Fucosylation 
ratio (all) 

119 
0.58 

0.07  

IgG 
Glycoform 

GP22 119 
0.57 

0.07  



 

87 
 

IgG 
Glycoform 

GP11 119 
0.57 

0.07  

IgG 
Glycoform 

GP32 119 
0.56 

0.07  

IgG 
Glycoform 

GP1 119 
0.56 

0.08  

IgG 
Glycoform 

GP19 119 
0.56 

0.07  

IgG 
Glycoform 

GP29 119 
0.56 

0.07  

IgG 
Glycoform 

GP18 119 
0.55 

0.07  

IgG 
Glycoform 

GP27 119 
0.55 

0.06  

IgG 
Glycoform 

Fucosylation 
ratio G2 

119 
0.55 

0.07  

IgG 
Glycoform 

GP23 119 
0.54 

0.07  

IgG 
Glycoform GP31 119 0.52 0.07  

IgG 
Glycoform 

Fucosylation 
ratio G1a 119 0.52 0.07  

IgG 
Glycoform 

Fucosylation 
ratio G1b 119 0.52 0.07  

IgG 
Glycoform GP4 119 0.51 0.07  

IgG 
Glycoform GP20 119 0.51 0.07  

IgG 
Glycoform 

Fucosylation 
ratio G0 119 0.51 0.07  

IgG 
Glycoform GP5 119 0.50 0.07  

IgG 
Glycoform GP15 119 0.50 0.07  

IgG 
Glycoform GP30 119 0.50 0.07  

IgG 
Glycoform GP24 119 0.49 0.07  

Circulating SAA 64 0.45 0.08  
 

Table 4.2: Area under the curve (AUC) for every biomarker except for those that had a 

significant effect in their respective model 

 



 

88 
 

All biomarkers were subjected to ROC analysis to determine their ability to predict PVD at 7 

DPP using multivariate models which included the fixed effects of farm and lactation. Using 

0.05 as a threshold for significance, the explanatory variables were removed from the model 

in a backwards elimination process if they were not statistically significant (P>0.05).  

4.3.2 ROC analysis for each category of biomarker  

In total, 37 glycoforms of IgG were entered into a model with the independent variables farm 

and lactation. Using stepwise analysis, a combination of IgG glycoforms GP6 and GP9 was 

calculated as being the best combination from this category to distinguish between both 

groups at 7 DPP. This provided an AUC of 0.75 (SE: 0.05, CI: 0.65-0.86, Figure 4.2). Two 

biomarkers were significant in the model and were retained in the model after stepwise 

selection. These biomarkers were GP6 (P<0.01) and GP9 (P=0.001) and in combination an AUC 

of 0.77 was calculated (SE: 0.06, Figure 4.3). There was a significant difference in GP6 relative 

peak percentage area between healthy cows and cows with PVD (6.34 ±0.34 and 6.77 ±0.31 

respectively, P=0.03, Figure 4.3). There was no optimal combination of circulating or bacteria 

biomarkers (P>0.05). 
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Figure 4.2: A combination of IgG glycoforms GP9 and GP6 provides an AUC of 0.77 (SE: 0.06) 

to distinguish between healthy cows and cows with PVD at 7 DPP. 

ROC analysis was carried out to determine the accuracy of a combination of GP6 and GP9 at 

7 DPP at predicting the onset of PVD at 21 DPP.  
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Figure 4.3: The differences in relative peak percentage area of GP6 and GP9 at 7 DPP 

between healthy cows and cows with PVD were significant. 
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The differences in glycoform relative peak percentage area between healthy cows and cows 

with PVD were determined using mixed linear regression. Each dot represents a value. Error 

bars represent ± SEM. Significance is indicated as: *= P≤0.05, **=0.01<P<0.05. 

4.3.4 Predictive markers for high yielding cows with PVD 

A ROC curve analysis was carried to assess each biomarker’s ability to distinguish between 

high yielding healthy cows and cows with PVD. There were six biomarkers that had a 

significant effect in their respective model. Of these, IgG glycoform GP8 had the highest AUC 

at 0.87 (SE: 0.07, Figure 4.5). The other significant biomarkers were IgG glycoform GP9 (AUC: 

0.84, SE: 0.06), GP14 (AUC: 0.77, SE: 0.06), GP10 (AUC: 0.74, SE: 0.06), GP3 (AUC: 0.73, SE: 

0.08) and GP28 (AUC: 0.7, SE: 0.07). Further analysis determined each of the biomarkers’ cut-

off thresholds, probability, sensitivity, specificity, Youden and mean differences between 

healthy cows and cows with PVD (Table 4.3). Lactation (P=0.04) was a significant factor in the 

difference in GP8 relative peak percentage area between the groups. The AUCs for all other 

biomarkers are described in Table 4.4.   
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Figure 4.4: GP8 provides an AUC of 0.87 (SE: 0.06) to distinguish between healthy cows and 

cows with PVD at 7 DPP that had a high milk yield in the previous lactation 

All biomarkers were analysed in individual models to determine their ability at 7 DPP to 

predict the onset of PVD at 21 DPP in cows with a high milk yield during the previous lactation. 

The IgG glycoform, GP8, was deemed the best predictor of PVD in this subset of cows. The 

cut-off threshold was computed using the model’s intercept and regression co-efficients to 

calculate the point on the ROC curve where sensitivity and specificity are at the highest (1.82). 

Also calculated were the sensitivity (0.94) and specificity (0.69) of the optimal cut-off and the 

Youden index ((sensitivity+specificity)-1, 0.63). 
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Table 4.3: The cut-off thresholds, probability, sensitivity, specificity, Youden and mean 

differences between healthy cows and cows with PVD of biomarkers that were 

significant in their respective ROC analysis. 

 

The cut-off threshold is computed using the model’s intercept and regression coefficients to 

calculate the point on the ROC curve where sensitivity and specificity are at the highest. Also 

calculated were the estimated probability of identifying a true positive of the optimal cut-off 

threshold, the sensitivity and specificity of the optimal cut-off and the Youden index 

((sensitivity+specificity)-1). 

 

 

 

 

 

 

Biomarker Cut-off 
threshold 
(Relative 
peak % 
area) 

Probability Sensitivity Specificity Youden Healthy 
(Relative 
peak % 
area) 

PVD 
(Relative 
peak % 
area) 

P 

GP8 1.82 0.67 0.94 0.69 0.63 1.94 
±0.09 

1.45 
±0.06 

<0.001 

GP9 0.64 0.84 0.50 0.91 0.41 0.84 
±0.04  

0.61 
±0.03 

<0.001 

GP14 2.07 0.83 0.57 0.77 0.34 2.8 ±0.2 2.03 
±0.16 

<0.0001 

GP10 0.44 0.78 0.68 0.68 0.36 0.11 
±0.02 

0.14 
±0.01 

0.02 

GP3 1.33 0.86 0.62 0.77 0.38 1.8 
±0.12 

1.37 
±0.03 

<0.01 

GP28 0.27 0.85 0.48 0.92 0.40 0.22 
±0.2 

0.26 
±0.01 

0.03 
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Category Biomarker n AUC SE (AUC) Significant Variables 

Circulating βHB 222 0.82 0.02 

Farm (P<0.001), 
lactation (P<0.001), 
βHB*farm (P<0.001), 
βHB*lactation (P<0.001) 

Circulating NEFA 222 0.79 0.03 
Farm (P<0.01), lactation 
(P<0.05) 

Bacteria Back96 88 0.78 0.05 Farm (P<0.03) 

Circulating 25(OH)D₃ 196 0.78 0.04 Farm (P<0.01) 

Bacteria Efup1452 88 0.77 0.05 Farm (P<0.03) 

IgG Glycoform GP27 65 0.77 0.08 Farm (P=0.05) 

Bacteria Helc194f 88 0.75 0.06 Farm (P<0.03) 

Bacteria Efup1452_ext 88 0.75 0.06 Farm (P<0.02) 

Circulating Glucose 209 0.71 0.04 Farm (P<0.03) 

Circulating AGP 50 0.71 0.22   

Bacteria Ure579 88 0.70 0.04 Farm (P<0.001) 

IgG Glycoform GP26 65 0.68 0.07   

IgG Glycoform GP23 65 0.67 0.07   

IgG Glycoform GP25 65 0.66 0.08   

IgG Glycoform GP32 65 0.66 0.08   

IgG Glycoform GP13 65 0.64 0.08   

IgG Glycoform GP6 65 0.63 0.06   

IgG Glycoform GP21 65 0.62 0.07   

IgG Glycoform GP17 65 0.62 0.07   

IgG Glycoform GP29 65 0.62 0.09   

Circulating Haptoglobin 15 0.62 0.15   

IgG Glycoform GP16 65 0.60 0.07   

IgG Glycoform GP12 65 0.60 0.07   

IgG Glycoform GP7 65 0.58 0.07   

IgG Glycoform Fucosylation ratio (all) 65 0.58 0.07   

Circulating Iron 16 0.57 0.14   

IgG Glycoform GP2 65 0.57 0.09   

IgG Glycoform GP11 65 0.57 0.07   

IgG Glycoform GP19 65 0.56 0.07   

IgG Glycoform GP18 65 0.55 0.07   

IgG Glycoform GP1 65 0.55 0.11   

IgG Glycoform GP4 65 0.54 0.07   

IgG Glycoform GP31 65 0.53 0.08   

IgG Glycoform Fucosylation ratio G0 65 0.53 0.1   

IgG Glycoform GP5 65 0.52 0.07   

IgG Glycoform GP30 65 0.51 0.09   

IgG Glycoform GP20 65 0.51 0.07   

IgG Glycoform GP22 65 0.51 0.09   

IgG Glycoform Fucosylation ratio G1a 65 0.50 0.1   

IgG Glycoform Fucosylation ratio G1b 65 0.50 0.1   

IgG Glycoform GP15 65 0.50 0.07   
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IgG Glycoform GP24 65 0.50 0.08   

IgG Glycoform Fucosylation ratio G2 65 0.49 0.09   

Circulating Urea 21 0.49 0.2   

Circulating SAA 14 0.46 0.15   

Circulating Calcium 16 0.29 0.13   
 

Table 4.4: The area under the curves (AUCs) of all biomarkers that had no significant effect to 

distinguish between healthy cows and cows with PVD at 7 DPP. 

 

All biomarkers were subjected to a multivariate ROC analysis to determine their ability to 

predict PVD at 7 DPP in cows with a high milk yield during the previous lactation. Using P≤ 

0.05 as a threshold for significance, the explanatory variables of farm and lactation were 

removed from the model in a backwards elimination process if they were deemed to be 

insignificant (P>0.05).  

4.3.5 Categories of biomarkers 

As seen in the ROC analysis of cows regardless of milk yield, there was no optimal combination 

of the bacteria or circulating biomarkers that provided an AUC. However, the combination of 

GP6 and GP9 provided from a ROC curve with an AUC of 0.88 (SE: 0.06, Figure 4.5). As GP6 

was significant in this model, its cut-off threshold (6.66) , probability (0.8), sensitivity (0.5), 

specificity (0.7), the Youden index (0.19) and mean differences (Healthy: 6 ±0.28, PVD 6.46 

±0.21, P=0.05) were also calculated. 
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Figure 4.5: A combination of GP6 and GP9 provides an AUC of 0.88 (SE: 0.06) to distinguish 

between healthy cows and cows with PVD at 7 DPP that had a high milk yield in the previous 

lactation. 

ROC analysis was carried out to determine the accuracy of a combination of GP6 and GP9 at 

7 DPP at predicting the onset of PVD at 21 DPP. 
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4.4 Discussion 

Detecting PVD before its onset would help to reduce its detrimental effects on herd health, 

welfare and farm profitability. Previous work by our group detected differences in the 

expression of immune factors at 7 DPP in cows that proceed to present with uterine disease 

at 21 DPP (Foley et al., 2015, Adnane et al., 2018a). In this study, our aim was to use immune 

expression at this timepoint to identify cows who will present with PVD at 21 DPP. This is a 

novel study not only due to its aims but in its approach. The panel of putative biomarkers 

included circulating markers, IgG markers and bacteria species known to be highly expressed 

in cows with PVD at 21 DPP.  

This study involved collated bacterial, metabolite, protein and IgG glycosylation data in order 

to determine the optimal panel of biomarkers that can act as predictive biomarkers at 7 DPP 

for the onset of PVD at 21 DPP. The circulating and bacteria markers did not perform well at 

distinguishing between the two groups.  

The ability of circulating metabolites to predict the onset of uterine disease has been 

investigated previously. In a study by Bicalho et al. (2017a), the ability of glucose, βHB and 

NEFA concentrations at 3 DPP to predict the onset of metritis was assessed. Previous work by 

our group (chapter 3 in this thesis), did not detect any differences in glucose, βHB and NEFA 

concentrations between healthy cows and cows with PVD. These markers did not show a 

strong ability to distinguish between both groups as the AUCs were βHB (0.52, P=0.7), NEFA 

(0.57, P=0.18) and glucose (0.67, P<0.01). This suggests that energy status was not a factor in 

the development of PVD in our pasture-based herds. Ospina et al. (2010) believe that these 

metabolite markers are only effective as predictive markers when they are from samples 

taken closer to the time of disease. Compared to 7 DPP, the energy demands placed on the 

dairy cow are higher at 21 DPP (Reynolds et al., 2003). As PVD is diagnosed at 21 DPP (Sheldon 

et al., 2006), the metabolites may be of better use as diagnostic markers rather than 

predictive markers. 

The ability of APPs to predict approaching disease varies greatly. At 3 DPP, haptoglobin has 

shown limited predictive ability to predict metritis (Huzzey et al., 2009). Despite this, elevated 

first week concentrations of haptoglobin are associated with the onset of PVD (Dubuc et al., 

2010b, Williams et al., 2005). Haptoglobin and SAA peak at 7 DPP, with circulating 
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concentrations of both APPs higher in cows to are diagnosed with CYTO at 21 DPP (Foley et 

al., 2015). Using ROC analysis, AGP, SAA and haptoglobin concentrations at 7 DPP did not 

provide accurate predictions of the onset of PVD in our study. As SAA and haptoglobin are 

fast reactive acute phase proteins, their concentrations at 7 DPP may be related to the 

severity of metritis at this timepoint rather than being a component of the response to PVD 

at 21 DPP (Hirvonen et al., 1999a). APPs are systemic markers of local inflammation and they 

tend to lack specificity to make them highly precise markers of one disease as SAA and 

haptoglobin concentrations rise before the diagnosis of other postpartum diseases like 

mastitis and ketosis (Ceciliani et al., 2012, Manimaran et al., 2016).  

The best predictive biomarkers in our study, IgG glycoforms GP6 and GP9, underwent 

galactosylation before 7 DPP. Analysis of the structures of IgG glycoforms GP6, GP8 and GP9 

was carried out in order to determine which saccharides were attached to the base IgG 

saccharides by using the University of Oxford format (UOXF, Figure 4.7). The structure of GP6 

is characterised as having an unknown β-linkage of a N-acetylglucosamine molecules which is 

connected to a galactose unit via a β-link to the base saccharides. This structure is similar to 

GP9. N-acetylglucosamine molecules are attached with a β-link with galactose molecule 

attached to one side. The structure of GP8 differs from GP6 and GP9 as a fucose molecule is 

attached to the Fc fragment of the IgG protein. Using the UOXF Both GP6 and GP9 underwent 

galactosylation while GP8 was glycosylated with the addition of a fucose unit (fucosylation) 

(Table 4.5). 

 

 

https://patentimages.storage.googleapis.com/54/0f/7f/b0666c3f3d0ecb/imgf000016_0001.png


 

98 
 

Figure 4.7: A key for describing the structure of each IgG glycoform 

 IgG glycoforms were isolated from bovine serum and fluorescently labelled using the 

automated HTP glycomics workstation. Using HILIC with fluorescence detection, the IgG 

glycofroms were separated into 32 GPs with each peak representing a specific glycan or 

mixture of glycans. 

 

 

 

 

 

 

 

 

 

 

Table 4.5: Table describing the structure of GP6, GP8 and GP9.  

 

Immunoglobulins like IgG undergo structural changes in order to carry out its 

immunomodulatory functions, resulting in multiple glycoforms of the antibody (Dekkers et 

al., 2018). Serum galactosylated IgG has been proposed as a diagnostic biomarker for several 

diseases in humans. Qin et al. (2018) found that galactosylated IgG could detect 

neuroblastoma with 80% accuracy (sensitivity and specificity of 85% and 60% respectively). 

IgG galactosylation-ratios performed better as a diagnostic tool for pancreatic cancer than an 

established biomarker (AUC 0.91 and 0.81 respectively) (Zhong et al., 2019). The use of 

galactosylated IgG as a method to detect lung diseases such as Löfgren’s syndrome (AUC 0.83) 

and severe asthma (AUC 0.87) has yielded promising results (Heyder et al., 2018). Although 

Peak UOXF symbol Glycosylation 

saccharide  

GP6 

 

Galactose 

GP8 

 

Fucose 

GP9 

 

Galactose 
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the association between glycosylation changes of IgG and the onset of PVD have not been 

studied comprehensively, its rate of synthesis in the bovine reproductive tract has been 

documented. The production of IgG in the bovine reproductive tract occurs mostly in the 

uterine lumen whereas IgG is predominately synthesised in the vagina (Mestecky et al., 2005). 

The presence of IgG in bovine uterine secretions in the post-partum period have led to the 

conclusion that they are involved in the process of uterine involution (Alavi-Shoushtari et al., 

2017). After challenging the uterus with pathogenic bacteria, IgG levels in human CVM are 

highly expressed (Dhaliwal et al., 1996, Corbeil et al., 1974). 

The relationship between the onset of PVD and IgG galactosylation may be explained by 

human studies. Diminished levels of galactosylation of IgG is well known to be associated with 

rheumatoid arthritis (RA) (Gindzienska-Sieskiewicz et al., 2016, Engdahl et al., 2018). During 

pregnancy, IgG galactosylation levels are high and RA symptoms improve. After parturition, a 

relapse in RA occurs and galactosylation of IgG decreases (Bondt et al., 2013). The reason for 

this is unclear, however it may be due to higher IgG galactosylation levels enhancing 

macrophage function (Kumpel and Manoussaka, 2012).  Studies which have focused on the 

development of RA believe that the association of IgG galactosylation and RA are long-lasting. 

The onset of RA has been found to correlate with lower levels of  galactosylation 3.5 years 

(Ercan et al., 2010) and three months (Rombouts et al., 2015) prior to disease diagnosis. This 

aberrant galactosylation of IgG continues 10 years after the diagnosis of RA, leading to higher 

rates of the re-occurrence (Gudelj et al., 2018). In terms of bovine uterine disease, the 

galactosylation of IgG may be a risk factor for the re-occurrence of PVD. 

The findings in our study indicate that galactosylated IgG glycoforms of GP6 and GP9 provide 

excellent predictive ability at 7 DPP. This adds to the knowledge that around 7 DPP, immune 

profiles change preceding the development of uterine disease. GP6 and GP9 are both mono-

galactosylated (i.e.; one galactose unit was added to the Fab end of the IgG molecule). Based 

on findings from rheumatoid arthritis studies, it is likely that changes in the levels of IgG 

galactosylation occur before 7 DPP, fluctuate in the post-partum period increasing the 

duration/severity of PVD and insufficient IgG galactosylation levels may persist into further 

years, increasing PVD susceptibility. Characterising these changes would provide an 

interesting avenue for further research. 
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 In summary, we comprehensively evaluated the ability of circulating makers, bacteria strains 

and IgG glycoforms in a multiplexed approach to distinguish healthy cows from cows with 

PVD at 7 DPP. After the assessment of biomarker for their discriminatory ability, a 

combination of IgG glycoforms GP6 and GP9 can predict the onset of disease with 77% 

accuracy. The subset of cows that had a high 305-day milk yield in the previous lactation and 

PVD at 21 DPP can be identified with GP8 with 87% accuracy, however the combination of 

IgG glycoforms GP6 and GP9 can identify the same subset of cows with a slightly better 

accuracy of 88%. These biomarkers could be employed as a predictive marker of PVD leading 

to targeted therapeutic intervention of cows who will subsequently present with PVD.   
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Chapter 5: General Discussion 
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The objectives of this study were to evaluate the impact of PVD on milk production and 

reproduction and to identify an accurate biomarker/panel of biomarkers at 7 DPP that can 

predict the onset of PVD at 21 DPP. PVD is a common feature of the post-partum period; the 

dairy cow must balance the energy demands of lactation and uterine involution while 

initialising a robust and effective inflammatory response to return the uterus to a condition 

where conception can occur. Dysregulation of this response can lead to an excessive or 

ineffective inflammation, leading the dairy cow to presenting with PVD at 21 DPP (LeBlanc, 

2014). As sustainable pasture-based dairy systems are expected to dominate future dairy 

production (Britt et al., 2018), the impact and prediction of PVD in predominantly dairy 

systems is warranted. 

The description of each VMS class are clearly defined and are based on the proportion of 

purulence found in the CVM (Williams et al., 2005). The VMS system is widely used and it is 

generally effective at identifying cows that will incur reproductive penalties, although the it 

has its inconsistencies (de Boer et al., 2015). In the field, where VMS is most likely to be carried 

out at milking, there is scope for observers to have different interpretations of the VMS 

system. For example, VMS 1 is defined as “flecks of purulent material” while VMS 2 is 

characterised as “less than 50% purulence in 50 ml of exudate”. Contaminated samples at 

collection can make the phenotypic differences of the VMS categories difficult to distinguish 

and intra-observer interpretation differences may lead to inconsistent categorisation. CVM 

containing 4-10% of purulent flecks has been suggested as being categorised as VMS 1 

(Leutert et al., 2012).  

In our study, cows that were categorised as presenting with VMS 1-3, were classified as having 

PVD. Other studies have included cows with VMS 1 as “healthy” cows mainly because VMS 1 

is believed to indicate resolution of uterine inflammation (Gautam et al., 2010, Williams et 

al., 2005), while others did not detect reproductive impairment in this group when compared 

to the control (Savc et al., 2016, LeBlanc et al., 2002a). Cows that were diagnosed with VMS 

1 and were not provided with antibiotic treatment, but they had reduced conception rates 

(Okawa et al., 2017). The authors felt that describing cows with VMS 1 as having “mild PVD” 

and treating them differently to cows with VMS 2 and 3 may be a more suitable approach. In 

our study, cows with VMS 1 were described as having PVD for two mains reasons. Cows that 

were sampled in 2014 were assessed for VMS at 28 DPP. Of the cows that were given a score 
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of 1 at 21 DPP (n=62), 80% of them had a degree of purulence in their vaginal mucus at 28 

DPP. Of the 31 cows that were categorised as VMS 0 in 2014 (n=31), 35% had a level of 

purulence in the CVM at 28 DPP. This indicates that the cows with VMS 1 at 21 DPP in our 

study were less likely to be nearing the end of uterine resolution than cows with VMS 0. 

Therefore, we felt that cows with VMS 1 should not be classed alongside VMS 0 in one 

phenotype description. Therefore, we believed that the reproductive and uterine health 

characteristics of cows with VMS 1 were not of healthy cows. Leutert et al. (2012) found that 

describing cows with VMS 1 as being healthy led to slightly less variation in diagnosis between 

observers assessing CVM purulence. This could be counteracted by combining the diagnosis 

of PVD with uterine ultrasonography which may offer a better diagnostic method to detect 

uterine inflammation (Mee et al., 2009, Savc et al., 2016).  

Furthermore, the purulence of the extracted CVM is likely to be reflective of certain areas of 

the tract rather than being representative of the whole reproductive tract. This may lead to 

misdiagnosis and inadequate therapeutic intervention. The mucus purulence as well as its 

protein cargo may not be truly reflective of the bacterial contamination of the whole uterus. 

Entry into the uterus may be denied due to a closed cervix which can occur during metritis 

(Sheldon et al., 2006). In order to navigate these issues, the adoption of advanced imaging 

techniques should be incorporated into bovine uterine disease studies. The use of light sheet 

microscopy has been used to provide 3D high resolution imaging of bacterial colonisation of 

the intestines of zebrafish. This technology allows for the characterisation of bacterial 

populations across entire organs and it provides an unparalleled insight into the dynamics of 

bacterial succession over time (Taormina et al., 2012). These techniques may assist in the 

proper evaluation of CVM and uterine health. 

Using these diagnostic criteria, our study recorded a PVD prevalence rate of 60% which was 

higher than other prevalence rates pasture-based herds (Potter et al., 2010, Plontzke et al., 

2011). The reason for this can be a multitude of factors but the abolishment of the milk quotas 

in 2015 by the European Union has led to an increase in average herd size currently with the 

prediction of it being an increase 100 cows in 2025, 20 more than the level in 2016 (Teagasc, 

2016). Therefore, combined with the nature of pasture-based farming, Irish dairy cows may 

be less handled by farmers than they were previously. Due to the seasonality of the Irish dairy 

system, a high number of cows may calve within a short period possibly leaving the farmer 
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unable to provide the cow with optimal calving conditions. The results of our study indicate 

that prevalence of PVD in pasture-based herds in this study are heightened by an increased 

milk yield in the previous lactation and that their fertility rates are severely impeded by the 

onset of PVD. The correct management of the dairy in the dry-off period is important to limit 

disease prevalence. Cows that have develop uterine disease have a decreased body energy 

content, lower BCS and body weight in the dry period preceding parturition (Smith et al., 

2017). Therefore, it stands to reason that ensuring the dairy cows arrives at calving with an 

appropriate BCS would help to avoid the onset of PVD. However, implementing feeding 

strategies at the drying up stage is difficult. This period is approximately 80 days in length and 

a drop in DMI before parturition makes impedes the re-conditioning of cow (Ingvartsen and 

Moyes, 2013). Fertility rates in Irish dairy cows are not improving as expected as evidenced 

by the national calving interval average increasing by three days between 2018 and 2019 

(ICBF, 2019). A grass-based dairy cow model was recently established to determine the effects 

of good vs. poor genetic merit for fertility in cattle of similar milk yield and size (Cummins et 

al., 2012). Cows with poor genetic merit for fertility traits were highly susceptible to uterine 

disease. They also showed greater up regulation of inflammation in liver, muscle and 

endometrium before and after parturition and during mid lactation. This indicates that a 

prolonged, systemic dysregulation of inflammation resolution of the uterus may be at the 

root of bovine infertility (Moran et al., 2015).  

Although NEB can be initiated by milk yield in intensive system herds (Wathes et al., 2009), 

the severity of NEB does not appear to be prevalent issue in pasture-based herds (Burke et 

al., 2010, Pedernera et al., 2008). Our findings concur with these studies. Cows with a high 

milk yield were identified as a subset of cows that require careful management in the next 

lactation. Farmers could divide their herd accordingly in the dry period so that the at-risk 

cattle would be grouped together allowing for either management type of intervention or, 

where possible, timely therapeutic intervention. The impact of the previous year’s milk yield 

highlights the fact that PVD is a complexed, multi-factorial disease that can be initiated due 

to multi-system crosstalk. To achieve reproductive targets, communication between the 

ovaries, uterus, liver and brain must be unimpeded (Girard et al., 2015). Simply evaluating 

one organ or system for disease pathogenesis does not reflect the whole background of the 
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disease. Instead, future studies should try to combine multiple systems to determine how the 

development of PVD.  

Vitamin D may modulate the crosstalk between the bovine immune system and the uterus. 

The role of exosomes in cellular communication between tissues in dairy cows has come to 

light in recent years (Mitchell et al., 2016). Exosomes are not the only carriers of extracellular 

RNA. Binding proteins like the Arogonate family are believed to conserve extracellular RNA in 

the extracellular space in a similar fashion to exosomes (Quesenberry et al., 2015). It is 

claimed that Ago2 complex could act as a carrier for all circulating miRNA not accounted for 

by exosomes (Arroyo et al., 2011). Multiple studies have found that the secretion of 

unprocessed miRNA from cells into exosomes is dependent on the enzyme neutral 

sphingomyleinase2 (nSMase2) as its inhibition has been seen to decrease the export of 

specific miRNA into exosomes (Kosaka et al., 2010). Hydroxylation of the sphingomyelin by 

nSmase2 forms ceramide which is known to aid the loading of exosomes with miRNA (Vickers 

and Remaley, 2012). However, insufficient levels of 1,25(OH₂)D₃ leads to the inhibition of the 

nSmase2-cermiade pathway (Okazaki et al., 1994). In humans, supplementation with 

25(OH₂)D₃ interferes with the loading of miR-155, a known promoter of chronic lymphocytic 

leukaemia (Bruns et al., 2017). Therefore, the immune response of dairy cows may be 

epigenetically regulated by vitamin D. Analysis of the miRNA expression of cows that proceed 

to be diagnosed with CYTO found the upregulated expression of mir-21 at 7 DPP (Foley et al., 

2015). Highly expressed in skin lesions of people with leprosy, mir-21 has been demonstrated 

to silence the expression of vitamin D pathway genes including the AMPs CAMP and DEFB4A 

(Liu et al., 2012). As microRNA are well conserved between species, it is likely that the role 

played by 25(OH)D₃ at 7 DPP in the resolution of uterine inflammation may be interfered with 

by the microRNAome resulting in uterine disease. This adds another aspect of the growing 

knowledge that sub-optimal levels of immune markers may point to of the dysregulation of 

the immune response at 7 DPP time point.  

This is the first evaluation of antibody glycosylation patterns as predictive biomarkers in dairy 

cows. As our knowledge of uterine complexity develops, both on the host and in relation to 

the microbiome, specific glycosylation marks present on IgG or other antibodies may be 

associated with the development of a disease-associated microbiome (Zeng et al., 2016, 

Pianta et al., 2017). In addition, measuring changes in glycosylation patterns in other biofluids 
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like vaginal mucus could further enhance the prognostic and/or diagnostic specificity over and 

above what was detected here in serum (Wang et al., 2014). The biomarker panel that was 

used to predict the onset of disease was a wide-ranged multi-faceted panel of biomarkers 

including acute phase proteins, metabolites, vitamins, bacteria and IgG glycoforms. As 

previously discussed, the pathogenesis of PVD results from the dysregulation of many 

immune components. By combining circulating markers and bacterial markers, we not only 

aimed to ascertain the optimal biomarker/panel of biomarkers for PVD prognosis but to 

uncover a deeper understanding of the physiological changes preceding the onset of PVD. 

The combination of at least two biomarkers are known to provide better sensitivity and 

specificity and this was supported in our study (Van Meulebroek et al., 2018, Horstmann et 

al., 2009, Han et al., 2018). As apparent in chapter 3 of this thesis, a significant farm effect 

was detected for many biomarkers in their respective ROC analysis models. Therefore, 

differences in farm management practices is an obvious source of heterogeneity which can 

complicate disease prognosis. The impact of the presence of metritis on 7 DPP was not 

recorded therefore it is unclear if disease at 7 DPP had a role in GP6 and GP9 altered 

glycosylation rates. Assessment of the IgG glycoform profile at 7 DPP would confirm this. The 

link between galactosylated IgG and RA in humans arises an intriguing issue for the 

development of PVD; do lower levels of galactosylated IgG exist years before the onset of PVD 

and do these low levels of galactosylation continue long after the presentation of PVD leaving 

them more susceptible? Changes in IgG galactosylation may prove to be a valuable prediction 

tool years before the onset of PVD. If this proved to be the case, the analysis of IgG 

galactosylation in heifer calves could be implemented and assist breeding strategies in the 

same way that the current bovine viral diarrhoea testing is carried out.  

In summary, this thesis documented the detrimental impact that the onset of PVD has on the 

subsequent fertility of pasture-based dairy cows, while highlighting the that cows with a high 

milk yield are more susceptible to developing PVD. The circulating 25(OH)D₃ profiles of Irish 

dairy cows was described for the first time. The importance of maintaining high levels of 

25(OH)D₃ was made clear and the optimal levels of 25(OH)D₃ required to promote uterine 

health were established. Finally, using a multi-plexed panel, a combination of IgG glycoforms 

were confirmed as accurate early predictors of PVD at 7 DPP. The recorded outcomes in this 
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thesis have provided new insights into the physiological changes preceding the development 

of PVD in pasture-based dairy herds.  
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Cow ID Lactation VMS at 

21 DPP 

Diagnosis 

at 21 DPP 

143 6 0 Healthy 

262 3 0 Healthy 

565 2 0 Healthy 

856 1 0 Healthy 

909 10 0 Healthy 

909 7 0 Healthy 

912 11 0 Healthy 

929 10 0 Healthy 

999 2 0 Healthy 

1066 9 0 Healthy 

1066 10 0 Healthy 

1080 9 0 Healthy 

1180 8 0 Healthy 

1183 8 0 Healthy 

1183 9 0 Healthy 

1220 8 0 Healthy 

1221 8 0 Healthy 

1224 8 0 Healthy 

1472 6 0 Healthy 

1472 7 0 Healthy 

1484 6 0 Healthy 

1487 7 0 Healthy 

1498 7 0 Healthy 

1510 6 0 Healthy 

1528 6 0 Healthy 

1528 7 0 Healthy 

1558 6 0 Healthy 

1570 7 0 Healthy 



 

127 
 

1571 7 0 Healthy 

1648 5 0 Healthy 

1733 6 0 Healthy 

1761 5 0 Healthy 

1761 7 0 Healthy 

1816 4 0 Healthy 

1822 4 0 Healthy 

1843 4 0 Healthy 

1879 4 0 Healthy 

1890 5 0 Healthy 

1944 4 0 Healthy 

1969 3 0 Healthy 

1981 3 0 Healthy 

1984 3 0 Healthy 

1984 4 0 Healthy 

1985 4 0 Healthy 

2006 4 0 Healthy 

2178 3 0 Healthy 

2178 4 0 Healthy 

2184 3 0 Healthy 

2223 3 0 Healthy 

2224 3 0 Healthy 

2242 2 0 Healthy 

2361 2 0 Healthy 

2392 3 0 Healthy 

2409 2 0 Healthy 

2478 2 0 Healthy 

2570 1 0 Healthy 

2637 1 0 Healthy 

2656 1 0 Healthy 



 

128 
 

2671 1 0 Healthy 

2676 1 0 Healthy 

2684 1 0 Healthy 

2727 1 0 Healthy 

11180 2 0 Healthy 

11222 2 0 Healthy 

11304 6 0 Healthy 

11403 6 0 Healthy 

11575 4 0 Healthy 

11583 3 0 Healthy 

11898 2 0 Healthy 

11907 2 0 Healthy 

13088 1 0 Healthy 

13349 8 0 Healthy 

14116 3 0 Healthy 

14371 4 0 Healthy 

14644 3 0 Healthy 

14818 2 0 Healthy 

14891 3 0 Healthy 

15139 2 0 Healthy 

21371 1 0 Healthy 

21436 5 0 Healthy 

21486 5 0 Healthy 

21675 2 0 Healthy 

21726 3 0 Healthy 

24042 4 0 Healthy 

24174 4 0 Healthy 

24372 4 0 Healthy 

24496 4 0 Healthy 

24604 3 0 Healthy 



 

129 
 

24827 3 0 Healthy 

24901 3 0 Healthy 

25123 1 0 Healthy 

25305 2 0 Healthy 

25338 2 0 Healthy 

25362 2 0 Healthy 

25935 5 0 Healthy 

27679 1 0 Healthy 

31133 3 0 Healthy 

31141 3 0 Healthy 

31284 4 0 Healthy 

31727 3 0 Healthy 

32835 2 0 Healthy 

34118 4 0 Healthy 

34489 4 0 Healthy 

34555 3 0 Healthy 

34794 2 0 Healthy 

35124 2 0 Healthy 

35339 1 0 Healthy 

35837 4 0 Healthy 

36050 3 0 Healthy 

41002 4 0 Healthy 

41082 6 0 Healthy 

41118 4 0 Healthy 

41150 2 0 Healthy 

41159 3 0 Healthy 

41266 2 0 Healthy 

41365 1 0 Healthy 

41793 3 0 Healthy 

42080 4 0 Healthy 



 

130 
 

42353 4 0 Healthy 

42514 3 0 Healthy 

43082 1 0 Healthy 

44770 2 0 Healthy 

44779 3 0 Healthy 

44787 2 0 Healthy 

44878 3 0 Healthy 

45158 2 0 Healthy 

51250 1 0 Healthy 

51505 3 0 Healthy 

51620 4 0 Healthy 

51646 4 0 Healthy 

52045 1 0 Healthy 

52093 6 0 Healthy 

52663 3 0 Healthy 

53067 1 0 Healthy 

53088 8 0 Healthy 

53286 6 0 Healthy 

54482 3 0 Healthy 

54838 3 0 Healthy 

60872 6 0 Healthy 

61227 2 0 Healthy 

61670 2 0 Healthy 

62689 2 0 Healthy 

63068 1 0 Healthy 

64194 4 0 Healthy 

64764 2 0 Healthy 

64789 3 0 Healthy 

65168 2 0 Healthy 

65358 2 0 Healthy 



 

131 
 

70758 7 0 Healthy 

71104 4 0 Healthy 

71178 3 0 Healthy 

71260 1 0 Healthy 

71929 2 0 Healthy 

72062 6 0 Healthy 

72632 3 0 Healthy 

72814 2 0 Healthy 

73044 1 0 Healthy 

73973 6 0 Healthy 

74039 4 0 Healthy 

74385 4 0 Healthy 

74880 2 0 Healthy 

74988 2 0 Healthy 

80932 5 0 Healthy 

81187 2 0 Healthy 

81195 2 0 Healthy 

81378 1 0 Healthy 

81384 6 0 Healthy 

81499 4 0 Healthy 

82142 4 0 Healthy 

82575 3 0 Healthy 

82831 2 0 Healthy 

82872 2 0 Healthy 

83094 1 0 Healthy 

83128 1 0 Healthy 

83529 6 0 Healthy 

84485 4 0 Healthy 

84808 3 0 Healthy 

85335 1 0 Healthy 



 

132 
 

86096 3 0 Healthy 

90784 7 0 Healthy 

91089 4 0 Healthy 

91122 4 0 Healthy 

91196 2 0 Healthy 

91387 1 0 Healthy 

91674 4 0 Healthy 

92790 2 0 Healthy 

93538 4 0 Healthy 

93562 6 0 Healthy 

94511 3 0 Healthy 

94536 3 0 Healthy 

94860 6 0 Healthy 

94949 3 0 Healthy 

95138 1 0 Healthy 

95311 2 0 Healthy 

95344 2 0 Healthy 

108 8 1 PVD 

163 6 2 PVD 

183 5 1 PVD 

231 4 1 PVD 

246 4 1 PVD 

253 3 2 PVD 

256 3 1 PVD 

282 2 1 PVD 

296 2 2 PVD 

311 1 3 PVD 

312 1 1 PVD 

314 1 2 PVD 

317 1 2 PVD 



 

133 
 

318 1 2 PVD 

321 1 1 PVD 

329 1 1 PVD 

452 4 1 PVD 

473 4 1 PVD 

478 4 1 PVD 

490 4 3 PVD 

534 6 2 PVD 

541 3 1 PVD 

546 3 3 PVD 

556 3 2 PVD 

557 10 3 PVD 

701 2 1 PVD 

793 1 2 PVD 

800 1 2 PVD 

807 1 2 PVD 

809 1 3 PVD 

815 1 2 PVD 

819 1 2 PVD 

832 1 3 PVD 

840 6 1 PVD 

844 1 2 PVD 

846 1 2 PVD 

847 1 3 PVD 

857 1 1 PVD 

865 1 2 PVD 

867 1 2 PVD 

869 1 2 PVD 

888 1 1 PVD 

898 2 2 PVD 



 

134 
 

912 11 1 PVD 

913 6 1 PVD 

929 11 2 PVD 

969 2 1 PVD 

974 2 1 PVD 

982 2 2 PVD 

994 1 1 PVD 

1006 1 2 PVD 

1015 2 1 PVD 

1049 1 1 PVD 

1062 10 1 PVD 

1081 9 2 PVD 

1087 5 1 PVD 

1101 4 1 PVD 

1166 1 1 PVD 

1180 9 3 PVD 

1182 1 1 PVD 

1194 9 2 PVD 

1202 3 2 PVD 

1204 9 1 PVD 

1211 4 3 PVD 

1228 4 1 PVD 

1239 8 2 PVD 

1239 9 3 PVD 

1257 3 1 PVD 

1258 4 3 PVD 

1297 4 2 PVD 

1302 3 1 PVD 

1312 3 3 PVD 

1340 8 1 PVD 



 

135 
 

1347 8 3 PVD 

1367 3 2 PVD 

1371 7 3 PVD 

1371 8 3 PVD 

1378 8 1 PVD 

1381 3 1 PVD 

1419 2 2 PVD 

1432 2 1 PVD 

1451 2 1 PVD 

1462 2 1 PVD 

1465 6 3 PVD 

1467 7 3 PVD 

1510 7 3 PVD 

1551 1 3 PVD 

1558 7 1 PVD 

1565 1 2 PVD 

1573 7 3 PVD 

1585 6 2 PVD 

1603 1 2 PVD 

1605 1 2 PVD 

1641 6 1 PVD 

1654 5 3 PVD 

1673 5 3 PVD 

1676 6 3 PVD 

1685 6 3 PVD 

1698 7 1 PVD 

1725 6 3 PVD 

1738 6 1 PVD 

1796 4 3 PVD 

1798 4 3 PVD 



 

136 
 

1803 5 2 PVD 

1814 5 3 PVD 

1823 4 3 PVD 

1827 4 3 PVD 

1829 5 2 PVD 

1831 5 1 PVD 

1843 5 1 PVD 

1854 5 2 PVD 

1855 5 3 PVD 

1871 6 3 PVD 

1887 5 3 PVD 

1944 5 1 PVD 

1978 4 3 PVD 

2024 4 3 PVD 

2039 4 1 PVD 

2053 4 1 PVD 

2055 4 1 PVD 

2064 4 1 PVD 

2094 4 3 PVD 

2161 3 2 PVD 

2162 3 3 PVD 

2164 3 3 PVD 

2167 3 1 PVD 

2179 2 2 PVD 

2188 3 3 PVD 

2202 3 3 PVD 

2210 3 1 PVD 

2211 2 3 PVD 

2211 3 3 PVD 

2213 4 3 PVD 



 

137 
 

2232 1 1 PVD 

2240 3 2 PVD 

2241 3 1 PVD 

2245 3 2 PVD 

2254 3 2 PVD 

2371 1 3 PVD 

2381 3 2 PVD 

2382 2 1 PVD 

2391 2 3 PVD 

2397 2 3 PVD 

2410 2 3 PVD 

2415 1 3 PVD 

2421 2 1 PVD 

2425 1 3 PVD 

2425 2 2 PVD 

2426 2 3 PVD 

2432 2 3 PVD 

2434 1 3 PVD 

2434 2 3 PVD 

2436 1 3 PVD 

2436 2 1 PVD 

2443 3 3 PVD 

2444 1 1 PVD 

2457 1 1 PVD 

2458 2 3 PVD 

2520 2 2 PVD 

2566 1 1 PVD 

2567 1 3 PVD 

2580 1 2 PVD 

2590 1 3 PVD 



 

138 
 

2595 1 1 PVD 

2597 2 1 PVD 

2598 1 2 PVD 

2602 1 3 PVD 

2604 1 3 PVD 

2622 1 3 PVD 

2629 1 3 PVD 

2636 1 1 PVD 

2639 1 3 PVD 

2657 1 3 PVD 

2672 1 2 PVD 

2673 1 1 PVD 

2683 1 3 PVD 

2686 1 1 PVD 

4587 4 2 PVD 

4656 4 1 PVD 

7187 6 1 PVD 

7282 5 1 PVD 

8397 5 2 PVD 

8432 5 1 PVD 

9473 4 1 PVD 

9688 3 1 PVD 

11492 4 1 PVD 

11774 3 1 PVD 

11931 2 1 PVD 

11964 1 3 PVD 

11980 1 3 PVD 

12061 5 3 PVD 

12098 5 3 PVD 

12195 4 1 PVD 



 

139 
 

13514 6 1 PVD 

13836 5 1 PVD 

14041 5 1 PVD 

14074 5 3 PVD 

14578 3 3 PVD 

14834 3 1 PVD 

15163 1 3 PVD 

15171 2 2 PVD 

15329 1 3 PVD 

15703 5 1 PVD 

15975 5 1 PVD 

17039 2 2 PVD 

17253 2 3 PVD 

17785 1 1 PVD 

20910 5 1 PVD 

21165 2 2 PVD 

21231 1 3 PVD 

21355 1 3 PVD 

21429 5 1 PVD 

21493 3 3 PVD 

21676 4 3 PVD 

22212 1 2 PVD 

23614 6 3 PVD 

23936 4 3 PVD 

23977 5 3 PVD 

24769 2 2 PVD 

24950 2 3 PVD 

25313 1 1 PVD 

25354 2 3 PVD 

26082 3 3 PVD 



 

140 
 

26462 3 1 PVD 

26545 4 1 PVD 

31206 5 1 PVD 

31297 8 1 PVD 

31313 5 3 PVD 

31330 7 1 PVD 

31917 2 3 PVD 

32002 1 1 PVD 

32205 2 3 PVD 

32661 3 3 PVD 

32678 3 2 PVD 

33433 6 3 PVD 

33805 5 2 PVD 

34010 5 1 PVD 

34019 3 3 PVD 

34027 5 1 PVD 

34737 2 2 PVD 

34836 2 1 PVD 

34844 2 1 PVD 

34877 3 1 PVD 

34902 2 1 PVD 

34946 5 2 PVD 

35140 2 1 PVD 

35314 2 3 PVD 

35322 1 1 PVD 

35363 2 2 PVD 

37288 2 3 PVD 

37705 2 2 PVD 

40704 10 1 PVD 

41108 7 1 PVD 



 

141 
 

41347 4 3 PVD 

41455 5 1 PVD 

41579 5 3 PVD 

41884 2 1 PVD 

41975 1 3 PVD 

42130 4 2 PVD 

42877 2 1 PVD 

44036 4 1 PVD 

44168 4 1 PVD 

44245 7 1 PVD 

44580 3 3 PVD 

44655 3 1 PVD 

44820 3 1 PVD 

44886 3 3 PVD 

45133 1 1 PVD 

45141 2 3 PVD 

45307 2 1 PVD 

45315 2 3 PVD 

45929 4 2 PVD 

46514 3 1 PVD 

47929 1 1 PVD 

50077 9 3 PVD 

50756 7 1 PVD 

50936 8 3 PVD 

51102 4 1 PVD 

51176 3 3 PVD 

51259 1 3 PVD 

51358 1 1 PVD 

51366 1 3 PVD 

51383 1 2 PVD 



 

142 
 

51398 6 1 PVD 

51406 3 3 PVD 

51423 5 1 PVD 

51629 4 3 PVD 

51662 4 3 PVD 

51910 2 1 PVD 

51968 1 1 PVD 

51996 1 3 PVD 

52250 5 2 PVD 

52473 3 1 PVD 

52878 2 1 PVD 

53075 1 1 PVD 

53419 6 1 PVD 

53906 4 1 PVD 

54680 3 3 PVD 

54788 3 1 PVD 

55150 1 1 PVD 

55316 2 1 PVD 

55340 1 3 PVD 

55995 3 3 PVD 

57946 1 2 PVD 

60773 7 3 PVD 

61160 2 1 PVD 

61185 2 1 PVD 

61233 5 3 PVD 

61580 4 3 PVD 

61655 4 1 PVD 

61720 3 1 PVD 

61738 3 3 PVD 

61889 5 1 PVD 



 

143 
 

62021 1 3 PVD 

62108 4 3 PVD 

62326 4 1 PVD 

62532 3 1 PVD 

62631 3 2 PVD 

62672 3 1 PVD 

62805 2 3 PVD 

62854 2 3 PVD 

63118 1 3 PVD 

63394 7 3 PVD 

64574 3 2 PVD 

64780 2 3 PVD 

64806 2 1 PVD 

64954 2 3 PVD 

65102 2 1 PVD 

65143 2 3 PVD 

66037 4 1 PVD 

71351 1 1 PVD 

71667 8 3 PVD 

71739 3 1 PVD 

71986 2 2 PVD 

72364 4 1 PVD 

72582 3 1 PVD 

72657 3 1 PVD 

73085 1 1 PVD 

73102 1 1 PVD 

73544 5 3 PVD 

74815 2 1 PVD 

74823 3 3 PVD 

74914 2 3 PVD 



 

144 
 

75152 2 1 PVD 

75342 1 2 PVD 

77119 2 1 PVD 

77135 2 1 PVD 

81137 8 1 PVD 

81212 2 1 PVD 

81350 4 1 PVD 

81814 3 2 PVD 

81888 2 2 PVD 

82229 5 1 PVD 

82633 3 1 PVD 

83231 6 3 PVD 

83966 5 1 PVD 

84109 7 1 PVD 

84444 4 1 PVD 

84502 3 1 PVD 

84667 3 3 PVD 

84752 6 2 PVD 

84865 3 1 PVD 

85008 5 1 PVD 

85120 1 1 PVD 

85145 1 3 PVD 

85153 2 3 PVD 

85310 2 3 PVD 

86880 3 1 PVD 

87202 2 3 PVD 

87890 1 3 PVD 

90999 5 1 PVD 

91015 4 1 PVD 

91130 3 1 PVD 



 

145 
 

91285 6 1 PVD 

91395 1 1 PVD 

91682 4 2 PVD 

92016 1 1 PVD 

92378 4 3 PVD 

92485 4 3 PVD 

92592 3 1 PVD 

92618 3 3 PVD 

92881 2 1 PVD 

93104 1 3 PVD 

93430 7 1 PVD 

93876 5 3 PVD 

93975 4 3 PVD 

94627 2 1 PVD 

94874 3 3 PVD 

94957 3 1 PVD 

95154 1 1 PVD 

95162 2 1 PVD 

95303 1 1 PVD 

95352 2 3 PVD 

 

Table 6.1: Table 8.1 Animal classification by disease status at 21 DPP 

 


