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CCI			Calving to conception interval
ARTD			Abnormal reproductive tract discharge
BCS			Body condition score
CI			Confidence interval
X2			Chi squared
df	 		Degrees of freedom
se	 		Standard error
PCMP			Post-calving monitored period
LH			Luteinising hormone
AI			Artificial insemination 
DIM			Days in milk
LPS			Lipopolysaccharides
TNFα			Tumour necrosis factor-α
CL			Corpus luteum 
DAG			Directed acyclic graph
ED			Embryonic death 
L			Litres
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The importance of uterine health

Postpartum uterine health is a critical factor when considering the fertility of dairy cows (1-3). Uterine involution and clearance of bacteria are key factors in achieving uterine health post-calving. Uterine involution involves the decrease of uterine size and the re-establishment of the endometrium for future pregnancies (3), and is usually completed within 40-50 days postpartum (4). Delayed uterine involution is associated with reduced fertility in dairy cows (2, 3). Uterine contamination (often difficult to distinguish from uterine infection in the field) is the presence of bacteria within the uterus without active proliferation, and does not on its own have a significant effect on reproduction (5, 6). Uterine infection can cause delayed involution and is associated with subfertility, due to perturbation of the hypothalamus-pituitary-ovarian axis. Uterine infections also directly affect the uterus, through damage to the endometrium, resulting in an environment unsuitable for the survival and growth of an embryo or fetus (1). In an active uterine infection, bacterial components (such as lipopolysaccharides) and inflammatory mediators (such as cytokines and nitric oxide) present are detrimental to the ovaries, the uterus, embryos and to the structure and function of sperm (7). Postpartum uterine health is therefore an important area for consideration in the dairy industry.
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Dairy farmers around the world attempt to minimise the interval between each cow’s sequential calving, or the ‘inter-calving interval’ (ICI). This strategy increases reproductive efficiency and milk production, and ultimately optimises economic gain (8, 9). The ICI consists of the gestation period and the ‘calving to conception interval’ (CCI), which is the period between parturition and the following conception. Due to the typically fixed nature of the gestation length, the main focus is minimising the CCI. A CCI will be increased by any of the following scenarios: delayed postpartum ovulation; delayed or suppressed oestrus expression and heat detection (in herds using AI); reduced conception rates; and/or increased number of inseminations per conception (8, 10). The two main factors influenced by changes in CCI are economics and welfare.

[bookmark: _Toc307530789][bookmark: _Toc13080711]Economics

Minimising the CCI of dairy cows has been found to be economically beneficial (8-15). Reasons for the increased costs associated with an increased CCI include: reduced milk yields consequently lowering profit (relative to labour and feed costs) (9-11, 14, 16-18); fewer calves for sale or as replacement heifers (11, 14); reduced number of lifetime productive days (12); increased breeding expenses (through insemination, therapeutics and labour costs) (8, 11, 12, 15, 19); and higher culling rates (10-12, 19).

Conversely, some studies have found that extended calving intervals can be associated with milk yields maintained above their dry-off threshold (20) or even increased compared with shorter or average calving intervals (21). However, both of these studies focused on production levels and lacked a complete economic analysis that accounted for all potential variables. Furthermore, there is a need for studies quantifying the economic impact of CCI on farms with similar management systems to Australian dairy farms (i.e. pasture-based systems). 

[bookmark: _Toc13080712]Welfare

Österman, S. (21) investigated simultaneously extending CCI and increasing milking frequency. Not only did the extended CCI (both with or without increased milking frequency) increase milk yields, it was speculated that an increased milking frequency would improve the comfort of cows (21). The concept that increased milking frequency improves cow welfare is supported by Gleeson, D. E., B. O'Brien, L. BoyleandB. Earley (22). An extended calving interval would also mean fewer risk periods for each cow (for example, parturition and periparturient disease), which would increase the welfare and longevity of the cows (21). These outcomes could be economically and ethically beneficial, however a complete financial analysis is required to confirm economic feasibility.  
To effectively manage the CCI, all risk factors that influence CCI must be considered.

[bookmark: _Toc13080713]Risk factors for endometritis and an extended calving to conception interval 

Many factors contribute to reproductive performance and ultimately to the CCI (18, 23). The CCI can be increased via delayed ovulation, delayed or suppressed oestrus, and reduced conception rates. All these events have contributing factors of their own, which ultimately extend the CCI. 

CCI and endometritis share many of the same risk factors, and endometritis is a risk factor for an extended CCI. If endometritis negatively impacts on reproductive performance, then recognising and minimising the risk factors of endometritis is essential. The risk factors of endometritis are not causal alone, however they may increase the prevalence and/or severity of the disease (24). 
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Periparturient disease affecting CCI
Periparturient diseases (such as hypocalcaemia, ketosis, retained fetal membranes [RFM], endometritis, mastitis, pneumonia, lameness, and cystic ovarian disease) have been found to significantly extend the CCI (25-27). These conditions impact on the calving to first service interval, services per conception, and/or number of days open (25, 27). Prevention and management of disease in the periparturient period is vital in minimising the CCI. For more detail on endometritis as a risk factor for an extended CCI, refer to section 2.5.

Periparturient disease as a risk factor for endometritis
Having RFM is a major risk factor for endometritis (6, 28-34). The residual tissue creates a favourable medium for bacterial growth in the uterus, and may result in a patent cervix allowing further bacterial contamination (6, 28). Associated tissue necrosis can then cause delayed uterine involution and subsequent infection (6, 28). Metritis is also a risk factor for endometritis (35-37). The higher the degree of metritis (e.g. puerperal metritis) the higher the risk of endometritis (38). An association has been found between hypocalcaemia and a higher incidence and severity of endometritis (39, 40). Hypocalcaemia can result in complications such as reduced uterine contractions during parturition (leading to dystocia) and/or delayed uterine involution postpartum (slowing elimination of bacterial contamination), which are both risk factors for endometritis (1, 41, 42). 

Retained fetal membranes, metritis, and hypocalcaemia are all periparturient conditions that elevate the risk of endometritis in dairy cows.

Mastitis affecting CCI
Mastitis in dairy cows has a negative impact on reproductive performance (43). A large epidemiological study (n = 222 farms, 151481 cows) found that acute clinical mastitis has a time-dependent impact on conception rate; conception rate lowers 23 & 24% if the mastitis occurs 10 days before or 30 days after artificial insemination respectively (44). Furthermore, subclinical cases (>150, 000 cells/mL) had a reduction in conception rate of 8%, and chronic subclinical cases had a reduction of 14.5-20.5% (44). 

Mastitis as a risk factor for endometritis
A study by Bacha, B.andF. G. Regassa (45) found a positive relationship between mastitis and subclinical endometritis. Endometritis and mastitis share certain potential risk factors such as RFM, hypocalcaemia, multiparity, and calving during winter (42). Therefore, there are confounding factors to consider when determining a relationship between mastitis and endometritis (42). Potter, T. J., J. Guitian, J. Fishwick, P. J. GordonandI. M. Sheldon (6) found a positive, but insignificant (p = 0.225), association between mastitis and clinical endometritis.

Body condition affecting CCI
Body condition can be measured using a ‘Body Condition Score’ (BCS) on a scale of 1 – 5 that reflects over or underweight body condition (46). Both high (>3) and low (<3) BCS are associated with lower conception rates and prolonged onset of oestrus (47-49). A reduction in BCS during the postpartum period (a loss of at least 1.25 BCS units) reduces the likelihood of conception to first service, prolongs calving to conception intervals, and increases the number of inseminations required per conception (26, 50). Overall, maintaining a BCS that is not too high or low (BCS ~3) in the periparturient period is important to prevent extension of the CCI. 

Body condition as a risk factor for endometritis
A low BCS, or reduction in BCS, in the periparturient period is also a significant risk factor for endometritis (37, 41, 45, 51-53). LeBlanc, S. J. (54) found that a high BCS may also lead to endometritis. 

Negative energy balance affecting CCI
In the early postparturient period, dairy cows undergo extensive tissue catabolism, especially if in a negative nutrient balance (55). Uncontrolled metabolic imbalances can lead to metabolic diseases, which considerably reduce reproductive performance (41, 55). A negative nutrient balance involves low circulating concentrations of insulin and glucose as well as higher concentrations of non-esterified fatty-acids and ketone bodies, which have detrimental effects on oocytes and on the pattern of ovarian follicular growth (55). Cows in a negative nutrient balance have reduced pulse frequency of luteinising hormone (LH) and prolonged periods of anovulation and anoestrous, due to disrupted metabolic signals and regulatory hormones (41, 55, 56). A negative energy balance is also associated with a higher risk of uterine disease, which impairs reproductive efficiency (41, 55, 56).  

Negative energy balance as a risk factor for endometritis
Negative energy balance in the postpartum period can lead to a dysregulated immune response (57), inflammation including that of the uterus, and delayed uterine involution. All of which increase the likelihood of endometritis (24, 40, 56). A negative energy balance can also lead to many metabolic conditions such as ketosis (24, 40). Ketosis is a risk factor for both subclinical endometritis (35, 37) and clinical endometritis (28, 36, 38). Reducing the degree of negative energy balance by improving nutritional management may be important in reducing endometritis in dairy herds.  
Parity affecting CCI
Nulliparous (parity ‘0’) heifers have higher conception rates than lactating cows (58). Cows of third or higher parities have reduced reproductive performance compared with those of lower parities (59, 60), and primiparous (first-calving) cows have prolonged involution and increased days between calving and ovulation compared with multiparous cows (60). In summary, nulliparous (parity ‘0’) and second-parity cows appear to have the highest reproductive success.

Parity as a risk factor for endometritis
Findings regarding the relationship between parity and endometritis in dairy cows are inconsistent (24). Some studies found no association between parity and endometritis (38, 51). In others, a higher prevalence of endometritis was found among primiparous groups, possibly due to their elevated risk of dystocia, endometrial lesions, and infection with Trueperella pyogenes (6, 30, 42, 52, 61). However, Kim, I. H.andH. G. Kang (28) found endometritis to be less common in primiparous cows due to faster uterine involution compared with multiparous cows. In some reports higher parity has been found to be a risk factor of clinical endometritis (31, 62). Older cows have less uterine elasticity and slower uterine involution, which may lead to more persistent infections (24). Alternatively, higher-parity cows may have had more exposure to bacterial contamination and therefore have an enhanced immunological response allowing them to eliminate uterine bacteria more efficiently (24). The balance of risk factors and protective mechanisms might explain the varied results regarding parity as a risk factor of endometritis (24).

Milk yield affecting CCI
Milk production influences the reproductive performance of dairy cows and the subsequent CCI (59, 63). There is a trend between higher milk yields in the current or previous lactation and a prolonged interval to first service (59). A high milk yield at the time of first insemination has been found to reduce first insemination success rates (63). In short, there is a difficult balance between achieving high production levels without compromising reproductive performance, likely due to the increased nutrient demands associated with an increased milk yield (see section on ‘Nutrition affecting CCI’ below).    
Genetic predisposition and CCI
A common question discussed in the literature is to what extent genes play a role in the reproductive performance of dairy cows. Cows with a higher genetic potential for milk production have frequently been shown to have worse reproductive performance (23). Favourable alleles for milk production often differ from the favourable alleles for reproduction (64). Interestingly, four genetic reproductive trait loci have been identified that affect reproduction without affecting production (65) and certain variants have been associated with calving efficiency (66). However, the heritability of calving interval was calculated to be only 0.01 (67, 68), and when dealing with the conflicting genetic traits of production and reproduction, the effect on reproduction was relatively small (64). 

Significant differences in fertility and calving interval have been found between different breeds of cattle, but less so within breed (64, 67, 69, 70). In the present study, the impact of genetic variation was not included as a potential risk factor, because all cows were the same breed and were all artificially inseminated from a relatively small semen pool.

Dystocia as a risk factor for endometritis
Many studies have found dystocia (30, 33, 34, 36-38) and calving assistance (6, 71) to significantly increase the risk of endometritis. Dystocia has the potential to cause endometrial trauma, and calving assistance increases the risk of introducing bacteria into the uterus (30). Furthermore, dystocia is associated with postpartum complications such as RFM, metritis and delayed uterine involution, all of which are risk factors of endometritis (42, 72, 73). Male fetuses, which are often larger than females, increase the risk of dystocia and therefore increase the risk of endometritis (6, 24, 42). Dystocia is therefore a significant and important risk factor of endometritis. 

Cyclicity as a risk factor for endometritis
The resumption of ovarian activity postpartum positively influences uterine involution and therefore has the potential to reduce the risk of endometritis (24, 74). Mee, J. F. (40) found delayed ovulation to be a risk factor for endometritis. However Sheldon, I. M.andH. Dobson (1) did not find a significant impact of ovarian cyclicity on endometritis, and Carneiro, L. C., A. F. Ferreira, M. Padua, J. P. Saut, A. S. FerraudoandR. M. Dos Santos (51) found that endometritis was not influenced by the presence of a corpus luteum. 

[bookmark: _Toc13080715]Environmental factors increasing the risk of an extended CCI and endometritis

Season / Ambient temperature affecting CCI 
Insemination of dairy cows during hotter seasons results in reduced oestrus expression and conception rates (58, 75). There is a dramatic decline in the conception rate of lactating cows (a reduction of 20%) when maximum ambient temperature exceeds 30˚C on the day after insemination (58). Interestingly, the conception rate of heifers does not begin to decline until the ambient temperature reaches 35˚C (58). Heat stress modifying the uterine environment and reducing the chance of embryo attachment could be a mechanism by which this occurs (75). Therefore, management of postpartum cows in hot weather (for example with cooling systems involving shade, fans, and/or sprinklers) may be warranted to optimise reproductive performance (58, 76). 

Season as a risk factor for endometritis 
Results vary as to whether calving season increases the risk of endometritis (24). Bruun, J., A. K. ErsbøllandL. Alban (30) and Ghavi Hossein-Zadeh, N.andM. Ardalan (42) both found an increase in metritis (a risk factor for endometritis) when cows were calving in the winter months. In another study, primiparous cows reportedly had higher levels of metritis in cooler seasons, however season had no effect on multiparous cows (34). Kim, I. H.andH. G. Kang (28) and Carneiro, L. C., A. F. Ferreira, M. Padua, J. P. Saut, A. S. FerraudoandR. M. Dos Santos (51) found no association between calving season and endometritis. 

Nutrition affecting CCI
Inadequate nutritional management of dairy cows, especially in the periparturient period, is a key driver of poor reproductive performance (41). The nutritional management of dairy cows in pasture-based systems is reviewed by Butler, S. T. (77).

Conception rates were found to be higher, CCIs shorter, and oestrus expression earlier and more noticeable in cows with higher dry matter intakes, increased glucose:hydroxybutyrate ratios, and 
higher plasma cholesterol concentrations (78). Too much feed and/or particular nutrients in excessive quantities can, however, increase the metabolic clearance of steroid hormones, such as oestradiol and progesterone, which may cause a suboestrous, reducing oestrus detection (41). Moderate quantities of supplementary fat in the diet can increase caloric intake, improve ovarian dynamics, regulate prostaglandin secretion from the uterus, optimise luteal function, and have a positive effect on fertility (55). However, excessive levels of non-esterified fatty acids have been associated with lower conception rates (78). Excess protein intake, particularly diets high in rumen-degradeable-protein, can reduce first-service conception rates and lengthen calving to conception intervals (55, 78). 

Nutrition in the periparturient period has a major impact on reproductive performance by affecting oocyte viability, ovulation, oestrus expression, and conception rates, which all impact the CCI.  

Nutrition as a risk factor for endometritis
The quantity and quality of protein, vitamins, and minerals in a dairy cow diet can have an impact on the occurrence of endometritis (24). A deficiency or excess of protein in the diet can affect the immune system and be a risk factor for endometritis (24, 79, 80). Vitamins such as vitamin A, B, C, and E are important for the immune system (24, 81). Vitamin A also has a role in epithelial tissue development, which is beneficial for healing any reproductive tract trauma in the postpartum period (24, 82). A number of minerals assist in uterine defense mechanisms (24). Calcium, for example, is a complement activator, and deficiencies delay uterine involution and prolong uterine infections (24, 83). Selenium assists with the function of neutrophils and deficiencies of selenium disrupt reproductive performance and increase the risk of endometritis (84). Magnesium facilitates opsonisation mechanisms, which helps immune cells with phagocytosis (79). Copper, zinc, and iron are also beneficial for phagocytosis, and deficiencies allow increased bacterial growth and raise the risk of endometritis (79, 83). Furthermore, imbalances in vitamins and minerals can be detrimental to reproductive performance in an unspecific manner (83). 

Nutrition is therefore an important factor influencing the occurrence of endometritis. 
Heat detection and AI technique affecting CCI
Artificial insemination (AI) technique and oestrus-detection method or ability varies between technicians and has an influence on reproductive measures such as the CCI (49, 58, 85, 86). Conception rates of dairy cows vary between AI technicians (with rates differing by up to 15%) (49). 
Inadequate ability to detect oestrus has a strong association with an increased calving interval (86). Signs chosen to detect oestrus also has an influence on CCI (49, 85). For example, inseminations based on mounting activity, genital discharge, and restlessness and/or other signs, obtained first-service conception rates of 53.6, 48.8 and 50.1%, respectively (p < 0.05) (49). Oestrus-detection timing and routines is another influential factor on CCI (86). For example, oestrus-detection during feeding time was associated with an increased calving interval (86). This is thought to be because the staff’s attention is divided during this time. Reproductive efficiency can be improved on dairy farms through training staff in reproductive management (49).

Environmental cleanliness as a risk factor for endometritis 
Risk factors of endometritis tend not to be associated with environmental contamination, but rather with trauma of the reproductive tract and disruption of physical barriers to infection (6). Williams, E. J., D. P. Fischer, D. U. Pfeiffer, G. C. W. England, D. E. Noakes, H. DobsonandI. M. Sheldon (5) found that clinical endometritis was associated with the density of pathogenic bacteria, but not of opportunistic contaminants. It appears as though environmental contamination does not have a significant influence on the occurrence of endometritis.   

[bookmark: _Toc13080716]Pathogenic factors increasing the risk of endometritis
In the first two weeks postpartum, at least 90% of dairy cows have bacterial contamination in the uterus (5, 87-89). Although cows usually eliminate these bacteria over the next five weeks, contamination transitions to infection in over 10% of cows, and endometritis develops (5, 87, 90). There are many bacteria that can be present in the uterus of cows with endometritis (24, 71). Trueperella pyogenes and Escherichia coli are the most common bacteria isolated from the uterine lumen in cows with an infected uterus, followed by anaerobic bacteria including Prevotella spp. and Fusobacterium nucleatum (24, 61, 71, 91-93). 

[bookmark: _Toc13080717]Endometritis: definitions and diagnostics
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The term ‘endometritis’ is often used incorrectly to include pyometra, metritis, and endometritis (91), and endometritis and metritis are often used interchangeably (94). Pyometra is an accumulation of purulent material in the lumen of a uterus, with a closed cervix and a persistent corpus luteum (91). Metritis is pathologically defined as inflammation of the full thickness of the uterine wall (95), and in a field setting is defined as a condition occurring within 21 days of parturition, involving an enlarged uterus and fetid purulent uterine discharge in the vagina (24, 91). Puerperal metritis is a branch of metritis in which the cow also has systemic signs (e.g. hypo- or hyperthermia, tachycardia, tachypnoea, decreased milk yield, and anorexia), and usually occurs within 10 days of parturition (24, 91, 96). 

Endometritis is defined as inflammation of the endometrium alone (95) and is often classified as clinical or subclinical (91). In the field, diagnosis of clinical endometritis involves detecting purulent (>50% pus) uterine discharge in the vagina ≥21 days postpartum, or mucopurulent (approximately 50% mucus, 50% pus) uterine discharge in the vagina when >26 days postpartum (1, 24, 91, 94). Cases of abnormal discharge that occur <21 days postpartum are not classified as clinical endometritis because the varying appearances of normal lochia would interfere with the diagnosis, and because they will include many cows that are spontaneously recovering from normal postpartum bacterial contamination (91). Madoz, L. V., M. J. Giuliodori, A. L. Migliorisi, M. JaureguiberryandR. L. de la Sota (93) define subclinical endometritis as having ≥8% neutrophils in uterine cytology samples (collected using a cytobrush) between days 21-33 postpartum, having ≥6% neutrophils between 34-47 days or ≥4% after 47 days postpartum. However, there is a lack of agreement in the literature about the normal neutrophil percentage at increasing days postpartum (97). Dubuc, J., T. F. Duffield, K. E. Leslie, J. S. WaltonandS. J. Leblanc (98) suggested that cytological and clinical endometritis may be different manifestations of reproductive tract disease and that the term clinical ‘endometritis’ may not be accurate. Consequently, ‘purulent vaginal discharge’ may be a more accurate description. 

This study will focus on postpartum clinical endometritis, according to the definitions above.

[bookmark: _Toc13080719]Diagnostics

The dairy industry requires a practical method of diagnosing clinical endometritis using criteria that distinguish cows that will have compromised reproductive performance, to establish a prognosis and allow for timely treatment (91, 94). Current diagnostic methods for endometritis include manual vaginal examination, vaginoscopy, hysteroscopy, Metricheck® (Simcro, NewZealand), ultrasonography, transrectal palpation, cytology, histopathology, and diagnostic procedures such as leukocyte esterase assessment (94, 99-102). Unfortunately, there is no ‘gold standard’ method to diagnose uterine disease, leading to difficulties in measuring their sensitivity, specificity, efficiency, and overall accuracy (91). Histopathological analysis of endometrial biopsies is said to be definitive for endometritis and predictive of subsequent reproductive performance (91, 100); however, this technique is expensive, time-consuming, usually impractical, and may impair fertility (91). Cytology is a less invasive way of diagnosing subclinical endometritis; however, neither histopathology nor cytology allows for a rapid diagnosis, so clinical examination is often used to diagnose endometritis in the field (91, 103). 

Transrectal palpation of the uterus is the most common method used to diagnose endometritis (94). However, this technique is subjective and does not usually consider normal processes and the variability of uterine involution, and assessments have not been shown to be associated with reproductive performance (94, 104). Rectal uterine palpation alone as diagnosis for endometritis is inaccurate, leading to many false positives and negatives (94). 

The most useful method of diagnosing clinical endometritis in the field is to examine the vagina for reproductive tract discharge (91, 94, 103, 105). A study by Rahman, M. A., M. G. S. AlamandM. Shamsuddin (102) compared different levels of vaginal discharge to endometrial histopathology changes. The agreement between vaginal discharge and biopsy score was regarded as ‘good’ (102). One potential limitation is that vaginal examination might result in false positive diagnoses due to non-uterine inflammation (91, 98, 100, 106, 107). A diagnosis can be achieved by inspecting the vagina for the presence of discharge that is purulent or malodorous when ≥21 days in milk (DIM) or mucopurulent discharge when >26 DIM (91, 94). 

Methods to identify this discharge include vaginoscopy (91, 94, 108), use of devices such as the Metricheck®, and manual vaginal examination (91). A positive vaginoscopy score is associated with lower fertility (109, 110). Factors such as the cost, inconvenience and an overestimated potential for disease transmission have reduced how commonly vaginoscopes are used (91, 94). Metricheck® devices have been used to efficiently assess vaginal contents (91). A positive Metricheck® diagnosis of endometritis has been associated with reduced reproductive performance (99). Although the Metricheck® had a higher sensitivity than vaginoscopy, specificity was lower, leading to more false positives and a poorer positive predictive value (99). Any of these three techniques can be used to diagnose clinical endometritis without negatively affecting reproductive performance (91, 101). 

The simplest technique to examine the vagina for abnormal discharge is to manually examine the vagina through the vulva (after cleaning the vulva with dry paper towel) with a clean, lubricated, gloved hand and to withdraw the contents for inspection (91, 111). This technique does not cause bacterial contamination of the uterus, delayed uterine involution, or instigate an acute phase protein response (111). This was the method used to diagnose clinical endometritis in the present study.

[bookmark: _Toc13080720]The impact of endometritis on reproduction

Many studies have demonstrated the negative impact of endometritis on the reproductive performance of dairy cows (24, 112, 113). As previously mentioned, the CCI can be extended in several ways including delayed postpartum ovulation, delayed or suppressed oestrus expression and detection, reduced conception rates, and/or an increased number of inseminations per conception. The effect of endometritis on these categories, and ultimately on CCI, is discussed below.
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Postpartum dairy cows with clinical or subclinical endometritis have been found to have poor reproductive efficiency, an extended CCI, and a higher risk of culling (38, 112, 114). Clinical endometritis has a higher impact than subclinical endometritis, but the negative effects on reproduction of clinical and subclinical endometritis were found to be additive (37, 112). Cows with clinical and subclinical endometritis had an increase in CCI of 57 days and 42 days, respectively, compared to those without clinical and subclinical endometritis (112). Giuliodori, M. J., R. P. Magnasco, D. Becu-Villalobos, I. M. Lacau-Mengido, C. A. RiscoandR. L. de la Sota (38) found that clinical endometritis extended the CCI by 70 days, and Barański, W., M. Podhalicz-Dzięgielewska, S. ZduńczykandT. Janowski (115) found that subclinical endometritis to increased the CCI by 30 days.

[bookmark: _Toc13080722]Endometritis impacting ovulation and oestrus expression

A study on the effects of subclinical endometritis demonstrated a longer interval (by 13 days) between calving and ovulation in cows with subclinical endometritis compared with those without (116). Studies investigating clinical endometritis have found a delayed postpartum resumption of normal ovarian activity (113, 117) and lower oestrus expression/detection (99) in those with clinical endometritis compared with those without. However, Gobikrushanth, M., R. Salehi, D. J. AmbroseandM. G. Colazo (118) found that neither subclinical or clinical endometritis had an effect on follicular growth or ovulation. The small sample size (n = 126), and high proportion of diagnosed endometritis (58%) may have affected the results in this study (118).  

[bookmark: _Toc13080723]Endometritis impacting on conception rate and insemination number

Many studies have demonstrated a reduction in conception rate and an increase in required inseminations in cows with endometritis (92, 119, 120). One study revealed that cows with clinical and subclinical endometritis had 0.36 and 0.32 times the odds respectively of conceiving at the first service compared with those without endometritis (119). Others have found lower overall conception rates in cows with endometritis, for example a 14% (120) and a 25% (92) reduction in those with subclinical endometritis, and a 20% reduction in those with clinical endometritis (113). Endometritis has been associated with an 
increased number of inseminations per conception. For example the average number of inseminations needed before 50% of the herd was pregnant was three for those with subclinical endometritis and two for those without (92).

[bookmark: _Toc13080724]The mechanisms by which endometritis negatively impacts reproductive performance

Inflammation of the endometrium has a detrimental effect on reproductive performance through altering the uterine environment, and disrupting hormonal pathways, ovulation, conception, or embryo survival (1, 7, 74, 121). These effects are mediated by bacterial products such as lipopolysaccharides (LPS), or by inflammatory mediators such as nitric oxide, cytokines, and oxidative stress, which then affect the functionality of the hypothalamus, pituitary, ovary, uterus, and sperm (1, 7). 

Absorption of bacterial by-products can impair the follicular phase LH surge, hinder ovulation, and lead to a slower growth rate of the first postpartum dominant follicle, which then reduces secreted oestradiol towards the end of the growth phase (1). LPS and tumour necrosis factor-α (TNFα) impair the steroidogenesis of ovarian granulosa cells, which are responsible for the production of oestradiol (7, 74). 

The inflammatory uterine environment has negative effects on sperm function and motility, and increases sperm phagocytosis (7). If fertilisation of the oocyte does occur, the resulting zygote may be subjected to oxidative stress, LPS, and/or prostaglandin F2α causing lysis of the corpus luteum, and it is therefore less likely to reach the blastocyst stage (7). Embryos exposed to inflammatory mediators have less trophectoderm cells. Nitric oxide impacts embryo development and TNFα can cause blastomere apoptosis (7). Cows with endometritis often have lower peripheral concentrations of progesterone, which further reduces the chances of conception and maintenance of pregnancy (74).

Bacteria such as Trueperella pyogenes and Escherichia coli cause damage to the endometrium and generalised inflammation (74). As well as the effects described, this can reduce likelihood of embryo attachment (1, 74). 

The extent of the negative effects of endometritis on reproduction depends on the severity of inflammation, the time until resolution of endometrial lesions, and on any permanent changes that impact endometrial gland function or alter the oviductal/uterine environment (105). 
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