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ABSTRACT 

Epidemiological and Microbiome Studies of Equine Colic 

Shebl E Salem 

Colic is an important cause of death in managed horse populations and is a health issue of great concern 

to horse owners. Epidemiological studies that have investigated risk factors for colic have identified a 

number of factors that increase the likelihood of colic, most of which are related to change in 

management including diet. The precise relationship between diet and colic is currently unknown but it 

has been hypothesised that changes in gut microbiota composition are responsible for the development 

of colic associated with change in management. The work presented in this thesis has further 

investigated risk factors for colic and postoperative intestinal dysfunction (postoperative colic and 

postoperative reflux) and has explored the gut microbiota in specific groups of horses at increased risk 

of colic.  

Risk factors for colic was investigated in a previously unstudied working horse population in Egypt 

using a cross-sectional epidemiological study. The study recruited 350 working horses from two 

provinces in Egypt and data about their management and history of colic in the preceding 12 months 

were collected. Risk factors identified included stereotypic behaviour, severe dental disease, feeding 

ground corn during the ‘dry season’, anthelmintic treatment in previous six months and feeding rice 

bran during the ‘green season’. 

A prospective cohort study of 264 surgical colic patients that were admitted to the Philip Leverhulme 

Equine Hospital, University of Liverpool in 2012–2014 was conducted. The study investigated risk 

factors for morbidity and mortality following laparotomy. Factors identified to be significantly 

associated with altered risk of recurrent postoperative colic episodes included strangulating large colon 

volvulus, epiploic foramen entrapment, postoperative reflux (POR), repeat laparotomy and heart rate 

on admission. A subset of these horses were used to investigate risk factors for POR in horses that 

underwent laparotomy for treatment of small intestinal lesions. The effect of systemic perioperative 

lidocaine treatment on the prevalence, duration and net volume of POR was compared with a previous 

cohort of horses (2004–2006). Risk factors associated with POR included packed cell volume on 

admission, pedunculated lipoma obstruction, pelvic flexure enterotomy, side-to-side jejunocaecal 

anastomosis, duration of surgery and the period of hospital admission. Lidocaine treatment had no effect 

on the prevalence, duration and net volume of POR nor was it a risk factor for postoperative survival.  

The relationship between gut microbiota composition and previously reported risk factors for 

colic/postoperative colic were investigated in a series of faecal microbiota studies. Temporal variation 

in faecal microbiota composition in a group of horses managed at pasture was investigated. Faecal 

samples were collected every 14 days from 7 horses for a total of 52 weeks. Samples were processed to 

extract bacterial DNA before creation of amplicon libraries and sequencing using the Ion Torrent PGM 

next-generation sequencing technology. Analysis of these sequence data revealed that the horse faecal 

microbiota is dominated by members of the phylum Firmicutes and Bacteroidetes. Significant effects 

of season, diet and ambient weather conditions on the composition of the horse faecal microbiota were 

identified. The study concluded that the horse faecal microbiota is in a continuous state of adaptive 

process to external stimuli and that fluctuations in the composition of horse faecal microbiota over time 

is normal. The temporal stability of the faecal microbiota of periparturient mares was also investigated. 

Weekly faecal samples were collected from 7 broodmares for a total of 17 weeks (5 weeks pre-foaling 

– 12 weeks post-foaling). Foaling had minimal effect on the composition of the horse faecal microbiota 

and variation in data over time was associated with changes in management. This suggested that 

minimising changes in management during the periparturient period may be important in stabilising the 

gut microbiota of periparturient mares. The faecal microbiota of surgical colic patients that underwent 

laparotomy for treatment of primary large colon diseases was compared to a group of emergency 

orthopaedic patients that underwent surgery under general anaesthesia. Samples were collected from 

both groups on admission, during hospitalisation and following hospital discharge for a period of 3 

months. The results suggested that a 3-month period was not enough to fully investigate changes in 

faecal microbiota composition of surgical colic patients compared with samples collected on admission. 

This thesis provides new information about risk factors for colic in a working horse population, risk 

factors for complications following intestinal surgery and has questioned the efficacy of lidocaine in 

management of POR. The equine faecal microbiota in 3 different horse populations has been studies 

and has generated new hypotheses about the relationship between the equine gut microbiota and the risk 

of colic.  
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1.1 Introduction 

Colic is a significant health problem in managed horse populations because of its 

impact on the horse welfare and related economic losses, including costs of treatment 

and mortality (Traub-Dargatz et al. 2001). Colic is not a disease per se, but rather a 

term describing behavioural alterations in horses in response to abdominal pain. Such 

pain is most frequently associated with disorders of the gastrointestinal tract but can 

be related to disease of other internal organs including urogenital tract, peritoneum and 

liver (Traub-Dargatz et al. 2001). The incidence of colic in the general horse 

population is around 3.5–26 episodes per 100-horse-years-at-risk (Uhlinger 1992, 

Kaneene et al. 1997a, Tinker et al. 1997a, Hillyer et al. 2001, Traub-Dargatz et al. 

2001) and results in a case fatality rate of 6.2–15.3% (Tinker et al. 1997a, Cohen et al. 

1999, Traub-Dargatz et al. 2001). 

Recognition of risk factors associated with development of colic, and those associated 

with mortality and morbidity following surgical treatment of colic is important in 

developing strategies to help prevent development of colic. The frequency of colic 

could be reduced if alterable risk factors are identified and are used to inform colic 

preventive strategies. Identification of lesion-specific risk factors can assist prompt 

diagnosis, which is particularly important for surgical types of colic where early 

diagnosis and referral is important in maximising postoperative survival. Furthermore, 

understanding these factors at a molecular level could lead to development of 

interventions/therapies that can further reduce the disease occurrence and improve 

treatment outcome.  

1.2 Epidemiology of colic 

A multitude of gastrointestinal disorders have been reported to result in clinical signs 

of colic. However, the underlying gastrointestinal dysfunction or lesion for most colic 

episodes that occur in the general equine population is unknown. In three studies, 64–

72% of colic cases were classified as unknown/spasmodic/gas colic (Proudman 1992, 

Kaneene et al. 1997a, Hudson et al. 2001), with a fourth study reporting spontaneous 

recovery without any treatment in 28.7% of colic cases (Hillyer et al. 2001). 

Consequently, epidemiological studies investigating colic can be separated into two 
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key areas. The first of these are investigating risk factors for colic in general; these are 

population-based studies. Second, are studies examining risk factors for specific types 

of colic such as epiploic foramen entrapment (EFE) and large colon volvulus (LCV). 

The latter usually consist of hospital-based studies.  

A number of observational epidemiological studies have been conducted to explore 

the possible association between colic/specific types of colic and putative risk factors 

at both horse and management level. These have included longitudinal (cohort and 

case-control) and cross-sectional studies. A summary of these studies is given in Table 

1-1 and Table 1-2. A typical cohort study involves recruiting a disease-free population 

whose individuals are identified by an exposure status of interest and that are followed 

through time until the outcome of interest (colic) occurs. Exposed and nonexposed 

groups are then compared for the colic incidence rate in order to identify the extent of 

association between colic and potential risk factors. The incidence rate of colic in the 

population under investigation and any seasonal component in the occurrence of colic 

can also be investigated using this type of study design (Reeves 1997). Four published 

cohort studies of colic were available (Uhlinger 1992, Kaneene et al. 1997a, Tinker et 

al. 1997a, Tinker et al. 1997b, Traub-Dargatz et al. 2001). Although these studies 

provided valuable information about incidence and case fatality rate of colic in the 

general horse population, the temporal sequence of association between some of the 

risk factors identified and colic could not be confirmed. For example, foaling (Kaneene 

et al. 1997a) and changes of concentrate and hay feeding (Tinker et al. 1997b) were 

identified as factors that increased the risk of colic, but the temporal relationship 

between colic and these factors could not be defined. 

A single cross-sectional survey of colic in Thoroughbred horses in training yards in 

the UK was published by Hillyer et al. (2001). The yard managers were asked to 

provide historical data about the number of horses suffering from colic for each month 

during the 1997 calendar year and the average number of horses on the premises at 

four time points during the same year. The study was able to calculate an 

approximation of the incidence rate of colic in these training yards and identified some 

farm-level risk factors for colic using cumulative colic incidence (number of horses 

that suffered from at least one episode of colic during the year) as an outcome measure. 
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Limitations of such a design would include recall bias and inability to discern temporal 

relationships between risk factors identified and colic (Song and Chung 2010).  

Case-control studies, by contrast, identify horses by their disease status from the 

beginning of investigation. Retrospective data about exposure to risk factors are then 

collected and compared between cases and control animals. This type of study design 

is more suitable for rare conditions such as investigating risk factors for specific colic 

diagnosis categories and, similarly, conditions that have a prolonged latency period. 

In comparison with cohort studies, a case-control study requires a relatively small 

number of cases and controls to identify reasonably precise estimates of risk 

association, as well as being quicker and less expensive (Song and Chung 2010). Most 

studies that investigated risk factors for colic utilised a case-control study design.  

Possible bias in risk association obtained from case-control studies investigating colic 

has been thoroughly discussed in the existing literature. The use of a hospital-based 

non-colic control population, for example, has been reported by Reeves et al. (1989b) 

to not represent a true population-based control group due to the potential for selection 

bias. The chance of a colic case being referred may differ from that of a horse with any 

other medical condition, as this may depend on the referral preferences of veterinary 

surgeons and owners, as well as the economic value, breed, use and sex of the horse. 

Furthermore, whilst the acute nature of colic might dictate early hospital admission, 

non-colic horses such as lameness controls could have experienced changes in feeding 

and exercise regimen or been administered medications prior to hospital admission 

(Reeves et al. 1996). Recall bias can also be a problem in case-control studies, as there 

is a tendency for the owners to recall more detailed information about cases than about 

controls (Cohen et al. 1999). For example, in the study by Cohen et al. (1995b), history 

of previous colic in the last 12 months was unknown for only 6.5% of cases, but for 

45.7% of control horses which might have reduced the robustness of the reported 

association between previous colic history and colic risk. 

1.2.1 Horse-level risk factors 

Studies have shown that some horses may be at significantly greater risk of suffering 

from colic or from some specific types of colic. Although this is not alterable, 

identifying these horses can assist with diagnosis of certain types of colic, particularly 
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those that may require surgical treatment. The owners/carers may also be more 

inclined to observe these horses for colic signs, potentially resulting in identification 

of the disease at an early stage (Archer and Proudman 2006).   

1.2.1.1 Sex 

Studies that investigated the association between colic and sex of the horse have 

reported conflicting results. Whilst many studies reported no association between colic 

risk and sex (Reeves et al. 1989b, Proudman 1992, Reeves et al. 1996, Traub-Dargatz 

et al. 2001), some studies reported significantly greater risk of colic (Kaya et al. 2009) 

and specifically chronic intermittent colic (Cohen and Peloso 1996) in geldings. Three 

studies have also reported geldings to be at significantly greater risk of colic associated 

with pedunculated lipoma obstruction (Blikslager et al. 1992, Edwards and Proudman 

1994, Garcia-Seco et al. 2005). Broodmares that had never foaled or that had foaled at 

least once were at significantly greater risk of suffering from LCV in two UK hospital 

populations (Suthers et al. 2013). Foaling has also been previously identified to be 

associated with increased risk of colic (Kaneene et al. 1997a). In this thesis, the effect 

of foaling and any associated management changes was a key area of focus. The 

relationship between foaling and the hindgut microbial communities of the mare 

(known as gut microbiota) was investigated using a culture-independent technique 

(CHAPTER 7).   

1.2.1.2 Age  

Increasing age has consistently been reported to be associated with increased risk of 

colic. Although many studies reported that such a relationship was linear (Reeves et 

al. 1989b, Cohen and Peloso 1996, Reeves et al. 1996, Kaneene et al. 1997a, Cohen 

et al. 1999), Tinker et al. (1997b) reported that horses aged 2–10 years were more 

likely to develop colic compared with horses aged <2 years or horses of >10 years of 

age. Older horses were also more likely to be diagnosed with surgical colic compared 

with horses aged <15 years (Reeves et al. 1989b, Proudman 1992). The reason for the 

association between increasing age and colic is not clear, but increasing age can be a 

proxy for increasing exposure to other risk factors for colic such as dental pathology. 

Some specific types of colic were also reported to be more frequent in certain age 

groups. Older horses were reported to be at increased risk of suffering from colic 

associated with pedunculated lipoma obstruction (Blikslager et al. 1992, Edwards and 
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Proudman 1994, Garcia-Seco et al. 2005). Young horses have also been shown to be 

at increased risk of suffering from idiopathic focal eosinophilic enteritis (Archer et al. 

2014) and of equine grass sickness in a number of studies (Wood et al. 1998, McCarthy 

et al. 2004).  

1.2.1.3 Breed 

Arabian horses were frequently reported to be associated with increased risk of colic 

compared with other horse breeds (Reeves et al. 1989b, Cohen and Peloso 1996, 

Reeves et al. 1996, Cohen et al. 1999). Two studies have also found Thoroughbred 

horses to be associated with increased risk of colic (Hudson et al. 2001, Traub-Dargatz 

et al. 2001). Other studies, however, did not identify any association between breed 

and colic (Proudman 1992, Kaneene et al. 1997a). The variation in reporting of the 

relationship between breed and colic can be due to differences in the study design and 

breed distribution of the studied horse population. The relationship between breed and 

risk of colic can also be confounded by management factors, horse use and nature of 

the owner (Cohen et al. 1999). The association between breed and the risk of some 

specific types of colic has also been reported in the existing literature, and these are 

summarised in Table 1-2. 

1.2.1.4 Stereotypic behaviours 

Horses that display crib-biting/windsucking behaviour were identified to be at greater 

risk of developing simple colonic obstruction and distension colic (SCOD) (Hillyer et 

al. 2002), EFE (Archer et al. 2008a, Archer et al. 2008b) and recurrent colic episodes 

(Scantlebury et al. 2011, Scantlebury et al. 2015). The reason for such association 

between colic and this particular form of stereotypic behaviour is unknown. It has been 

suggested that crib-biting/windsucking may be a manifestation of an underlying 

intestinal dysfunction (Archer et al. 2008b) or may be a proxy for other management 

factors associated with colic risk (Scantlebury et al. 2015). Crib-biting horses have 

also been shown to have a prolonged intestinal transit time (McGreevy et al. 2001), 

which may be a potential factor associated with increased incidence of colic in these 

horses.  

1.2.1.5 History of previous colic episodes 

Multiple studies have identified horses that had a history of colic within the 12 months 

prior to the current investigation to be at significantly greater risk of colic (Cohen et 
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al. 1995b, Cohen and Peloso 1996, Reeves et al. 1996, Tinker et al. 1997b, Cohen et 

al. 1999). Similarly, these horses have been found to be at increased risk of some 

specific types of colic including SCOD (Hillyer et al. 2002), EFE (Archer et al. 2008a, 

Archer et al. 2008b) and LCV (Suthers et al. 2013). This might suggest that a 

subpopulation of horses is inherently at greater risk of colic and that these horses may 

have some form of an underlying intestinal dysfunction. Horses that were diagnosed 

with recurrent caecal impaction, for example, have been identified with idiopathic 

hypertrophy of the caecal muscle layer, lower linear enteric neuron densities, neuron 

deficit or inflammation of the myenteric plexus of the caecal wall compared with 

clinically normal horses (Huskamp and Scheidemann 2000, Schusser et al. 2000, 

Blake et al. 2012). Alternatively, variations in the composition of microbial 

populations in the hindgut between individual horses may underlie the propensity of 

some horses to experience more colic episodes. Such individual horse variation has 

been confirmed in recent studies that utilised culture-independent techniques to 

characterise the horse hindgut microbial communities (Blackmore et al. 2013, Dougal 

et al. 2014, Proudman et al. 2015). Horses that underwent laparotomy for treatment of 

colic or for other abdominal problems have also been shown to be at greater risk of 

colic (Cohen et al. 1995b, Cohen and Peloso 1996, Proudman et al. 2002a). It has been 

suggested that increased risk of colic following laparotomy may be due to formation 

of intra-abdominal adhesions, stricture formation at enterotomy or intestinal 

anastomosis sites or development of postoperative ileus (Cohen et al. 1995b).   

1.2.2 Management-level risk factors 

An apparent increase in colic cases in spring and autumn months has been previously 

reported in horses seen by a first opinion practice over a two year period (Proudman 

1992) and in Thoroughbred horses in training premises (Hillyer et al. 2001) in the UK. 

Two prospective cohort studies conducted over a 12-month period in the USA also 

reported increased incidence of colic during the months of December, March and 

August (Tinker et al. 1997a), or in spring compared with summer or autumn (Traub-

Dargatz et al. 2001). Seasonality in the occurrence of colic was also reported for some 

specific types of colic including EFE, large colon impaction and large colon 

displacement/volvulus (Archer et al. 2006). It has been suggested that these seasonal 

patterns of colic or of specific types of colic might be a reflection of some other 
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changes in management or feeding practices (Hillyer et al. 2001, Archer and Proudman 

2006). 

1.2.2.1 Internal parasitism 

Parasites are a known risk factor for some types of colic, particularly if a high burden 

has been established. The intestinal stage of Parascaris equorum was found to be 

associated with impaction, volvulus and intussusception of the small intestine (Cribb 

et al. 2006, Tatz et al. 2012). Verminous arteritis of the anterior mesenteric artery 

caused by Strongylus vulgaris infection can also result in clinical signs of colic (Wright 

1972), a condition that was once identified in 88% of the horses that were slaughtered 

in southern Queensland, Australia (English 1979). However, the frequent use of 

modern anthelmintics has virtually eradicated this parasite in most horse 

establishments (Yazwinski et al. 1982, Schneider et al. 2014). A strong association 

between spasmodic colic or ileal impaction colic and the tapeworm Anoplocephala 

perfoliata infection has also been reported in a case-control study by Proudman et al. 

(1998). This is supported by another study that found that horses that had not been 

administered pyrantel salt in the three-month period prior to hospital admission were 

three times more likely to be diagnosed with an ileal impaction at surgery (Little and 

Blikslager 2002). Cyathostomes have also been reported to be associated with 

increased incidence of colic in herds that did not implement a parasite control 

programme that is effective against this parasite (Uhlinger 1990). The study also found 

that prevention strategies to decrease the burden of Cyathostomes infection resulted in 

reduced incidence of colic.  

Epidemiological studies that investigated the association between administration of 

anthelmintics and colic reported conflicting results. Reeves et al. (1996) reported that 

daily worming using pyrantel pamoate for 60 days within the 12 months prior to 

hospital admission was associated with reduced risk of colic. However, in this study, 

only 13 horses received this treatment (2 colic and 11 control horses), which dictates 

that this finding be interpreted with caution. In another study, horses that had a regular 

worming programme or were routinely wormed were at significantly reduced risk of 

colic (Cohen et al. 1999). Failure to administer pyrantel salt or ivermectin/moxidectin 

was also associated with increased risk of ileal impaction and of SCOD, respectively 

(Hillyer et al. 2002, Little and Blikslager 2002).  
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Some studies, however, have identified increased risk of colic associated with 

anthelmintic administration. The practice of rotating anthelmintics, parasitic testing 

(Traub-Dargatz et al. 2001) and increased number of deworming events during a 12-

month period, which was the length of the study, were reported to be associated with 

increased risk of colic (Kaneene et al. 1997a). It has been suggested that either these 

findings represent changes in management in response to colic (Traub-Dargatz et al. 

2001), or they were associated with better management including closer observation 

for colic (Kaneene et al. 1997a). Cohen et al. (1999) reported increased risk of colic 

in the seven-day period following anthelmintic administration. Horses suffering from 

post-dosing colic were also identified with serological evidence of heavy burdens of 

tapeworm infection (Barrett et al. 2005). In the latter study, it was suggested that colic 

might have been caused by rapid death of large numbers of the parasite, and that this 

could be prevented if a parasite control programme is implemented to prevent large 

burdens becoming established.  

1.2.2.2 Feed types and feeding practices 

In the USA, feeding Coastal Bermuda hay was reported to be associated with increased 

risk of colic of all types (Cohen and Peloso 1996) and of ileal impaction (Little and 

Blikslager 2002). It was thought that the low digestibility of this type of hay compared 

with leguminous hay might predispose horses to intestinal impaction. Feeding hay 

from round bales (Hudson et al. 2001) or a change of the source of hay in the two-

week period prior to hospital admission (Cohen et al. 1999, Hudson et al. 2001) were 

also associated with greater risk of colic. The authors assumed that new batches of hay 

or hay from round bales might have been of low quality or may have been affected by 

mould. This is consistent with a more recent study that reported that hay of low 

hygienic quality was associated with increased colic risk (Kaya et al. 2009). Feeding 

alfalfa hay was also associated with increased risk of enterolithiasis in three other 

studies (Cohen et al. 2000, Hassel et al. 2004, Hassel et al. 2008).  

Whilst feeding a particular type of concentrate feed to horses was found not to be 

associated with increased risk of colic (Cohen et al. 1995b, Cohen et al. 1999, Traub-

Dargatz et al. 2001), a dose-response relationship between the risk of colic and the 

amount of concentrate fed was identified in multiple studies (Reeves et al. 1996, 

Tinker et al. 1997b, Hudson et al. 2001, Hillyer et al. 2002, Kaya et al. 2009). 
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Excessive carbohydrate feeding leads to a large proportion of the carbohydrate diet 

escaping enzymatic digestion in the stomach and small intestine and becomes an 

available substrate for hindgut microbial fermentation. Accelerated fermentation in the 

hindgut results in a rapid build-up of lactic acid and lowering of the pH of the caecal 

and colonic contents, resulting in perturbation of the gut microbial communities and 

intestinal dysfunction (Clarke et al. 1990, Medina et al. 2002). Recent studies have 

used culture-independent techniques and microbial ecology analysis tools to precisely 

characterise changes of the hindgut microbial communities in response to concentrate 

feeding (Willing et al. 2009, Daly et al. 2012, Dougal et al. 2014).  

A number of feeding practices have been identified as risk factors for colic. These 

include: a diet change in the two-week period prior to examination (Cohen et al. 1995b, 

Cohen et al. 1999), feeding a new batch of hay two weeks prior to examination 

(Hudson et al. 2001), a change in the type of hay fed (Cohen et al. 1999), more than 

one change per year of hay (Tinker et al. 1997b) and changes of the type and the 

amount of concentrate feeding (Tinker et al. 1997b, Hudson et al. 2001). Horses with 

a history of a recent change in the amount of forage fed or a change of pasture were 

also reported to be at greater risk of LCV (Suthers et al. 2013). Frequent reporting of 

the association between dietary changes and colic may suggest that dietary changes 

are more important than the actual feed types in the aetiopathogenesis of colic. 

1.2.2.3 Access to water 

Failure to provide an adequate water supply was reported by a number of studies to 

increase colic risk. Reeves et al. (1996) reported that horses without access to a water 

supply in the outside enclosures (pasture or a dry lot) were at greater risk of developing 

colic. Reduced water consumption during the two-week period prior to hospital 

admission was also associated with increased colic risk (Kaya et al. 2009). An 

association between SCOD and transportation in the previous 24 h was reported by 

Hillyer et al. (2002) as potentially being due to water deprivation during journeys. It 

is important for horses to have free or regular access to fresh palatable water. Kaneene 

et al. (1997a) reported that horses with access to a water source other than buckets, 

tanks, and automatic waterers were at reduced risk of colic. 
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1.2.2.4 Stabling and access to pasture 

Decreased access to pasture and increased stabling time have been identified in 

multiple studies to be associated with increased risk of colic. Horses that spent all of 

their time stabled or experienced a recent decrease (within two weeks prior to hospital 

admission) in turnout in terms of pasture time or acreage were at significantly greater 

risk of colic (Hudson et al. 2001). Housing changes two weeks prior to hospital 

admission were also associated with increased colic risk (Cohen et al. 1999). A linear 

decrease in risk of recurrent colic with time spent on pasture was recently reported 

(Scantlebury et al. 2015). The latter study found that the risk of recurrence was almost 

halved if the horse had access to pasture 12 h/day compared with a horse that was 

always stabled.  

Stabling and turnout regimens were also associated with altered risk of some specific 

types of colic. Daily access to pasture or spending more than 12 h/day on pasture were 

associated with reduced risk of enterolithiasis (Cohen et al. 2000, Hassel et al. 2004, 

Hassel et al. 2008). An increase in number of hours spent in a stable during the four-

week period prior to hospital admission was identified as a significant risk factor for 

SCOD (Hillyer et al. 2002) and LCV (Suthers et al. 2013). Horses subjected to stable 

confinement or spending less time on pasture following a normal regimen of turnout 

have also been identified to be at significantly greater risk of EFE (Archer et al. 

2008b). Increased stabling can be a marker for other management changes including 

reduced access to pasture, reduction in exercise and increased amounts of forage 

feeding (Archer et al. 2008b). A recent study has also reported that stabling impacts 

on the normal digestive physiology of the horse in terms of reduced motility of the 

large intestine (Williams et al. 2011), which could explain the positive association 

between colic risk and time spent in a stable. 

1.2.2.5 Transportation and exercise 

There is a single report of an association between transportation and risk of SCOD 

(Hillyer et al. 2002). The study reported that a history of transport 24 h prior to hospital 

admission was strongly associated with increased likelihood of SCOD. This finding 

could be related to transport itself or due to other factors including water deprivation, 

physical confinement or a change of premises (Archer and Proudman 2006). The same 

study also reported that horses that experienced a change in their exercise routine, 
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particularly within a week prior to hospital admission were at significantly greater risk 

of SCOD. Cohen et al. (1999) reported that horses that were exercised once a week 

were at significantly greater risk of colic compared to horses at pasture with no ridden 

exercise. This finding was interpreted such that horses at pasture were from large farms 

with a low stocking density, had constant access to water ponds and spent more time 

on pasture.  

1.2.2.6 Dental prophylaxis 

Some studies that have examined risk factors for colic did not identify any association 

between the risk of colic and frequency of dental care or presence of a dental disease 

(Cohen et al. 1995b). However, horses that had their teeth checked fewer times per 

year were identified to be at increased risk of SCOD (Hillyer et al. 2002). Horses with 

a known dental problem (Scantlebury et al. 2011) or those that were seen to quid (drop 

feed) within 90 days prior to hospital admission (Suthers et al. 2013) were also at 

significantly greater risk of recurrent colic and of LCV, respectively. Dental disease 

was also associated with increased risk of impaction colic in donkeys (Cox et al. 2007).  

1.2.2.7 Owner/carer  

Horses that were cared for by their owners were identified with reduced risk of colic 

and of recurrent colic episodes compared with horses where the owner was not the 

primary carer (Reeves et al. 1996, Hillyer et al. 2001). The risk of EFE increased by 

six times if the owner/spouse/relative was not involved in the daily care of the horse 

(Archer et al. 2008a). An increased number of carers (≥3) was also associated with 

increased risk of LCV (Suthers et al. 2013) and of large colon impaction in donkeys 

(Cox et al. 2009). A reduced number of carers or an owner being the principal carer of 

the horse may ensure more consistent management with subsequent reduced colic risk.  

In summary, numerous risk factors have been identified to be associated with increased 

risk of colic. Alterable risk factors (those associated with management) can be used to 

inform colic prevention strategies, whereas non-alterable ones (those associated with 

demographics of the horse) can be used to identify individual horses at greater risk of 

colic so as to assist in diagnosis. Consistency in findings among studies that were 

conducted on different horse populations has been suggested to confirm true risk 

association or be used to infer causal relationships (Hill 1965). All studies reviewed in 

this introduction were conducted in the USA or Europe, and it is therefore important 
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to examine risk factors for colic in a different horse population. In this thesis, risk 

factors for colic in a working horse population based in Egypt was investigated 

(CHAPTER 2).  

Many studies reviewed in this introduction have suggested that changes in feeding 

practices or management might have been associated with disturbances of the caecal 

and colonic microbial communities with a subsequent increase in colic risk (Cohen et 

al. 1999, Hudson et al. 2001, Scantlebury et al. 2011, Suthers et al. 2013). Although 

recent studies that utilised culture-independent techniques have confirmed such effects 

on the horse gut microbiota (Daly et al. 2012, Fernandes et al. 2014, Harlow et al. 

2015, Schoster et al. 2015b), it is unknown whether stability over time is a primary 

feature of the horse gut microbial communities. This was one of the studies being 

performed as part of this thesis, utilising a longitudinal microbiome study (CHAPTER 

6).  
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1.3 Postoperative morbidity and mortality 

Although most colic episodes that occur in the general equine population resolve 

spontaneously or following medical treatment, approximately 8% of episodes will 

result in death of the animals unless surgical treatment is performed (Proudman 1992, 

Hillyer et al. 2001). Surgical management of colic started to become more 

commonplace in the 1970s. Since that time, knowledge of the pathophysiology and 

epidemiology of colic has improved significantly. Advancements in surgical 

techniques, anaesthetic management and postoperative care have improved morbidity 

and mortality rates (Mair and White 2005, Moore 2005). However, postoperative 

complications are common, have important welfare and economic consequences, and 

may impact on horses’ likelihood of survival or future athletic use (Proudman et al. 

2002a, Davis et al. 2013).  

Knowledge of risk factors associated with postoperative complications or non-survival 

following laparotomy is an important component of informed decision making about 

equine surgical colic patients. A number of studies have investigated risk factors for 

mortality and morbidity following colic surgery. The results from these studies can be 

used by clinicians and horse owners to assist decision-making when determining 

whether to perform surgery based on likelihood of survival and rates of postoperative 

complications. Furthermore, understanding of the pathobiology of these complications 

could result in development of interventions that can be used to prevent and/or treat 

these complications with subsequent improvement in postoperative survival rates. 

Human studies have shown that surgery can result in substantial changes in gut 

microbiota composition (Ohigashi et al. 2013). Patients shown to have a low level of 

gut microbiota diversity were more likely to develop postoperative infection or 

anastomotic rupture (Ralls et al. 2014). Furthermore, stabilising these microbial 

communities by perioperative probiotic treatment in humans has been associated with 

significantly reduced surgical site infection rate (Aisu et al. 2015). In this thesis 

changes in management of colic cases, particularly in the use of lidocaine, were 

assessed to determine whether rates of morbidity or mortality or risk factors for these 

had changed (CHAPTER 3 and CHAPTER 4). In CHAPTER 8 the effect of colic 

surgery on gut microbiota composition was also explored. 
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1.3.1 Postoperative complications 

1.3.1.1 Incisional complications 

Incisional complications vary from mild, self-limiting conditions to those that increase 

duration and costs of hospitalisation, prevent return to athletic function or which are 

life-threatening. These include oedema, dehiscence, drainage, infection and hernia 

formation. Surgical site infection (SSI)/drainage has been reported in 11–42% of 

horses following laparotomy (Phillips and Walmsley 1993, Mair and Smith 2005b, 

Colbath et al. 2013, Durward-Akhurst et al. 2013, Tnibar et al. 2013), which is greater 

than SSI rates reported following abdominal surgery in humans (13.3%) (Pessaux et 

al. 2003), dogs and cats (5.5%) (Mayhew et al. 2012) and cattle (12.8%) (Buczinski et 

al. 2012).  

The definition of, and variable use of, terms such as incisional infection/suppuration, 

drainage and SSI differ greatly between studies making it difficult to make accurate 

comparisons. Frequently incisional drainage has been defined by its physical 

characteristics (haemorrhagic, serous/serosanguinous or purulent) (Wilson et al. 1995, 

Coomer et al. 2007, Smith et al. 2007). Some studies have defined infection as only 

purulent discharge from the incision (Kobluk et al. 1989, Honnas and Cohen 1997, 

Mair and Smith 2005b), whereas others have defined this as any type of incisional 

drainage (Ingle-Fehr et al. 1997, Galuppo et al. 1999, Torfs et al. 2010, Freeman et al. 

2012, Tnibar et al. 2013) and irrespective of bacterial growth following swabbing of 

the surgical site. The definition of incisional oedema also varies between studies with 

some authors considering this to be a normal, physiological consequence of 

laparotomy rather than a surgical complication (Torfs et al. 2010). Incisional oedema 

is common in horses following laparotomy (Wilson et al. 1995) with one study 

reporting a prevalence of 74.1% (Smith et al. 2007). Incisional dehiscence has 

relatively low prevalence of 1–4% (Kobluk et al. 1989, Wilson et al. 1995, Smith et 

al. 2007) and may be limited to the skin and subcutaneous tissues (superficial) or 

include the linea alba (deep) resulting in potentially fatal visceral prolapse (Wilson et 

al. 1995). Incisional hernia formation has been reported in 6–17% of horses following 

laparotomy (Gibson et al. 1989, Kobluk et al. 1989, Wilson et al. 1995, Davis et al. 

2013) and was most commonly identified 2–12 weeks postoperatively (Gibson et al. 

1989, Cook et al. 1996). Failure of studies to extend the follow-up period beyond the 

time of hospitalisation is likely to underestimate the prevalence of incisional 



 

16 

complications, as a proportion of SSI (13–100%) can still develop following hospital 

discharge (Galuppo et al. 1999, Freeman et al. 2012).  

Different pre-, intra- and postoperative factors have been identified to alter the 

likelihood of incisional complications, and these vary between studies (Table 1-3). 

Preoperative antimicrobial prophylaxis is standard practice prior to horses undergoing 

laparotomy (Traub-Dargatz et al. 2002, Schaer et al. 2012b). However, some studies 

have demonstrated poor adherence to best practice in antimicrobial usage in terms of 

dosing and optimal timing before surgery (Freeman et al. 2012, Schaer et al. 2012b). 

Postoperatively, the type of antimicrobial administered has not been shown to be 

significantly associated with SSI (French et al. 2002). The duration of antimicrobial 

therapy following laparotomy is variable between studies and the optimal duration of 

therapy is also unknown. A recent study reported that the prevalence of SSI did not 

differ in horses that received antimicrobials for 72 h vs 120 h postoperatively 

(Durward-Akhurst et al. 2013). This finding is consistent with human studies in which 

extended duration of antimicrobial prophylaxis failed to decrease the occurrence of 

SSI after gastrectomy compared with single dose prophylaxis (Zhang et al. 2013). 

Clean contaminated surgeries have been associated with increased risk of SSI 

suggesting a potential role of intestinal bacteria in the establishment of incisional 

infection (Macdonald et al. 1989, Honnas and Cohen 1997). However, many studies 

have reported no relationship between SSI and whether enterotomy was performed or 

not (Gibson et al. 1989, Kobluk et al. 1989, Phillips and Walmsley 1993, Coomer et 

al. 2007, Torfs et al. 2009). In addition, bacterial cultures taken from peritoneal fluid, 

enterotomy or resection and anastomosis sites intraoperatively and from the linea alba 

after its closure failed to predict the occurrence of SSI (Ingle-Fehr et al. 1997, 

Rodriguez et al. 2009). One study reported poor intraoperative drape adherence, high 

surgery room contamination and isolation of bacteria from the surgical site after 

anaesthetic recovery as significant risk factors for SSI (Galuppo et al. 1999). These 

findings suggest that environmental contamination of the surgical site during and 

following anaesthetic recovery may play a major role in development of SSI, and that 

protection of the abdominal incision during recovery from anaesthesia and in the early 

postoperative period may be beneficial (Ingle-Fehr et al. 1997). A prospective, 

randomised controlled trial assessing the use of an abdominal bandage to protect the 
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surgical incision placed immediately after recovery from general anaesthesia resulted 

in 45% absolute risk reduction of incisional complications (Smith et al. 2007). 

Protection of the abdominal incision with a stent bandage during anaesthetic recovery 

followed by placement of an abdominal bandage following stent removal was reported 

to result in a significant reduction in the likelihood of SSI in a more recent study 

(Tnibar et al. 2013).  

There is no clear evidence about the optimal method for closing the abdominal incision 

and various suture materials, suture patterns and use of skin staples have been 

evaluated (Table 1-3). Three-layer closure (linea alba, subcutaneous tissue and skin) 

of the laparotomy incision was reported in one study to decrease the risk of incisional 

drainage during hospitalisation (Smith et al. 2007). In contrast, Coomer et al. (2007) 

reported no significant difference in incisional suppuration between two (linea alba 

and skin) vs three-layer (linea alba, subcutis and skin) incisional closure techniques. 

Recently, a modified two-layer closure technique was reported to decrease the risk of 

incisional drainage (Colbath et al. 2013). The timing and duration of follow-up may 

explain the differences between these studies as demonstrated by different risk factors 

identified by Smith et al. (2007) at different time points postoperatively (Table 1-3).  

Prolonged duration of general anaesthesia has been associated with greater risk of 

incisional complications (Wilson et al. 1995, Smith et al. 2007, Freeman et al. 2012) 

and a recent study also identified increased risk of SSI with intraoperative hypoxaemia 

(PaO2 <80mmHg) (Costa-Farre et al. 2014). Repeat laparotomy has been consistently 

identified to increase the risk of SSI with a reported prevalence of 44–84% (Kobluk et 

al. 1989, Freeman et al. 2000, Mair and Smith 2005b) and to increase the risk of 

incisional hernia formation 12 fold (Gibson et al. 1989). SSI/incisional drainage and 

severe oedema are factors consistently identified to increase the risk of incisional 

herniation (Gibson et al. 1989, Ingle-Fehr et al. 1997, French et al. 2002, Mair and 

Smith 2005c, Smith et al. 2007). The use of a commercial hernia belt was reported to 

reduce the incidence of incisional hernia formation in horses that developed other 

incisional complications (Klohnen et al. 2007). However, the study was retrospective 

in nature and did not have a comparison group, making it difficult to fully assess the 

efficacy of this intervention. 



 

18 

1.3.1.2 Postoperative pain/colic  

Postoperative pain/colic is a common complication following surgical management of 

colic, occurring in 11–35% of horses postoperatively (Proudman et al. 2002a, van der 

Linden et al. 2003, Mair and Smith 2005b, Mair and Smith 2005c). It is also the most 

common cause of postoperative death or euthanasia (Macdonald et al. 1989, Proudman 

et al. 2002a, Mair and Smith 2005a, Mezerova and Zert 2008, Munoz et al. 2008) and 

postoperative pain during hospitalisation has been significantly associated with 

reduced survival (Fogle et al. 2008, van Loon et al. 2014). The prevalence of 

postoperative colic varies depending on the location of the primary gastrointestinal 

lesion. Rates of up to 61% have been reported following small intestinal resection and 

anastomosis (Morton and Blikslager 2002, Semevolos et al. 2002) and 41% in horses 

that had strangulating large colon lesions (Driscoll et al. 2008).  

In many cases the definitive cause of postoperative pain/colic is unknown as episodes 

may resolve spontaneously or following medical therapy. In addition if euthanasia is 

performed on the basis of unrelenting pain/colic and a second surgery is not an option,  

it is not possible to be certain about the cause of colic recurrence unless post mortem 

examination is performed, which may be infrequent outside hospital facilities (Gorvy 

et al. 2008). Postoperative colic may occur due to recurrence of the initial 

gastrointestinal lesion, intestinal obstruction related to adhesions or anastomotic 

complications, or development of gastrointestinal lesions unrelated to the initial lesion 

(Mair and Smith 2005d). Postoperative pain may also be related to postoperative ileus 

(POI) and non-gastrointestinal causes including incisional infection and peritonitis 

(Graubner et al. 2011). Horses that undergo surgical correction of right dorsal 

displacement of the large colon have been shown to be more likely to develop 

postoperative colic (prevalence 41.9%) compared to other forms of large intestinal 

displacements including left dorsal displacement (8.3%) and non-strangulating 

volvulus (20.5%) (Smith and Mair 2010). Left dorsal displacement of the large colon 

was associated with a recurrence rate of 8.1–20% following surgical or non-surgical 

correction in two other studies (Hardy et al. 2000, Rocken et al. 2005). Postoperative 

colic was also 3 times more likely to occur in horses that underwent correction of 

strangulating large colon volvulus compared with other surgical lesions (French et al. 

2002). The type of surgical procedure performed has also been shown to alter the 

likelihood of postoperative colic. Horses in which a side-to-side jejunocaecostomy was 
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performed were reported to be at increased risk of developing colic postoperatively 

compared to those horses where an end-to-end jejunojejunostomy was performed 

(Proudman et al. 2007).  

1.3.1.3 Postoperative ileus (POI) and postoperative reflux (POR)  

POI has been demonstrated by multiple studies to have a negative effect on survival 

(Morton and Blikslager 2002, Mair and Smith 2005b, Torfs et al. 2009, Archer et al. 

2011), to increase the likelihood of repeat laparotomy (French et al. 2002), 

development of laminitis and incisional drainage, and to significantly increase 

treatment costs (Cohen et al. 2004). The reported prevalence of POI varies from 6.3–

53% and was a reason for euthanasia or death of 9–43% of horses that had undergone 

surgical management of colic in these populations (Hunt et al. 1986, Macdonald et al. 

1989, Blikslager et al. 1994, Roussel et al. 2001, Proudman et al. 2002a, Rendle et al. 

2005, Torfs et al. 2009, Archer et al. 2011). The criteria used to define POI differ 

among studies making it difficult to make accurate comparisons between some studies 

(Error! Reference source not found.).  

More recent studies have used an alternative term ‘postoperative reflux’ (POR), 

defined as >2 l of reflux after nasogastric tube passage at any time during the 

postoperative period (Stewart et al. 2014, Gazzerro et al. 2015). The latter studies 

argued that without undertaking repeat laparotomy, in the majority of cases of horses 

with POR it is impossible to identify definitively the underlying pathophysiology 

resulting in nasogastric reflux. Whilst there is some variation in findings between 

studies, elevated heart rate and packed cell volume (PCV) on admission, small 

intestinal lesions, evidence of intestinal ischemia and intestinal resection and 

anastomosis are factors that have consistently been identified to increase the likelihood 

of POI developing postoperatively (Error! Reference source not found.).  

1.3.1.4 Intra-abdominal adhesions 

Intra-abdominal adhesion formation that was considered to be clinically significant 

has been reported in 9–27% of horses undergoing repeat laparotomy or post-mortem 

examination following gastrointestinal surgery (Parker et al. 1989, Gerhards 1990, 

Gorvy et al. 2008). Given that adhesions may not result in clinical signs of pain or 

gastrointestinal obstruction and a definitive diagnosis is only possible at repeat surgical 

exploration of the abdomen or necropsy, the prevalence of postoperative adhesions is 
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likely to be underestimated following surgical management of colic (Gorvy et al. 

2008). Confirmed formation of adhesions was reported in 6–22% of horses following 

small intestinal surgery (Baxter et al. 1989, Phillips and Walmsley 1993, Freeman et 

al. 2000), in 8–17% in foals and young horses (< 2 years old) following laparotomy 

for any reason (Vatistas et al. 1996, Cable et al. 1997, Singer and Livesey 1997, 

Santschi et al. 2000) and in 32% of horses undergoing repeat laparotomy (Gorvy et al. 

2008). Comparison of prevalence estimates reported between studies is difficult due 

to differences in study design. For example, in the study by Gorvy et al. (2008) only 

horses that underwent repeat laparotomy were included, whilst in the other studies the 

primary surgical colic patient cohorts were used.  

Factors that have been identified to increase the risk of adhesion formation include 

small intestinal surgery (Parker et al. 1989, Phillips and Walmsley 1993, Kuebelbeck 

et al. 1998) and performing intestinal resection and anastomosis (Phillips and 

Walmsley 1993, Mair and Smith 2005c). One study of 99 horses that underwent repeat 

laparotomy demonstrated that adhesions develop irrespective of the site of the primary 

lesion (Gorvy et al. 2008). This and other studies concluded that resection and type of 

anastomosis were not associated with increased likelihood of intra-abdominal 

adhesion formation (Baxter et al. 1989, Kuebelbeck et al. 1998, Gorvy et al. 2008). 

Clinicopathological parameters measured on hospital admission have been shown to 

have no effect on likelihood of development of intra-abdominal adhesions after 

surgery for management of colic. This would suggest that adhesion formation is more 

likely to be related to surgical trauma rather than a systemic inflammatory response 

syndrome (SIRS)/hypercoagulable systemic state (Baxter et al. 1989, Gorvy et al. 

2008). 

1.3.1.5 Postoperative diarrhoea 

Postoperative diarrhoea increases costs of treatment, reduces survival and 

postoperative performance, and increases the risk of nosocomial infection developing 

in other horses within the hospital environment (Schaer et al. 2012a, Davis et al. 2013). 

Its prevalence varies widely depending on the location and pathology of the primary 

gastrointestinal lesion and on the geographical location of horses. Diarrhoea is usually 

defined as passage of unformed faeces for more than 24 h (Mair and Smith 2005b, 

Ellis et al. 2008) or on two or more consecutive occasions (Pierce et al. 2010) 
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following surgical treatment of colic. However, in many studies case definition is 

poorly described. 

Horses diagnosed with large intestinal lesions were significantly more likely to 

develop diarrhoea postoperatively compared with other intestinal lesions (Cohen and 

Honnas 1996). Diarrhoea has been reported to be a frequent complication following 

surgical correction of strangulating large colon volvulus (28–45%) (Driscoll et al. 

2008, Ellis et al. 2008), treatment of sand impaction of the large colon (46%) (Granot 

et al. 2008), and following removal of large colon enteroliths (20%) (Pierce et al. 

2010). Horses treated surgically for small colon diseases were shown in one study to 

be 17 times more likely to develop diarrhoea postoperatively compared with other 

surgical lesions (de Bont et al. 2013), with prevalence ranging from 11–70% 

(Frederico et al. 2006, Prange et al. 2010, de Bont et al. 2013). This complication was 

not as frequent following small intestinal resection and anastomosis with a reported 

prevalence of 2.7–25% (Freeman et al. 2000, Morton and Blikslager 2002). The 

prevalence of postoperative diarrhoea would also appear to be higher in some studies 

based in the USA (varying from 1.3–53.2%) (Blikslager et al. 1994, Cohen and 

Honnas 1996, Parraga et al. 1997, Cohen et al. 2004, Davis et al. 2013) compared with 

the UK (3.2–3.8%) (Proudman et al. 2002a, Mair and Smith 2005b). This is interesting 

and could potentially reflect differences in gastrointestinal microbial ecosystems and 

environmental conditions (e.g. temperature, humidity) that vary geographically.  

Despite the high prevalence of diarrhoea following surgical treatment of colic, it is 

usually self-limiting (Ellis et al. 2008, Prange et al. 2010). Infectious agents such as 

Salmonella and Clostridium spp. are seldom isolated from affected horses (Parraga et 

al. 1997, Prange et al. 2010). Studies that have conducted active surveillance for faecal 

shedding of Salmonella in horses admitted with clinical signs of gastrointestinal 

disorders demonstrated that Salmonella organisms were isolated from faeces of a large 

proportion (43–74%) of horses that did not develop clinical salmonellosis 

postoperatively (Parraga et al. 1997, Ekiri et al. 2009, Schaer et al. 2012a). Molecular 

studies of the horse hind gut microbiota provide evidence to suggest that colitis arises 

as a result of imbalance among different microbial species in the gut (dysbiosis) rather 

than a disease caused by a single bacterial species (Costa et al. 2012). Development of 

diarrhoea in colic patients postoperatively is likely to be due to a combination of 
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factors including the nature of the primary gastrointestinal lesion and concurrent 

changes in gut motility, surgical manipulation of the gastrointestinal tract and 

administration of antimicrobials that may disrupt the normal microbial ecosystem 

(Hird et al. 1986, Ernst et al. 2004, Schaer et al. 2012a). Characterisation of the 

hindgut microbial communities using non-culture dependent techniques in normal 

horses and those that have undergone surgical management of colic would assist in 

determining whether there is evidence for the use of interventions such as 

administration of probiotics or certain feeds to manipulate these ecosystems, enabling 

these to return quickly to a potentially ‘normal’ pre–surgical state’. 

1.3.1.6 Systemic inflammatory response syndrome, endotoxaemia and related 

complications 

SIRS and presence of bacterial endotoxins in the circulation (endotoxaemia) are 

common in horses that present with colic. SIRS was evident in 28% of horses in a 

study by Epstein et al. (2011), of which 37% had lesions requiring surgical 

intervention. Plasma endotoxins was also detected in 29% of horses presented with 

colic (Senior et al. 2011). Markers of endotoxaemia/SIRS including tachycardia, 

elevated PCV and altered mucous membrane colour have consistently been shown to 

be one of the most reliable determinants of postoperative morbidity and mortality in 

many studies reported in this review. 

Endotoxaemia has been identified to increase the likelihood of thrombophlebitis 

(Lankveld et al. 2001, French et al. 2002, Dolente et al. 2005) and laminitis (Parsons 

et al. 2007). The prevalence of thrombophlebitis in postoperative colic patients varies 

from 1.3–18% (Blikslager et al. 1994, Lankveld et al. 2001, Morton and Blikslager 

2002, Proudman et al. 2002a, Garcia-Seco et al. 2005, Mair and Smith 2005b, Ellis et 

al. 2008, Freeman et al. 2012, Schaer et al. 2012b, Naylor et al. 2014). Risk factors 

for catheter-associated thrombophlebitis identified in one study were endotoxaemia, 

salmonellosis, low systemic total protein and the location in which the horses were 

hospitalised (Dolente et al. 2005). Other studies identified tachycardia and elevated 

PCV on admission (French et al. 2002), prolonged duration of catheterisation, 

postoperative diarrhoea (Lankveld et al. 2001), colic and endotoxemic shock (SIRS) 

postoperatively (French et al. 2002, Dolente et al. 2005, Mair and Smith 2005b) to 

increase the risk of this complication. These findings are consistent with horses that 
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are likely to be in a hypercoagulable state, explaining the greater propensity of horses 

that have undergone surgical management of colic to develop catheter associated 

complications compared to other groups of horses (Monreal et al. 2000). The 

frequency of postoperative laminitis following surgical management of colic also 

varies between studies, with reported prevalence of 0.4–12% (Phillips and Walmsley 

1993, Morton and Blikslager 2002, Proudman et al. 2002a, Mair and Smith 2005b).  

1.3.1.7 Other postoperative complications  

The prevalence of other complications that may occur following surgical management 

of colic is generally low. These include septic peritonitis (Blikslager et al. 1994, 

Morton and Blikslager 2002, Semevolos et al. 2002, Mair and Smith 2005b, Naylor et 

al. 2014), haemoperitoneum (Stewart et al. 2014), intraluminal haemorrhage (Doyle 

et al. 2003), myopathies, gastric rupture (Stewart et al. 2014), cardiac arrhythmias and 

derangements in electrolytes (Morgan et al. 2011), clotting disorders and disseminated 

intravascular coagulation, pre- and post-renal azotaemia and renal failure (Blikslager 

et al. 1994, Morton and Blikslager 2002).  

1.3.2 Postoperative survival 

1.3.2.1 Signalment 

Among all signalment details including breed, sex, age, weight, height and pregnancy 

status, only age has been previously reported to be associated with poor postoperative 

survival following colic surgery. Geriatric horses, aged 20 years or more (mean 23.4 

years), were reported to have a reduced short-term survival rate (survival to hospital 

discharge) compared with nongeriatric horses (< 20 years old, mean 8.2 years) (Krista 

and Kuebelbeck 2009). Horses aged ≥16 years that were treated surgically or 

medically for colic were also reported to be at significantly greater risk of short-term 

mortality (Southwood et al. 2010). Multivariable survival analysis of data collected 

over a long period of follow-up has also shown a significant association between 

increasing age and reduced postoperative survival rate in a population of 637 equine 

surgical colic patients (Proudman et al. 2006) and following surgical treatment of large 

(Proudman et al. 2005a) and small intestinal lesions (Macdonald et al. 1989). By 

contrast, a number of studies have reported either a non-significant decrease in survival 

with increasing age (Proudman et al. 2002b, Proudman et al. 2005b) or no relation 

between age and postoperative survival rate (Phillips and Walmsley 1993, Freeman et 
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al. 2000, Stephen et al. 2004a, Mair and Smith 2005a). It may be apparent that the 

relationship between age and postoperative survival is complex and varies based on 

the hospital referral population or the study sample size.  

1.3.2.2 Cardiovascular parameters  

Cardiovascular parameters measured on admission remain the most consistently 

identified factors for predicting survival following laparotomy. Increased packed cell 

volume (PCV) and heart rate (HR), and reduced levels of total plasma protein (TPP) 

were significantly associated with reduced postoperative survival in some studies 

(Morton and Blikslager 2002, Proudman et al. 2005b) (Table 1-5). HR on admission 

and at 24 h postoperatively and PCV measured 24 h postoperatively were significantly 

associated with short-term survival following correction of large colon volvulus 

(LCV) (Levi et al. 2012). Similarly, HR, respiratory rate (RR) and PCV on admission; 

and intraoperative TPP were identified as risk factors for survival to hospital discharge 

following surgical correction of strangulating LCV (≥ 360o) in 156 horses (Kelleher et 

al. 2013).  

Plasma lactate measured on admission has also been reported in multiple studies to be 

associated with altered survival following surgery (Schulman et al. 2001, Johnston et 

al. 2007, Tennent-Brown et al. 2010, Borchers et al. 2012, Levi et al. 2012, Radcliffe 

et al. 2012, Kelleher et al. 2013). Higher plasma lactate levels arise when production 

rates exceed the rate of excretion. This occurs frequently in colic patients especially 

those with strangulating lesions. These patients are mostly endotoxemic, hypovolemic 

and in a state of hypoperfusion resulting in a switch from aerobic to anaerobic 

fermentation of glucose with production of large quantities of lactic acid. The capacity 

of kidneys to excrete lactic acid is compromised due to hypoperfusion, and the ability 

of liver to recycle lactic acid is reduced since it is overwhelmed with circulating 

endotoxins (Tennent-Brown 2012). 

1.3.2.3 Peritoneal fluid parameters 

Paracentesis (abdominocentesis) is an important part of the routine clinical 

examination of equine surgical colic patients. It provides information about the clinical 

status of the patients and can assist in predicting postoperative survival rates (Furr et 

al. 1995, Freden et al. 1998, van der Linden et al. 2003). Samples retrieved on 

paracentesis are usually examined for physical appearance (colour and turbidity), total 
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protein and lactate content, cytology and leucocyte count. The levels of peritoneal fluid 

lactate (PFL) measured on admission have been shown to discriminate between horses 

with or without a strangulating intestinal lesion (Latson et al. 2005, Yamout et al. 

2011, Peloso and Cohen 2012). Furthermore, PFL was reported as a reliable prognostic 

marker for future survival (Boom et al. 2010) with a greater sensitivity than blood 

plasma lactate (Latson et al. 2005, Delesalle et al. 2007). Postoperatively, the 

reliability of peritoneal fluid indices as diagnostic features decrease due to changes in 

peritoneal fluid following laparotomy. Peritoneal fluid samples collected from horses 

following laparotomy were found to be red in colour, cloudy or had a sediment of 

leukocytes following centrifugation in 96%, 90% and 90% of samples collected, 

respectively (Sapper and Gerhards 2005). Leucocyte counts increased markedly for up 

to seven days subsequent to castration (Schumacher et al. 1988) and following 

laparotomy in an experimental study (Santschi et al. 1988). 

1.3.2.4 Lesion-specific survival rates and risk factors 

1.3.2.4.1 Small intestinal diseases 

Short-term survival following small intestinal surgery in relatively recent reports 

ranged from 73–85% (Freeman et al. 2000, van den Boom and van der Velden 2001). 

Of horses recovered following general anaesthesia for surgical treatment of 

pedunculated lipoma obstruction (PLO), 76.1–84% were discharged home from the 

hospital (Freeman and Schaeffer 2005, Garcia-Seco et al. 2005), whereas 91% of 

horses that had laparotomy for treatment of ileal impaction survived to one year 

following hospital discharge (Fleming and Mueller 2011). In a multicentre 

international study, of 126 horses that had a laparotomy for treatment of epiploic 

foramen entrapment (EFE), 78%, 50.6% and 34.3% survived to hospital discharge, to 

one year and to two years, respectively (Archer et al. 2011). 

Cox proportional hazard analysis of variables that may be associated with 

postoperative survival following small intestinal surgery revealed significant 

associations between PCV on admission, duration of surgery, repeat laparotomy and 

poor postoperative survival, whereas TPP was inversely and significantly associated 

with postoperative survival  (Proudman et al. 2005b). High PCV and low TTP levels 

may indicate an endotoxaemic state of the patient with reduced intravascular volume 

and protein loss through the capillary bed and the compromised intestinal wall 
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(Proudman et al. 2005b). EFE of the small intestine has been reported to be associated 

with poor long-term postoperative survival compared with other surgical lesions in 

general, and other small intestinal lesions (Proudman et al. 2002b, Proudman et al. 

2002a, Proudman et al. 2005b). The authors of the latter studies proposed that reduced 

postoperative survival in horses diagnosed with EFE may be due to prolonged duration 

of surgery and reduced levels of TPP, which may indicate a state of severe 

endotoxaemia in these horses. Contrary to the latter findings, Freeman and Schaeffer 

(2005) reported that horses diagnosed with EFE at surgery had significantly better 

survival to hospital discharge compared with PLO cases. However, a direct 

comparison between these studies is not possible due to differences in study 

populations and design, follow-up periods and statistical methods used.  

1.3.2.4.2 Large intestinal lesions 

Large colon volvulus: In an early report of 122 horses diagnosed with varying degrees 

of LCV (180o – >360º) at surgery or at post mortem examination, only 34.7% of this 

population survived to hospital discharge (Harrison 1988). In the latter study, non-

survivors showed significantly higher levels of HR, RR, PCV and capillary refill time 

(CRT) on admission compared with patients that were discharged from hospital. An 

interesting finding was that 11 of 15 horses that had normal peritoneal fluid samples 

on admission were euthanased at surgery due to irreversible large colon infarctions, 

suggesting that peritoneal fluid analysis may not be a reliable determinant of the need 

for surgery in horses suffering from LCV. A recent report of the surgical outcome of 

large colon resection and anastomosis in 52 horses showed 57.7% survival to hospital 

discharge and 50% survival for more than one year (Driscoll et al. 2008). Surgical 

correction of LCV (≥ 360º) in 116 horses resulted in 70.8% short-term survival to 

discharge from the hospital while 48.3% and 33.7% of the horses survived to one and 

to two years postoperatively. The median survival time of this population was 88 days 

for all horses recruited onto the study and 365 days for horses that recovered following 

surgery (Suthers et al. 2012). A more recent retrospective study which examined short-

term survival following surgical correction of strangulating LCV (≥360º ) in 

broodmares aged 2 years or more over a 25-year period reported 88% overall survival 

to hospital discharge (Hackett et al. 2014). Risk factors that were reported to be 

associated with reduced survival rate in the Hackett et al. (2014) study included 

increased duration of colic prior to surgery, elevated PCV on admission, tachycardia 
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48 h postoperatively, increased duration of surgery, and shorter hospitalisation period 

(Table 1-5). 

A scoring system that was developed based on histopathological examination of 

intraoperative colonic tissue specimens collected during surgical correction of LCV 

has been reported to be a reliable marker for postoperative survival with a sensitivity 

and a specificity of 92.9% and 95%, respectively (van Hoogmoed et al. 2000). 

However, recently, this has been called into question in a study by Levi et al. (2012), 

who reported that cardiovascular parameters (HR and PCV) measured on admission 

were more reliable than tissue viability scoring to predict survival following surgical 

correction of LCV. A more recent study reported that a haemorrhage score calculated 

from a histomorphometric examination of colonic biopsies was significantly 

associated with survival to hospital discharge, but with a positive predictive value of 

only 54% (Gonzalez et al. 2015). Limitations to use of colonic tissue to predict future 

survival may include sample processing artefacts and failure to sample the lesion if the 

lesion is discrete or mildly diffuse. The samples only reflect single point changes (time 

of sample collection) and severe changes such as reperfusion injury and endotoxemia 

due to endotoxins absorption through the compromised gut wall can still occur during 

the early postoperative period (van Hoogmoed et al. 2000). Colonic luminal pressure 

was also used to differentiate between survivors and non-survivors following surgical 

correction of strangulating LCV but with a limited usability and reliability (Moore et 

al. 1996, Mathis et al. 2006).  

Sand colic and caecal impaction: Surgical treatment of sand colic in horses has a 

reported short-term survival of 77.5% and long-term survival to one year of 60% 

(Ragle et al. 1989). A recent retrospective case series of 41 horses that had surgery for 

sand colic reported that 4 horses died at surgery, 34 horses were discharged from the 

hospital, and long-term follow-up was available for 28 horses, all of them had a long-

term survival of more than 12 months (Granot et al. 2008). Regarding the surgical 

outcome of horses diagnosed with caecal impaction, of 20 horses that underwent 

caecal bypass or typhlotomy, 13 horses survived to hospital discharge, and 11 horses 

survived to one year postoperatively (Smith et al. 2010). 

Small colon diseases: PLO was the main cause of resection and anastomosis of the 

small colon in a multicentre case series (Prange et al. 2010). The study included 43 
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horses, of which, 36 (84%) were discharged from the hospital. Follow-up information 

was available for 30 horses, where 28 of them survived for ≥6 months. A retrospective 

long-term (over a ten-year period) case-control study of horses diagnosed with a small 

colon lesion at surgery reported 20.2% euthanasia at surgery, mostly due to inability 

to exteriorize healthy intestine to carry out intestinal resection and anastomosis (de 

Bont et al. 2013). Of the 67 horses that recovered from surgery in the latter study, 81% 

and 73.5% survived to one and to two years respectively with a median survival time 

of 4.5 years. In the latter study, horses that had their small colon resected were more 

likely to die postoperatively compared with those diagnosed with a simple obstruction. 

1.3.2.5 Surgical procedures 

A recent study that investigated short- and long-term survival following surgery for 

treatment of strangulating small intestinal lesions managed without resection reported 

100% survival to hospital discharge (Freeman et al. 2014). Horses that underwent 

small intestinal resection followed by end-to-end anastomosis using two different 

suturing techniques of a single layer of Lembert sutures or double layer of simple 

continuous and Cushing suture patterns did not show any variation in survival to 

discharge from hospital or to 6 months following hospital discharge between groups 

(Close et al. 2014). Jejunoileosotomy, as opposed to jejunojejunostomy, was not 

associated with any increased risk of postoperative death in the latter and in other 

studies (Rendle et al. 2005, Close et al. 2014, Stewart et al. 2014). In contrast, side-

to-side jejunocaecal anastomosis has been reported in many studies to be associated 

with a reduced survival rate compared with other anastomosis techniques (Freeman et 

al. 2000, van den Boom and van der Velden 2001, Garcia-Seco et al. 2005, Proudman 

et al. 2007). Side-to-side jejunocaecal anastomosis was also reported to result in an 

increased need to perform a repeat laparotomy (18% vs 11%), increased prevalence of 

POI (26% vs 19%) and postoperative colic (38.7% vs 27.7%, HR 1.95) compared with 

jejunojejunostomy (Proudman et al. 2007). However, as highlighted by Proudman et 

al. (2007), the choice of an anastomosis technique is rarely a surgeon’s choice and the 

treatment method used is contingent upon the lesion identified at surgery.   
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1.4 The horse gut microbiota 

The horse is a non-ruminant herbivore and digestion of plant fibres is based on 

anaerobic microbial fermentation in the caecum and large colon. Volatile fatty acids 

are the main end products of these fermentation processes, supplying 75–80% of the 

absorbed energy from poor quality hay and 20–30% of the total energy requirements 

of the horse (Bergman 1990, Vermorel and Martin-Rosset 1997). Other primary 

functions of the equine hindgut are the ability to store and absorb large amounts of 

fluid, a volume approximately equal to the horse’s total extracellular fluid volume, 

active absorption of minerals such as sodium, chloride, potassium and phosphate as 

well as synthesis of B vitamins (Hintz et al. 1978). The substrates for microbial 

fermentation in the equine hindgut comprise of nutrients that escape enzymatic 

digestion by the stomach and small intestine, which include 15% of starch intake, 5–

10% of ether extract, 20–70% of protein and 85–95% of structural carbohydrates 

(Vermorel and Martin-Rosset 1997). 

In addition to the crucial role of hindgut microbial communities (microbiota) in the 

normal digestive physiology of the horse, there is growing evidence to support the role 

of gut microbiota in the development of many diseases in humans and animals. In 

humans, reduced bacterial biodiversity and phylum-level differences have been 

associated with obesity (Turnbaugh et al. 2009, Elli et al. 2010), colic in infants (de 

Weerth et al. 2013) and inflammatory bowel disease (Parekh et al. 2015). Alteration 

of the horse hindgut microbiota in response to excessive non-structural carbohydrate 

intake has been associated with development of laminitis and simple colonic 

obstruction and distention colic (Milinovich et al. 2007, Milinovich et al. 2008, Daly 

et al. 2012). It has been proposed that feeding large quantities of concentrates results 

in a greater proportion of water soluble carbohydrates (non-structural) escape 

enzymatic digestion in the stomach and small intestine and become available for 

microbial fermentation in the hindgut. Rapid fermentation in the hindgut then results 

in a rapid build-up of lactic acid and lowering of the pH of the caecal and colonic 

contents, culminating in perturbation of the gut microbiota and intestinal dysfunction 

(Clarke et al. 1990, Medina et al. 2002, Daly et al. 2012). Horses diagnosed with colitis 

or postpartum colic have also been reported to have a gut microbiota composition that 

is different from that of healthy horses (Costa et al. 2012, Weese et al. 2015). 
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Increasing evidence of the importance of the gut microbiome (a term that refers to the 

collective genomic content of the gut microbial community) concurrent with 

technologic advances in terms of next-generation DNA sequencing (NGS), have 

placed microbiota research at the forefront of biology (Petrosino et al. 2009). A large 

amount of research has been conducted in this area in humans, and to some extent, in 

some animal species such as cattle, pigs and dogs. However, at present, there are 

limited studies investigating equine intestinal microbiota.  

1.4.1 Methods used for studying gut microbiota 

1.4.1.1 Culture-based methods 

Methods used for studying gut microbiota can be classified into two broad categories; 

culture-based methods and molecular techniques. Culture-based methods involve 

isolation and culture of bacteria on selective and non-selective media followed by 

identification based on phenotypic and biochemical characteristics (Morgan and 

Huttenhower 2012). The method is relatively inexpensive, widely available and  

provides a good indication of ecosystem complexity (Furrie 2006). However, a major 

limitation is that majority of bacterial communities cannot be easily cultured. Studies 

have shown that only 1% of  bacteria enumerated by direct microscopic count from an 

aquatic habitat can be counted by plating procedures (Staley and Konopka 1985). In 

addition, only 10% of bacteria identified by direct microscopic count from the small 

intestinal contents and 30% from the contents of the caecum and large colon of the 

horse could be cultured (Mackie and Wilkins 1988). Human microbiome studies have 

also shown that 60–70% of human gut bacteria do not have cultured representatives in 

the existing databases (Hayashi et al. 2002b, Hayashi et al. 2002a).  

1.4.1.2 Molecular techniques 

Molecular techniques used for studying microbial communities are dependent on the 

bacterial 16S ribosomal ribonucleic acid (rRNA) gene. This gene has a homologous 

function and a universal location in all microorganisms. It contains conserved regions, 

interspersed with nine variable regions (V1 – V9), which allow phylogenetic 

identification of different bacterial groups. Universal primers that target the conserved 

regions can then be used to amplify the 16S rRNA genes from nearly all 

microorganisms in a community of interest (Olsen et al. 1986, De Rijk et al. 1992, von 

Wintzingerode et al. 1997, Blaut et al. 2002). The 16S rRNA-based studies of 



 

31 

microbial communities involve either direct identification of the microbial 16S rRNA 

genes in samples using techniques such as fluorescence in situ hybridisation (FISH) 

and dot-blot hybridisation, or creation of 16S rRNA gene amplicons using polymerase 

chain reaction (PCR) followed by phylogenetic identification through direct 

sequencing (e.g. next-generation sequencing), DNA microarray techniques, 

production of clone libraries or use of molecular fingerprinting techniques (e.g. 

denaturing & temperature gradient gel electrophoresis and terminal restriction 

fragment length polymorphism) (Fraher et al. 2012).   

Possible limitations of the PCR-based molecular techniques include DNA extraction 

bias; it has been shown that different extraction methods have resulted in extraction of 

different quantities of DNA and variations in phylotype abundance and composition 

of microbial communities (Martin-Laurent et al. 2001, Feinstein et al. 2009, Cabrol et 

al. 2010, Davis et al. 2012). The presence of inhibitory substances in samples can also 

be a major issue that may result in amplification failure of the isolated DNA (Bar et 

al. 2012). However, DNA isolation techniques usually integrate with an inhibitor 

removal step. In addition, the use of certain substances such as bovine serum albumin 

(BSA) and T4 gene 32 protein (gp32) (Kreader 1996) or further dilution of the 

extracted DNA (Nechvatal et al. 2008) can protect against PCR inhibition.  

Other limitations associated with the DNA amplification process itself include 

differential/preferential PCR amplification of certain fragments of the DNA, formation 

of PCR artefacts (chimeric molecules, deletion mutants, and point mutants), DNA 

contamination (causing false positive results) and 16S rRNA sequence variation due 

to differences in the number of rRNA gene regions (ribosomal RNA operon) (von 

Wintzingerode et al. 1997, Polz and Cavanaugh 1998). Furthermore, universal primers 

that should target rRNA genes of all archaeal and bacterial groups in the community 

have been shown to result in variable coverage rates (Wang and Qian 2009) with a 

non-coverage rate of more than 10% reported for some primer sets (Mao et al. 2012).  

1.4.2 Composition of the horse gut microbita 

1.4.2.1 Culture-based studies of the horse gut microbiota  

A number of studies have used culture-based methods to study the microbial 

communities of the horse hindgut. The effect of feeding a diet of silage with a high 
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crude protein content after an adaptation period of feeding a diet of low crude protein 

content silage on the colonic and caecal microbial populations has been investigated  

(Muhonen et al. 2008). The latter study reported alterations in microbial count during 

the first 24 h and in the longer-term, at 14 and 22 days following the dietary change. 

In another study, abrupt dietary change from hay to haylage or silage did not result in 

significant changes in colonic microbial count or volatile fatty acid production 

(Muhonen et al. 2009). However, in a third study, dietary transition from pasture 

grazing to concentrate feeding with stable confinement resulted in a significant 

increase in the count of Streptococcus spp. and Lactobacillus spp. microbial 

populations in horse faeces (van den Berg et al. 2013).  

The use of prebiotics, such as short-chain fructooligosaccharides (Respondek et al. 

2008) and probiotics in the form of Saccharomyces cerevisiae (Medina et al. 2002, 

Jouany et al. 2009) to stabilise the hindgut microbial populations in response to 

concentrate feeding has also been investigated. These studies showed some reduction 

in lactate utilising bacteria, Streptococcus spp., and Lactobacillus spp. counts 

compared with horses that did not receive pre- or probiotics before the dietary 

transition. A significant increase in lactate utilising bacteria and a reduction in 

Streptococcus spp. counts in the caecum during concentrate overload laminitis models 

have also been reported (Garner et al. 1978, Milinovich et al. 2006). Garrett et al. 

(2002) compared the faecal microbial communities of healthy horses with those 

suffering from acute or chronic equine grass sickness and reported a significant 

increase in the counts of aerobic and anaerobic bacterial populations in equine grass 

sickness patients.  

The influence of antimicrobial administration on the horse hindgut microbiota has also 

been studied using culture-based methodologies. Analysis of faecal samples that were 

collected prior to administration of trimethoprim-sulfadiazine antimicrobial treatment 

and then daily following antimicrobial treatment showed a 10-fold reduction in the 

colony forming unit count of coliform bacteria during treatment (Gustafsson et al. 

1999). Oral treatment with oxytetracycline has also been reported to result in increased 

counts of coliforms, Bacteroides, and Streptococcus spp., and disappearance of 

Veillonella spp., with isolation of large numbers of Clostridium perfringens type A 

(White and Prior 1982).  
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1.4.2.2 Molecular-based studies of the horse gut microbiota  

A variety of molecular techniques have been used to characterise the horse gut 

microbiota. One study that investigated the composition and diversity of the horse gut 

microbiota using 16S rRNA clone libraries constructed from DNA samples that were 

extracted from large intestinal wall tissue and luminal contents generated only 276 

sequences, which were annotated to 168 operational taxonomic units (OTU) (Daly et 

al. 2001). The majority of recovered sequences (92%) were assigned to two major 

phyla: Low % G+C Gram-positive bacteria (Firmicutes; 72%) and Cytophaga-

Flexibacter-Bacteroides assemblage (20%). The remaining 8% of sequences were 

classified into Spirochaetaceae (3%), Verrucomicrobiales (3%), high % G+C Gram-

positive bacteria (<1%) and Proteobacteria (<1%). The use of 16S rRNA clone 

libraries may, however, be limited by the inability to characterise complex microbial 

communities. Additionally, it is an expensive and time-consuming technique 

(Macfarlane and Macfarlane 2004).  

Oligonucleotide probe hybridisation: is another technique used to characterise the 

horse gut microbiota. This technique involves the use of radioactive-labelled universal 

or group-specific probes which are incubated with the isolated DNA after being 

denatured and bound to positively charged nylon membranes. The membranes are then 

washed several times to remove the unbound probes and are exposed to X-rays for 

visualisation and quantification (Bergmans and Gaastra 1988). Although the technique 

may have the advantage of avoiding PCR amplification bias, novel bacterial groups 

cannot be identified. Daly and Shirazi-Beechey (2003) have designed and validated 

the use of 9 oligonucleotide hybridisation probes to characterise the colonic microbiota 

of normal horses. The average coverage of all of the probes used in the study was 

reported to be 76.4 ± 9.9%. The relative abundance of the main bacterial groups 

identified were as follows: Eubacterium rectale-Clostridium coccoides group (13.6 ± 

8.9%), Spirochaetaceae (15.6±2.9%), Cytophaga-Flexibacter-Bacteroides 

assemblage (14.5 ± 2.5%), unknown cluster C of the Clostridiaceae (13.1 ± 0.8 %), 

Bacillus-Lactobacillus-Streptococcus group (5.6 ± 1.5%) and Fibrobacter (3.4 ± 

3.3%). Oligonucleotide probe hybridisation has also been used to compare the colonic 

microbiota composition of forage-fed horses and those maintained on concentrate 

feeding that did or did not develop SCOD (Daly et al. 2012). The major differences in 

microbial composition between forage-fed horses and those that developed SCOD 
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colic were reported for the relative abundance of Lachnospiraceae (9.6% in grass-fed 

horses vs 27.6% in horses diagnosed with SCOD), Bacteroids (13.5% in grass-fed vs 

27.7% in horses with SCOD), Bacillus, Lactobacillus and Streptococcus (3.9% grass-

fed vs 9.2% SCOD), Fibrobacter (2.7% grass-fed vs 0.5% SCOD), Ruminococcaceae 

(1.4% grass-fed vs 0.2% SCOD) and Veillonellaceae (1.2% grass-fed vs 1.3 SCOD). 

Failure of members of the Veillonellaceae family to proliferate in response to 

concentrate feeding was considered a contributing factor to the development of SCOD, 

as they are known for their ability to utilise lactate. 

Denaturing gradient gel electrophoresis (DGGE): has been used to evaluate the effect 

of general anaesthesia and of penicillin administration on the horse faecal microbiota 

(Gronvold et al. 2010) and to characterise Lactobacillus, Streptococcus and 

Bifidobacterium spp. in horse faeces (Endo et al. 2007, Endo et al. 2009). During 

DGGE, the 16S rRNA gene amplicons are subjected to electrophoretic separation on 

polyacrylamide gels containing linear gradients of DNA denaturants such as a mixture 

of urea and formamide (Muyzer and Smalla 1998). For further analysis, the gels are 

stained with ethidium bromide, SYBR Green or silver stain and the patterns of band 

distribution are captured as an image and are compared to a database or are transferred 

to a nylon membrane for identification with hybridisation probes. Bands can also be 

excised from the gel, purified and sequenced or amplified to produce clone libraries 

(Simpson et al. 1999, McCartney 2002, Lu et al. 2013, Murri et al. 2013). Most of the 

variation identified in the DGGE results obtained by Gronvold et al. (2010) was 

attributed to inter-horse variation, and general anaesthesia or penicillin administration 

could not explain any remaining variation in the data. Endo et al (2007, 2009) found 

that Streptococcus bovis/equinus were the predominant Streptococcus spp. identified, 

L. equi, L. hayakitensis and Weissella confusa/cibaria were detected in 80% of 

samples and L. johnsonii and L. equigenerosi were detected in 40% and 20% of 

samples, respectively. Bifidobacterium was only identified by a nested PCR, 

suggesting that this bacterial group is present at a low concentration (103 – 105/g of 

faeces). Limitations of the use of DGGE for studying microbial communities can arise 

because heterologous sequences can show similar migration patterns – in other words, 

bands on the same position in the gel may not be phylogenetically related. 

Furthermore, a single species may produce multiple bands in the gel due to presence 
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of multiple copies of 16S rRNA gene resulting in an overestimate of microbial 

diversity (Siqueira et al. 2005). 

Hastie et al. (2008) used quantitative PCR (qPCR) to quantify three bacterial species 

including Ruminococcus flavefaciens, Fibrobacter succinogenes and Streptococcus 

bovis in the luminal contents of four different large intestinal compartments (caecum, 

dorsal colon, ventral colon and rectum) of freshly slaughtered horses. The main 

findings of the study were that caecal samples had significantly fewer counts of the 

three bacterial species investigated and R. flavefaciens was the most abundant. The 

study also concluded that the faecal microbiota could reflect the microbial composition 

of the large colon.  

Fluorescence in situ hybridisation (FISH): is a molecular technique that can be applied 

directly to samples without extraction of the bacterial DNA. It involves the use of 

fluorescently-labelled general or group specific 16S rRNA gene-targeted 

oligonucleotide probes (Castillo et al. 2007). The probes are incubated with ethanol- 

or paraformaldehyde-treated samples and following hybridisation, the cells are 

counted using an epifluorescence microscope (Bezirtzoglou et al. 2011). The 

technique can be used to quantify the total bacterial cells in the ecosystem and/or the 

relative abundance of different bacterial groups (Apostolou et al. 2001, Bezirtzoglou 

et al. 2011). Auto-fluorescence seen with some bacterial and archaeal species such as 

Pseudomonas legionella, Rhodospirillum centenum and Methanogens which can give 

rise to misleading results and lack of specificity of some poorly designed probes are 

the potential pitfalls of FISH. Furthermore, some bacterial groups may be missed due 

to lack of target sites for the universal probes or due to impermeability of cells 

particularly in case of Gram-positive bacteria (Moter and Gobel 2000, Macfarlane and 

Macfarlane 2004). Milinovich et al. (2008) have used four molecular techniques 

(qPCR, DGGE, clone library and FISH) to investigate changes in the caecal microbial 

ecosystem in response to oligofructose-induced laminitis. The study concluded that 

equine hindgut streptococcal species (EHSS) is the most predominant bacterial species 

that proliferates prior to the onset of the disease. 

A number of studies have used terminal-restriction fragment length polymorphism 

analysis (T-RFLP) to investigate the horse gut microbiome (Willing et al. 2009, 

Dougal et al. 2012, Blackmore et al. 2013, Schoster et al. 2013). T-RFLP is based on 
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PCR amplification of 16S rRNA genes using fluorescently labelled primers followed 

by digestion of the 16S rRNA amplicons with restriction endonucleases. The digested 

DNA fragments are then separated using capillary or polyacrylamide gel 

electrophoresis, producing digital outputs for further analysis (Liu et al. 1997, Schutte 

et al. 2008). This technique is robust and reproducible and can provide quantitative 

information on compositional differences of ecosystems (Osborn et al. 2000, Li et al. 

2007). The technique can also be used in combination with other molecular-based 

techniques such as qPCR and NGS for a thorough evaluation of microbial 

communities. The main disadvantage of T-RFLP is its inability to precisely measure 

the relative phylotype richness and low abundance taxa (Dunbar et al. 2000). Willing 

et al. (2009) used T-RFLP and culture-based methods to compare faecal microbiota 

profiles of forage-fed and concentrate-fed horses. Concentrate-fed horses showed a 

10-fold increase in culturable lactic acid bacteria, with no effect on the count of 

culturable enterobacteria, increases in Streptococcus bovis/equinus and Firmicutes 

(73% vs 46%) and a decrease in Bacteroidetes (27% vs 49%). Comparison of 

microbial community profiles of the right dorsal colon, caecum and faeces of normal 

horses using T-RFLP showed clustering of the caecal samples away from those of the 

right dorsal colon and faeces, which were clustered together. Caecal contents had also 

significantly lowered microbial richness (refers to number of taxa in the community) 

(Dougal et al. 2012). The authors of the latter study concluded that faecal samples may 

partially represent microbial populations of the right dorsal colon, but not of the 

caecum. Another study that used T-RFLP to compare microbial community 

compositions of the duodenum, ileum, caecum, colon and faeces of healthy horses 

reported limited similarity between different compartments. The faecal microbial 

profile was found to be most similar to that of the caecum (Schoster et al. 2013), which 

contradicts the study by Dougal et al. (2012). 

1.4.2.2.1 Studies that have used next-generation sequencing to characterise the horse 

gut microbiota 

The advent of next-generation sequencing (NGS) has provided deeper insights into 

complex microbial communities including the gut microbiota. Compared with non-

sequencing molecular approaches where only known bacterial groups are identified by 

using pre-designated oligonucleotide probes, sequencing provides an unrestricted view 

of microbial communities and, as a result, many new taxa have been identified (Wylie 
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et al. 2012). The major challenge of using NGS is to appropriately analyse and 

interpret the huge quantities of data that the technique produces (Inglis et al. 2012). 

NGS technologies are, however, susceptible to DNA extraction and PCR amplification 

bias. Furthermore, because of the shorter read length that can be obtained compared 

with first-generation sequencing (e.g. Sanger sequencing), only 1–3 hypervariable 

regions (400bp) of the 16S rRNA gene can be sequenced. This results in reduced 

sensitivity such that many taxa cannot be defined to the species level and others can 

be missed or misclassified. This highlights the importance of rigorous processing and 

quality checking of data (Kunin et al. 2010, Schloss et al. 2011). 

The typical process of generating sequence data using NGS begins with a collection 

of biological samples, DNA extraction from samples and PCR amplification of 

targeted 1–3 variable regions of the bacterial 16S rRNA genes using a universal primer 

set. Primers are labelled with short oligonucleotide sequences (‘barcode sequences’) 

that allow parallel sequencing of multiple samples and differentiation of reads from 

various samples during downstream analysis of sequence data. Sequences are then 

split between samples based on barcode sequences and those of high quality based on 

various quality check parameters such as read length, length of homopolymers and 

maximum primer mismatches are considered for further analysis. Chimaera sequences 

are then identified and filtered out from the data and the remaining sequences are 

annotated into operational taxonomic units (OTUs/phylotypes) (Jervis-Bardy et al. 

2015). Each OTU includes a cluster of similar sequences with an identity threshold of 

97% (Inglis et al. 2012), as this value has been reported to be able to discriminate 

between different bacterial species (Stackebrandt and Goebel 1994). The OTUs are 

arranged in a matrix of count data that can then be used to answer study-specific 

research questions using various statistical techniques.  

Several characteristics of the OTU table have to be addressed in downstream analyses 

in order to make accurate inferences from the data. Firstly, the microbial community 

of each sample is usually represented by variable numbers of sequence reads, which 

may not be due to biological variation between samples but rather, a result of unequal 

sequencing efficacy among samples. Thus, samples with relatively fewer number of 

reads can have inflated beta (or between samples) diversity due to shared rare 

species being erroneously scored as unique to samples with higher read counts 
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(Lozupone et al. 2011). This problem may be particularly important in the horse faecal 

microbiota due to a greater proportion of rare species (Proudman et al. 2015). 

Secondly, most OTU tables contain a large proportion of zero counts, meaning that the 

data are sparse (Paulson et al. 2013). Data sparsity means that the counts of rare OTUs 

are uncertain, as they are at the limit of sequencing detection capacity in samples with 

a greater number of sequence reads (i.e. large library size) and are undetectable in 

samples with a small library size (Weiss et al. 2015). Thirdly, the data are 

compositional. Each sample is only a small representative of the original environment 

and consequently, the absolute counts of each type of OTUs are unknown, but their 

relative abundance in relation to each other (Lovell et al. 2010). In order to address 

these challenges, the data are normalised (several techniques are proposed and are 

discussed in CHAPTER 5) prior to calculation of diversity measures and identification 

of differentially abundant OTUs between samples.  

A number of studies have recently utilised NGS techniques to characterise the gut 

microbiota of healthy horses. The aim of each of these studies, type of biological 

samples collected, the type of NGS technology used, targeted variable regions of the 

16S rRNA gene and key findings are summarised in Table 1-6. One of the earliest 

studies was conducted by Shepherd et al. (2012) and aimed at characterising the faecal 

microbiota of healthy forage-fed horses. The study recruited only two horses with 2 

samples collected from each. The main finding of this study was that many of the 

identified taxa could not be assigned to taxonomic groups based on the used reference 

database. They concluded that the horse faecal microbime was diverse and required 

further investigation. Another study that compared the microbial community profiles 

of 9 different locations of the horse gastrointestinal tract (stomach, duodenum, ileum, 

caecum, pelvic flexure, pelvic flexure mucosa, small colon, rectum and faeces) found 

that the Firmicutes phylum was the most abundant in all compartments followed by 

the Verrucomicrobia phylum. The study also reported that the faecal microbial profile 

varied significantly from that of the caecum, but was similar to that of the pelvic 

flexure and small colon (Costa et al. 2015a). 

Dougal et al. (2013) investigated the core microbiome (OTUs present in all animals 

with a relative abundance of >0.1%) of the ileum and of 7 different regions of the large 

intestine. Their study found that the core microbiome of the ileum consisted of a fewer 
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number of taxa that were present at high relative abundance, while that of the large 

intestine consisted of a greater number of low abundant taxa. A separate study that 

investigated the core faecal microbiome of a group of Thoroughbred race horses 

identified 34 different genera as a core community (O' Donnell et al. 2013). In humans, 

it has been suggested that a core microbiome constitute a group of community 

members that may play a role in the host survival or development of health problems 

in the case of perturbation of this core community (D’Argenio and Salvatore 2015). It 

has also been suggested that knowledge of the core microbiome may enable diagnosis 

or prevention of certain diseases (Sekelja et al. 2011).  

NGS techniques have been used to characterise changes in the gut microbiota of 

healthy horses in response to diet changes (Dougal et al. 2014, Fernandes et al. 2014, 

Proudman et al. 2015), or to foaling (Weese et al. 2015). Proudman et al. (2015) 

studied the effect of dietary supplementation with an amylase-rich malt extract on the 

faecal microbiome of Thoroughbred race horses and reported domination of the faecal 

microbial communities by members of the Firmicutes and Bacteroides phyla. 

Significant changes in relative abundance of some bacterial groups post-

supplementation were also reported (Table 1-6). The effect of three types of diets (hay, 

a hay with oil-rich low starch diet and a hay with low oil high starch diet) on faecal 

microbiota composition revealed minimal variation in the sequence data obtained in 

response to each diet (Dougal et al. 2014). The latter study also reported significant 

reductions in community diversity and richness with increasing age of the horse. 

Fernandes et al. (2014) studied the effect on the horse faecal microbiota of dietary 

transition from a commercial ensiled conserved forage-grain-based ration to pasture 

grazing. In the latter study, faecal samples were collected on the day of dietary 

transition (day 0) and then at 4 days intervals for a period of 21 days. The faecal 

microbial profile at each of the time points was compared to that of another group of 

horses that were maintained on pasture grazing. The study found a shift in the 

microbiota profile by day 4 to be similar to that of the pasture-fed horses, which may 

indicate rapid adaptation of the horse gut microbiota to diet changes. Foaling has been 

reported to have a minimal effect on the mare faecal microbiota (Weese et al. 2014). 

The effects of fasting, transportation and general anaesthesia on faecal microbiota of 

clinically normal horses were studied in a controlled experiment. The horses were 
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transported for 1 h followed by 12 h of fasting prior to induction of general anaesthesia. 

Faecal samples were collected 24 h prior to transportation, 12 h post transportation, 

after 12 h of fasting and at 12, 48 and 72 h after recovery from general anaesthesia. 

The study found some significant changes in relative abundance of a number of genera 

at different sampling time points, all belonging to the Firmicutes phylum, whereas 

alpha and beta diversity measures did not show any significant changes (Schoster et 

al. 2015b). Another controlled study that investigated the effect of systemic 

administration of 3 antimicrobials (penicillin, ceftiofur sodium and trimethoprim 

sulfadiazine) for 5 consecutive days on the faecal microbial profile of a group of 

clinically healthy horses reported significant changes of community structure (number 

of shared OTUs and their relative abundance) and membership (number of shared 

OTUs) in response to antimicrobial treatment (Costa et al. 2015c).  

Three studies have investigated faecal microbiota of neonatal foals. Bordin et al. 

(2013) investigated the effect of oral administration of live or inactivated virulent 

Rhodococcus equi vaccine on the faecal microbial profile of neonatal foals. The 

vaccines were administered via a nasogastric tube at 2, 9, 16, and 23 days of age and 

the faecal microbial communities were examined at 2 and 30 days of age. This study 

showed a minimal effect of vaccine administration on the faecal microbial composition 

of neonatal foals. However, a significant effect of age was evident in the form of 

reduced alpha diversity in samples collected at 2 days of age. Firmicutes (40.4%) and 

Proteobacteria (36.6%) were the predominant phyla in samples collected at 2 days of 

age, while Bacteroidetes (40.6%) was the predominant phylum at 30 days of age. There 

were also significant increases in relative abundance of Euryarchaeota, Actinobacteria, 

Bacteroidetes, Chlamydiae, Chloroflexi, Planctomycetes, Spirochaetes, TM7, and 

Verrucomicrobia and reduction in Proteobacteria with increasing age. Costa et al. 

(2015b) investigated the development of faecal microbiota of neonatal foals through 

longitudinal collection of faecal samples from birth and until the age of 9 months. The 

study reported that the faecal microbial profile of foals shifted to become similar to 

that of adult mares by 2 months of age. A third study investigated the effect of probiotic 

administration on the faecal microbial profile of neonatal foals (Schoster et al. 2015a). 

Probiotics were administered at 3 days of age and faecal samples were collected at 3 

time points starting at 2 weeks of age and subsequently every 2 weeks. The study 

reported minimal impact of probiotic administration on the foal faecal microbiota and 
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none of alpha or beta diversity measures showed significant changes in response to 

either age or probiotic administration.  

A number of studies have compared the faecal microbial composition of healthy horses 

to those with clinical conditions. Costa et al. (2012) studied faecal microbiota of 

normal horses and those affected with colitis and reported a significant decrease in 

Firmicutes (68.1% control, 30.3 colitis) and significant increases in Bacteroidetes 

(14.2% control, 40.0% colitis), Proteobacteria (10.2% control, 18.7% colitis), and 

Fusobacteria in colitis cases. An increase in microbiota diversity was reported for 

horses that had chronic laminitis compared with healthy horses (Steelman et al. 2012). 

Weese et al. (2015) have also reported significant differences in microbiome structure 

and membership between post-parturient mares that developed postpartum colic and 

their normal counterparts. The response of the caecal microbiota to concentrate 

overload was also studied using NGS and revealed a significant increase in 

Lactobacillus spp., Streptococcus spp., Veillonella spp. and Enterobacteriaceae 

(Moreau et al. 2014), findings that are consistent with the results obtained from other 

culture-independent techniques (Milinovich et al. 2007, Milinovich et al. 2008). 

In summary, although there is some consistency in findings among studies that used 

NGS techniques to investigate the equine gut microbiome, the microbial profile 

obtained was largely contingent upon the type of NGS technique or the 16S rRNA 

variable regions used. Bacteriodetes were consistently reported as the second most 

abundant phyla in studies that used 454-pyrosequencing technology, while 

Verrucomicrobia was reported as a second most abundant phylum when the Illumina 

MiSeq technology and the V4 region were used. This observation is important to 

consider when comparing different studies. Few studies have investigated the normal 

microbiota of horses over long time periods, including any potential seasonal variation. 

In addition, changes in the microbiota composition in horses at high risk of colic e.g. 

broodmares pre- and post-partum have not been fully investigated over the time period 

of increased risk. Finally, changes that occur in the gut microbial community following 

surgical treatment of colic have not been investigated.   
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1.5 Thesis aims and outline 

The studies presented in this thesis aimed to further understand risk factors for acute 

abdominal pain (colic) in horses and factors associated with mortality and morbidity 

following surgical treatment of colic. A series of epidemiological and microbiota 

research studies were conducted in order to achieve this aim.   

Chapter 2 investigated risk factors for colic in a working horse population in Egypt 

using a cross-sectional survey of 350 working horses. Retrospective data about the 

horses and management practices were collected and were used to build a 

multivariable logistic regression model. The horses underwent a full dental 

examination and the association between dental disease and colic risk was also 

evaluated. 

Chapter 3 detailed risk factors for morbidity and mortality following laparotomy in 

264 surgical colic patients admitted to the Philip Leverhulme Equine Hospital, 

University of Liverpool between 2012 and 2014. The study investigated changes in 

disease presentation, management and prevalence of postoperative complications by 

comparing a cohort of colic patients that was admitted in 2004–2006 to those admitted 

in 2012–2014. 

Chapter 4 evaluated the effect of systemic lidocaine treatment on the prevalence, net 

volume and duration of postoperative reflux and rates of survival following surgical 

treatment of small intestinal lesions in 318 horses.  

Chapter 5 provided an introduction to a series of microbiota research studies, in which 

different faecal sample handling and microbiota data normalisation techniques were 

compared. The work performed in this chapter aimed to determine the optimum 

methods to study the horse faecal microbiota.  

Chapter 6 investigated temporal variation in the horse faecal microbiota using next-

generation sequencing technology. Longitudinal data were collected from a group of 

7 horses that were managed at grass. This study aimed to investigate temporal changes 

of the horse gut microbiota, as seasonality has been shown to be a factor in the 

development of some forms of colic.  
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Chapter 7 investigated temporal stability of the mare faecal microbiota during the 

periparturient period. Postpartum mares have been previously reported to be at greater 

risk of large colon volvulus for 90 days post-foaling. The aim of this study was to 

characterise faecal microbiota of periparturient mares and to investigate the effect of 

change in management on these microbial populations. 

Chapter 8 examined faecal microbiota of horses diagnosed with a primary large colon 

lesion at surgery and compared it to that of orthopaedic patients. Large colon lesions 

have been associated with a greater recurrence rate following laparotomy and 

increased risk of postoperative colic. The aim of this study was to investigate gut 

microbiota recovery/repopulation following laparotomy. 

Chapter 9 summarises the information obtained from these studies, discusses their 

limitations and any reasons for differences in findings between these and previously 

reported studies, and highlights areas that merit further research.   
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Table 1-1: A summary of published studies that have investigated risk factors for colic of any type. 

Study Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence interval) 

Reeves et al. 

1989b  

Retrospective 

cohort  

A veterinary teaching 

hospital (Minnesota, 

USA) 

Other horses 

admitted to the 

hospital during the 

study period 

Logistic 

regression  

Age (OR 1.035; 1.1–1.03); horses aged >15 years were more 

frequently diagnosed with surgical colic 

Quarter horse and mixed breeds had a lower risk compared with 

Arabians (the reference category) 

Proudman 

1992 

Case-control  Colic cases seen by a first 

opinion practice (UK)  

Non-colic cases seen 

by veterinary 

surgeons in the 

practice 

Correlation 

analysis for 

weather data and 

a chi-square test  

Horses aged >15 years had more surgical colic; horses aged 5–10 had 

more spasmodic/undiagnosed colic 

Increased incidence of colic in spring and autumn months 

Cohen et al. 

1995b 

Case-control  Case and control horses 

were recruited by 82 

practicing veterinarians in 

Texas, USA  

Horses treated for 

conditions other than 

colic 

Multivariable 

logistic 

regression 

History of previous colic (OR 5.72; 4.7–6.96) 

History of previous abdominal surgery (OR 5.3; 2.65–10.99) 

Recent changes in diet (OR 2.21; 1.74–2.79) 

 

Cohen and 

Peloso 1996 

Case-control  Case and control horses 

were recruited by 82 

practicing veterinarians in 

Texas, USA 

Horses treated for 

conditions other than 

colic 

Multivariable 

logistic 

regression 

Risk factors for a history of previous colic (within last 12 months) 

compared to those without a history of colic: 

History of previous abdominal surgery (OR 3.08; 1.86–5.1) 

Age >8years (OR 1.52; 1.29–1.79) 

Feeding coastal grass hay (OR 1.34; 1.06–1.7) 

Recent change in stabling (OR 0.76; 0.61–0.96) 

Arabian breed (OR 1.28; 1.07–1.61) 

Risk factors for chronic intermittent colic (≥2 episodes/12 months): 

History of previous abdominal surgery (OR 2.23; 1.13–4.4) 

Age >8 years (OR 2.03; 1.49–2.77) 

Gelding compared to female horses (OR 1.72; 1.23–2.42) 

Feeding coastal grass hay (OR 1.65; 1.01–2.7) 

Low farm density (< 0.5 horse/acre) (OR 1.61; 1.18–2.2) 

Arabian breed (OR 1.56; 1.01–2.44) 

Recent change in diet (OR 2.09; 1.25–3.51) 
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Table 1-1 continued 

Study Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence interval) 

Reeves et al. 

1996 

Case-control  Five veterinary teaching 

hospitals in the north-

eastern region of the USA 

Horses admitted for 

treatment of a non-

colic condition 

Multivariable 

logistic 

regression 

Arabian breed (OR 2.0; 1.0–3.9), Standardbred (OR 0.6; 0.4–1) 

Daily worming using pyrantel pamoate for 60 days within the last 12 

months (OR 0.1; 0.02–0.55) 

No access to water in the outside enclosures (OR 2.2; 1.2–4.3) 

Access to three pastures 4 weeks prior to admission (OR 0.4, 0.2–0.9) 

Older horses had access to a dry lot: 10 years old (OR 1.9; 1.1–3.2), 

15 years (OR 3.7; 1.6–8.6), 20 years (OR 7.4; 2.2–24.4) 

Non-roughage feed (kg) (OR 0.88; 0.8–0.95) 

Whole grain corn (kg) (OR 3.4; 1.45–7.8) 

Interaction between previous colic history and carer of the horse 

(owner or non-owner) 

Kaneene et al. 

1997a  

Prospective 

cohort  

Horses in 138 randomly 

selected farms in 

Michigan USA 

Horses in the cohort 

that did not develop 

colic 

Multilevel 

logistic 

regression  

Foaling during the study (OR 2.55; 1.23–5.3) 

Number of dewormings during the study (OR 1.23; 1.05–1.44) 

Age in years (OR 1.05; 1.01–1.09) 

Showing activities (OR 2.3; 1.03–5.21) 

Gelding (OR 0.48; 0.24–0.94) 

Providing sources of water other than tanks, buckets and automatic 

waterers (OR 0.16; 0.03–0.72) 

Tinker et al. 

1997b  

Prospective 

cohort  

Data were collected from 

31 farms in Virginia and 

Maryland, USA 

Horses in the cohort 

that did not develop 

colic 

Multilevel level 

logistic 

regression 

Horses aged 2–10 years (OR 2.8; 1.2–6.5) compared with those <2 

years of age 

History of previous colic (OR 3.6; 1.9–6.8) 

Concentrate intake >2.5 kg/day (OR 4.8; 1.4–16.6) 

Feeding whole grain (OR 0.4; 0.2–0.8) 

Change in concentrate feeding during the study (OR 3.6; 1.6–5.4) 

Change in hay feeding (>1 change) during the study (OR 2.1; 1.2–3.8) 

Potomac horse fever vaccination (OR 2.0; 1.2–3.6) 
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Table 1-1 continued 

Study Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence interval) 

Cohen et al. 

1999 

Case-control  Case and control horses 

were recruited by 145 

practicing veterinarians in 

Texas, USA 

Horses treated for 

non-colic related 

illnesses 

Multivariable 

conditional 

logistic 

regression 

Diet change 2 weeks prior to examination (OR 5.0; 2.6–9.7) 

Hay change 2 weeks prior to examination (OR 9.8; 1.2–81.5) 

Previous colic history (OR 3.9; 2.6–5.9) 

Weather change 3 days prior to examination (OR 3.2; 2–4.9) 

Housing change 2 weeks prior to examination (OR 2.3; 1.2–4.1) 

Regular deworming program (OR 0.4; 0.3–0.7) 

Not part of deworming program (OR 2.2; 1.4–3.3) 

Anthelmintic received 7 days prior to examination (OR 2.1; 1.1–4) 

Exercise at least once a week vs pasture only (OR 1.6; 1.2–2.2) 

Arabian breed vs other breeds (OR 2.1; 1.1–4) 

Age >10 years (OR 1.5; 1.1–2) 

Hillyer et al. 

2001 

Cross-

sectional  

Thoroughbred training 

premises, UK  

Horses in the cohort 

that did not develop 

colic 

Multilevel 

logistic 

regression 

A trend of increased incidence of colic during spring and autumn 

months 

Number of horses in premises ≥31 horses (OR 0.55; 0.35–0.85) 

Owner is the sole carer (OR 0.58; 0.33–0.99) 

Flat premises (OR 0.14; 1.01–1.89) 

Hudson et al. 

2001 

Case-control  Case and control horses 

were recruited by 20 

practicing veterinarians in 

Texas, USA. 

Horses treated for 

non-colic related 

illnesses 

Multivariable 

conditional 

logistic 

regression 

Recent (within 2 weeks) change in batch of hay (OR 4.9; 2.1–11.4) 

Decreased exposure to pasture (OR 3; 1.4–6.6) 

Thoroughbred breed (4.7; 1.5–14.7) 

Recent change in type of concentrate feeds (OR 2.6; 0.9–7.2) 

Feeding hay from round bales (OR 2.5; 1.1–5.6) 

Recent anthelmintic treatment (OR 0.4; 0.2–0.9) 

Feeding >2.7kg of oats daily (OR 5.9; 1.6–22) 

Traub-

Dargatz et al. 

2001 

Prospective 

cohort  

Horses were recruited 

from 28 states in USA 

Horses in the cohort 

that did not develop 

colic 

Cochran–Mantel–

Haenszel test 

Higher incidence of colic during spring compared with summer or 

autumn.  

Thoroughbred compared with stock horse breeds 

Foals <6 months of age had lower incidence of colic 

Rotation of anthelmintics and implementing parasite testing were 

associated with increased risk of colic 
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Table 1-1 continued 

Study Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence interval) 

Archer et al. 

2006 

Retrospective 

cohort 

Horses admitted because 

of colic to a UK equine 

referral hospital over a 10-

year period 

- Time series 

analysis 

Significant seasonal patterns were identified for all colic cases 

(medical or surgical), EFE, equine grass sickness, large colon 

impaction and large colon displacement.   

Kaya et al. 

2009 

Retrospective 

cohort 

Horses admitted to the 

equine clinic at the 

University of Veterinary 

Medicine, Austria 

Horses admitted for 

treatment of a non-

colic related 

condition 

Multivariable 

logistic 

regression  

Univariable analysis: 

Daily concentrate feed intake 

Low hygienic quality of hay 

Decreased water intake 2 weeks prior to examination 

Recent anthelmintic treatment 

Being a gelding 

Use (working and hobby) 

Breed (mixed breeds) 

High temperature on day of admission 

Multivariable analysis: 

Decreased water intake 2 weeks prior to examination (OR 5.03; 2.1–

12.3) 

Scantlebury et 

al. 2015 

Nested case-

control  

127 horses recruited via 

first opinion veterinary 

surgeons and followed by 

periodic telephone 

questionnaires for a year, 

UK 

Horses that did not 

develop colic within 

a 30-day time 

window at each 

questionnaire date. 

Multivariable 

logistic 

regression 

Crib-biting or windsucking behaviour (CBWS) (OR 10.1; 2.5–41.0) 

Weaving behaviour (OR 3.9; 1.5–10.1) 

Fruit or vegetables in diet (OR 0.5; 0.2–1.3) 

CBWS × fruit/vegetable in diet (OR 0.03; 0.002–0.5) 

Time spent at pasture (h/week) (0.99; 0.99–1.0) 

Probiotics in diet (OR 2.4; 0.99–6.0) 

The table details the population studied, the design of the study and factors that increased or decreased the risk of colic in these populations. 
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Table 1-2: A summary of studies that have investigated factors associated with occurrence of specific types of colic.  

Study Colic type 

investigated 

Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence 

interval) 

Blikslager et 

al. 1992 

Pedunculated 

lipoma 

Retrospective 

cohort  

Single equine 

hospital population 

(USA) 

Horses diagnosed with 

other types of colic 

Descriptive 

data analysis 

Increasing age 

Gelding  

Edwards 

and 

Proudman 

1994 

Pedunculated 

lipoma 

Retrospective 

cohort  

2 equine hospital 

populations (UK) 

Horses diagnosed with 

other types of colic 

Descriptive 

data analysis 

Increasing age 

Gelding (OR 2.32; 1.16–4.75) 

Pony (OR 3.72; 1.77–7.93) 

Edwards 

and 

Proudman 

1994 

Spasmodic 

colic & ileal 

impaction 

Case-control  25 veterinary 

practices and 

referral centres 

(UK) 

Horses free from colic 

for one year prior to 

sampling 

Conditional 

logistic 

regression 

Anoplocephala perfoliata infection 

Hassel et al. 

1999 

Enterolithiasis Retrospective 

cohort  

Single equine 

hospital population 

(USA) 

Other horses admitted 

to the hospital during 

the same time period 

Descriptive 

data analysis 

Arabian and Arabian crosses, Morgans, American 

Saddlebreds, and donkeys 

Female horses 

Cohen et al. 

2000 

Enterolithiasis Case-control  Single equine 

hospital population 

(USA) 

Horses diagnosed with 

medical colic 

(nonsurgical control) & 

horses diagnosed with 

other surgical lesions 

(surgical control) 

Polytomous 

(Multinomial) 

logistic 

regression 

Feeding alfalfa hay (OR 3.7; 1.2–10.7) 

Outdoor turnout ≤12 h/day (OR 4; 1.3–12.2) 

Arabian and miniature breeds (OR 4.2; 1.1–16.7)  

Freeman 

and 

Schaeffer 

2001 

Epiploic 

foramen 

entrapment & 

pedunculated 

lipoma 

Retrospective 

cohort  

Single equine 

hospital population 

(USA) 

Horses diagnosed with 

other small intestinal 

lesions 

Descriptive 

data analysis 

Increasing age (for pedunculated lipoma only) 
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Table 1-2 continued 

Study Colic type 

investigated 

Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence 

interval) 

Hillyer et al. 

2002 

Simple colonic 

obstruction 

and distension 

colic (SCOD) 

Case-control  2 equine hospital 

populations (UK) 

A general horse 

population 

Conditional 

logistic 

regression 

Crib-biting/windsucking behaviour (OR 203.9; 10.55–

3941.42) 

No. of hours stabled per day (OR1.26; 1.07–1.48) 

Change in exercise programme (OR 36.79; 2.9–466.48) 

Ivermectine/moxedectin used in previous 12 months (OR 

0.09; 0.01–0.86) 

History of transport in previous 24 h (OR 203.42; 5.98–

6924.37) 

Resident in current premises >6 months (0.07; 0.01–0.6) 

History of previous colic (OR 18.77; 1.53–229.84) 

Frequency of dental care (OR 0.29; 0.1–0.8) 

Little and 

Blikslager 

2002 

Ileal impaction Case control  Single equine 

hospital population 

(USA) 

Non-colic horses 

(group 1), medical colic 

horses, (group2) & 

surgical colic horses 

(group3) 

Multivariable 

logistic 

regression 

Feeding Coastal Bermuda hay (OR 2.7; 1.2–6.5) 

Failure to administer a pyrantel salt within the previous 3 

months (OR 3.1; 1.2–7.7) 

Archer et al. 

2004a  

Epiploic 

foramen 

entrapment 

Retrospective 

cohort 

Two equine hospital 

population (UK & 

USA) 

Horses diagnosed with 

other strangulating 

small intestinal lesions 

(group 1) & all surgical 

colic cases (group 2) 

Descriptive 

data analysis 

Crib-biting/Windsucking behaviour (OR 34.7; 6.2–194.6) 

Archer et al. 

2004b  

Epiploic 

foramen 

entrapment 

Retrospective 

cohort  

Single equine 

hospital population 

(UK) 

Other surgical colic 

patients 

Multivariable 

logistic 

regression 

Breed  

Crib-biting/windsucking behaviour (OR 7.87; 4.05–15.29) 

Season  

Garcia-Seco 

et al. 2005 

Pedunculated 

lipoma 

Retrospective 

cohort  

Single equine 

hospital population 

(USA) 

All other horses 

admitted to the hospital 

& horses admitted for 

laparotomy  

Multivariable 

logistic 

regression 

Age ≥15 years 

Saddlebred and Arabian breeds 

Gelding  
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Table 1-2 continued 

Study Colic type 

investigated 

Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence 

interval) 

Stephen et 

al. 2004b  

Primary small 

intestinal 

volvulus 

Retrospective 

cohort  

Single equine 

hospital population 

(USA) 

All other horses 

admitted to the hospital 

Descriptive 

data analysis 

No statistical differences in signalment between cases and the 

rest of the hospital population 

Hassel et al. 

2004 

Enterolithiasis  Case-control  Single equine 

hospital population 

(USA) 

Horses diagnosed with 

non-strangulating 

obstruction 

Multivariable 

logistic 

regression 

A diet consisted of >70% alfalfa (OR 10.8; 2.6–44) 

Daily access to pasture (OR 0.15; 0.03–0.72) 

Cohen et al. 

2006 

Duodenitis-

proximal 

jejunitis (DPJ) 

Retrospective 

cohort study 

Single equine 

hospital population 

(USA) 

Horses admitted for 

lameness & horses 

admitted for colic other 

than DPJ 

Polytomous 

(Multinomial) 

logistic 

regression 

In relation to other colic diagnosis categories: 

Pasture grazing (OR 0.28; 0.15–0.55) 

Concentrate diet (kg) (OR 0.75; 0.64–0.89) 

Male horses relative to gelding (OR 0.36; 0.13–0.99) 

In relation to lameness control horses: 

Pasture grazing (OR 0.25; 0.12–0.54) 

Concentrate diet (kg) (OR 0.66; 0.53–0.81) 

Female horses relative to gelding (OR 0.24; 0.11–0.52) 

Weight (kg) (OR 1.01; 1.003–1.02) 

Hassel et al. 

2008 

Enterolithiasis Retrospective 

cohort study 

Single equine 

hospital population 

(USA) 

Horses diagnosed with 

colic for any other 

cause 

Multivariable 

logistic 

regression 

A diet consisted of ≥50% alfalfa (OR 4.74; 1.44–15.63) 

A diet consisted of ≥50% oat hay (OR 0.2; 0.07–0.62). 

A diet consisted of ≥50% grass hay (OR 0.22; 0.08–0.61) 

Lack of daily access to pasture (OR 2.84; 1.06–7.59) 

Archer et al. 

2008b  

Epiploic 

foramen 

entrapment 

Case-control  9 equine hospitals 

(UK) 

Client owned horses 

from the same 

participating hospitals  

Multivariable 

logistic 

regression 

Crib-biting/windsucking behaviour (OR 71.58; 14.26–

359.19) 

Colic in previous 12 months (OR 5.13; 1.39–18.85) 

Increasing stabling in previous 28 days (OR 3.7; 1.41–9.7) 

Height per cm increase (OR 1.07; 1.01-1.12) 

Easily frightened (OR 0.34; 0.13–0.93) 

Access to a mineral/salt lick (OR 0.34; 0.12–0.93) 

No group feeding (OR 0.25; 0.07–0.79)    
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Table 1-2 continued 

Study Colic type 

investigated 

Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence 

interval) 

Archer et al. 

2008a  

Epiploic 

foramen 

entrapment 

Matched case-

control  

23 equine hospitals 

(USA, UK, Ireland) 

Client owned horses 

from the same 

participating hospitals 

Conditional 

multivariable 

logistic 

regression 

Crib-biting/windsucking behaviour (OR 67.27; 15.26–

296.54) 

Colic in previous 12 months (4.38; 1.51–12.68) 

Owner/relative/spouse not involved in daily care (OR 5.5; 

2.27–13.33) 

Easily frightened (OR 0.39; 0.15–1) 

Sweats up when excited (OR 0.32; 0.13–0.77) 

Very inquisitive to surroundings (OR 0.41; 0.2–0.83) 

Goes off food when stressed (OR 0.29; 0.08–1.04) 

Height (per cm increase) (OR 1.05; 1.01–1.08)  

Crib-biting/windsucking × carer (OR 0.091; 0.01–0.66) 

Scantlebury 

et al. 2011 

Recurrent 

colic 

Prospective 

cohort  

Horses admitted to 

first opinion 

practices 

Horses in the cohort 

that did not develop 

recurrence of colic 

Multivariable 

logistic 

regression 

Hoses with a known dental problem (OR 5.5; 1.3–23.1) 

Crib-biting/windsucking behaviour (OR 12.1; 1.4–108.1) 
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Table 1-2 continued 

Study Colic type 

investigated 

Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence 

interval) 

Suthers et 

al. 2013 

Large colon 

volvulus 

Case-control  4 equine hospital 

populations (UK) 

Client owned horses 

from the same 

participating hospitals 

Multivariable 

logistic 

regression 

Broodmares never foaled (OR 4.55; 1.3–15.88) 

Broodmares foaled at least once (OR 12.86; 3.16–52.27) 

Height (OR 1.06; 1.0–1.12) 

Colic in previous 12 months (OR 8.73; 1.78–42.74) 

Three or more carers (OR 11.86; 3.7–38.02) 

No. of horses in the premises (per horse increase) (OR 1.01; 

1–1.02) 

Increasing stabling hours in previous 14 days (OR 5.48; 

1.03–29.02) 

Medications being administered in the last 7 days (OR 6.77; 

1.52–27.36) 

Quidding in the last 90 days (OR 7.77; 1.82–33.15) 

Change in pasture in the last 28 days (OR 4.5; 1.45–13.92) 

Fed hay in the last 28 days (OR 7.23; 2.13–24.62) 

Change in the amount of forage in the last 7 days (OR 7.41; 

1.32–41.71) 

Participating hospital 

Archer et al. 

2014 

Idiopathic 

eosinophilic 

enteritis 

Retrospective 

cohort study 

Single hospital 

population (UK) 

Horses diagnosed with 

other types of colic 

Spatio-

temporal 

analysis  

Decreasing age 

Months between July and October 

 

The table provide information about the colic type studied, the study population, study design and factors associated with increased or decreased risk of colic. 
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Table 1-3: A summary of studies that have investigated prevalence of and risk factors for postoperative incisional complications.  

Study Study design Data analysis Years of 

recruitment 

Study population, 

follow-up period 

Prevalence 

(%)  

Outcome 

(case definition) 

Risk factors (adjusted odds ratio [OR] or 

hazard ratio [HR]; 95% confidence interval) 

SSI / 

drainage 

Hernia 

Gibson et al. 

1989 

Retrospective 

cohort 

Multivariable 

analysis 

1979–1987 210 horses, 4 

months – 8 years 

- 16 Incisional hernias 

(diagnosis confirmed 

by veterinary 

surgeons) 

Incisional drainage (OR 17.8; 5.2–60.8) 

Chromic gut for linea alba  closure (OR 55.0;  

2.2–110.5) 

Postoperative leukopenia (OR 4.6; 1.3–16.0), 

Repeat laparotomy  (OR 12.0; 2–73.5) 

Kobluk et al. 

1989 

Retrospective 

cohort 

Univariable 

analysis 

1983–1985 78 horses, 6 

months follow up 

on 66 horses 

26 5.7 Incisional 

complication rates 

Multivariable analysis was not performed 

Wilson et al. 

1995* 

Retrospective 

cohort 

Multivariable 

analysis 

1980–1987 275 horses, of 

which 161 had 

surgery for GIT 

lesions, 1–82 

months 

36 17 Incisional  

complications, 

incisional drainage & 

incisional hernia 

 

Incisional complications: Increasing weight 

and duration of surgery 

Incisional drainage: Increasing age and weight 

Incisional hernia: Increasing weight 

Honnas and 

Cohen 1997 

Prospective 

cohort 

Multivariable 

analysis 

1990–1992 210 horses, was not 

stated 

25 8 Incisional infection 

(purulent discharge) 

Preoperative peritoneal fibrinogen 

concentration (OR 1.93; 1.17–3.18) 

Enterotomy (OR 1.93; 1.11–3.37) 

Polyglactin 910 for linea alba closure (OR 2.0; 

1.13–3.61) 

Galuppo et 

al. 1999* 

Randomised 

clinical trial 

Multivariable 

analysis 

Was not 

stated 

53 horses, was not 

stated 

26 - Incisional infection 

(any evidence of 

incisional drainage) 

Poor intraoperative drape adherence 

High surgery room contamination 

Isolation of bacteria after anaesthetic recovery 

French et al. 

2002, 

Proudman et 

al. 2002a 

 

 

Prospective 

cohort 

Multivariable 

analysis 

1998–2000 341 horses, 3–33 

months 

16 8.4 Incisional suppuration 

Incisional herniation 

Incisional suppuration: None of the variables 

retained in the final model 

Incisional hernia: Incisional suppuration (HR 

4.3; 1.45–12.9) 

Heart rate on admission (bpm) (HR 1.04;1.01–

1.06) 
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Table 1-3 continued 

Study Study design Data analysis Years of 

recruitment 

Study population, 

follow-up period 

Prevalence 

(%)  

Outcome 

(case definition) 

Risk factors (adjusted odds ratio [OR] or 

hazard ratio [HR]; 95% confidence interval) 

SSI/ 

drainage 

Hernia 

Mair and 

Smith 2005b, 

Mair and 

Smith 2005c  

 

Retrospective 

cohort 

Univariable 

analysis 

1994–2001 300 horses, owners 

were first contacted 

at 12 months post 

discharge for 

hernia formation 

29 8 Incisional 

complications rates 

Multivariable analysis was not performed 

Coomer et al. 

2007 

Randomised 

controlled 

trial 

Univariable 

analysis 

2004–2006 309 horses, 12 

months 

21 - Incisional suppuration 

(Gross drainage of 

pus) 

No significant differences found between 

treatment  (3 layers incisional closure) and 

intervention (2 layers incisional closure) 

groups on univariable analysis 

Bischofberger 

et al. 2010 

Randomised 

controlled 

trial 

Univariable 

analysis 

Was not 

stated 

100 horses, 9 days 26 - Incisional 

complications rates 

No significant differences found between 

control and study group (antibacterial-coated 

suture material for subcutaneous tissue closure) 

Torfs et al. 

2010 

Retrospective 

cohort 

Multivariable 

analysis 

2004–2007 356 horses, to 

hospital discharge 

15 - Incisional infection 

(serous discharge for 

>24 h or purulent 

discharge) 

Incisional closure by year 1 or 2 resident (OR 

2.2; 1.16–4.18) 

Linea alba lavage (OR 0.38; 0.20–0.74) 

Skin closure with staples (OR 3.85; 2.04–7.29) 

  



 

55 

Table 1-3 continued 

Study Study design Data analysis Years of 

recruitment 

Study population, 

follow-up period 

Prevalence 

(%)  

Outcome 

(case definition) 

Risk factors (adjusted odds ratio [OR] or 

hazard ratio [HR]; 95% confidence interval) 

SSI/ 

drainage 

Hernia 

Smith et al. 

2007 

Randomised 

controlled trial 

Multivariable 

analysis 

2003–2005 85 horses, 3 

months 

25 14 Incisional drainage 

(drainage started 12 

h post–surgery) & 

incisional hernia 

Incisional drainage on hospital discharge: 

GA >110 min (OR 13.76; 3.45–54.21) 

Subcutaneous suture layer (OR 0.19; 0.05–0.76) 

Incisional drainage 14 days post discharge: 

Duration of colic signs prior to presentation (8–

24 h; OR 10.5; 1.75–62.85, >24 h; 13.29, 1.39–

126.67) 

Heart rate on admission >60 bpm (OR 28.38; 

3.09 – 260.19) 

Primary lesion (large bowel obstruction; OR 

0.03; 0.00–0.58, small intestinal strangulation; 

OR 0.03; 0.00–0.43 compared with 

displacements) 

Abdominal bandage (OR 0.08; 0.02–0.37) 

Pyrexia during hospitalisation (OR 15.85; 1.49–

168.41) 

Incisional drainage 30 days post discharge: 

Severe pain on admission (OR 13.52; 2.45–74.5) 

Duration of pain 8–24 h (OR 8.92; 1.48 – 53.95) 

Abdominal bandage (OR 0.13; 0.03–0.63), 

Drainage at 14 days (OR 12.20; 2.80–53.11) 

Incisional drainage 3 months post discharge:  

Dehiscence at 14 days (OR 20.67; 1.63–262.70) 

Incisional hernia (3 months post discharge): 

Drainage at 30 days (OR 13.12; 1.56–110.48) 
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Table 1-3 continued 

Study Study design Data analysis Years of 

recruitment 

Study population, 

follow-up period 

Prevalence 

(%)  

Outcome 

(case definition) 

Risk factors (adjusted odds ratio [OR] or 

hazard ratio [HR]; 95% confidence interval) 

SSI/ 

drainage 

Hernia 

Anderson et 

al. 2011 

Retrospective 

cohort 

Multivariable 

analysis 

2003–2007 159 horses that had 

laparotomy via a 

paramedian 

incision and 

survived for ≥30 

days, ≥90 days 

15.5 0.8 If a horse developed 

any of the incisional 

complications 

(drainage / infection, 

dehiscence, hernia or 

marked cutaneous 

scarring) 

Quarter breed (OR 3.9; 1.3–11.7)  

Abdominal bandage (OR 9.5; 2.9–30.8) 

Fever (>38.3 ºC for ≥ 4 consecutive 

Postoperative days) (OR 12.9; 2.8–58.2) 

Freeman et 

al. 2012 

Retrospective 

cohort 

Univariable 

analysis 

2006–2007 113 horses, >2 

years (79% of the 

horses) 

20 - Incisional infection 

(discharge started 48 h 

postoperatively and 

continued for >36 h 

and needed treatment) 

Multivariable analysis was not performed 

Tnibar et al. 

2013 

Retrospective 

cohort 

Multivariable 

analysis 

2005–2011 130 horses, 10 days 

post-surgery 

11 - Incisional infection 

(persistent serous 

discharge with 

extensive oedema or 

purulent discharge) 

Stent bandage (OR 0.1; 0.02–0.50) 

Colbath et al. 

2013 

Retrospective 

cohort 

Multivariable 

analysis 

2008– 2010 199 horses, was not 

stated 

22 - Incisional drainage 

(persistent (>2 days) 

serous discharge or 

purulent discharge) 

Skin suture pattern (referent modified 

subcuticular closure of skin vs other patterns) 

(OR 4.9; 1.4–16.6) 

Durward-

Akhurst et al. 

2013 

Prospective, 

intervention 

study,  

Univariable 

analysis 

2008–2009 92 horses, was not 

detailed 

42 - Incisional drainage 

(drainage started 12 h 

post-surgery) 

No significant differences found between the 

two study groups (72 vs 120 h of postoperative 

antibiotic treatment) 
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Table 1-3 continued 

Study Study design Data analysis Years of 

recruitment 

Study population, 

follow-up period 

Prevalence 

(%)  

Outcome 

(case definition) 

Risk factors (adjusted odds ratio [OR] or 

hazard ratio [HR]; 95% confidence interval) 

SSI/ 

drainage 

Hernia 

Costa-Farre 

et al. 2014 

Prospective 

cohort 

Multivariable 

analysis 

Was not 

stated 

84 horses, 2 weeks 

post hospital 

discharge 

34.5 - Incisional infection 

(discharge started 72 h 

post-surgery or 

purulent discharge 

combined with fever, 

pain, or 

ultrasonographic 

evidence of 

subcutaneous fluid 

pockets) 

Suture material (Polyglocolic acid vs 

Polydioxanone in the subcutaneous layer) (OR 

3.88; 1.2–12.3) 

Anaesthesia time >2 h (OR 4.6; 1.2–17.6) 

PaO2 <80 mmHg (OR 4.7; 1.3–13.9) 

Anderson et 

al. 2015 

Retrospective 

cohort 

Multivariable 

analysis 

2000–2010 73 horses that had 

their laparotomy 

incision closed 

with 7PD, 63 horse 

followed for >1 

year 

25.3 3.2 Occurrence of one or 

more of incisional 

complications 

including oedema, 

drainage, infection, 

dehiscence and hernia 

Duration of hospitalisation (OR 1.2; 1.05–1.45) 

Duration of surgery (OR 1.2; 1.03–1.48) 

Postoperative colic (OR 6; 1.2–29.4) 

Postoperative fever (OR 4.3; 1.2–15.9) 

 

GA = general anaesthesia, SSI = surgical site infection, bpm = beats per minute. Studies marked with an * indicates odds ratio and confidence intervals were not reported, OR 

= odds ratio, HR = hazard ratio  
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Table 1-4: A summary of studies that investigated prevalence of and risk factors for postoperative ileus.  

  

Study Study design  Data analysis Study 

Population 

Years of 

recruitment  

Case definition Prevalence Risk factors (adjusted odds ratio [OR]; 95% 

confidence interval) 

Blikslager et 

al. 1994 

Retrospective 

cohort  

Multivariable 

analysis 

148 surgical 

colic patients 

July 1990 – 

July 1992  

Nasogastric reflux of >2 

litres (l) plus HR ≥60 

beats per minute and 

abdominal pain 

21% PCV > 48% on admission (OR 6.9; 1.3–35.8)  

Small intestinal obstruction (OR 10.5; 2.6–41.7)  

Small intestinal ischemia (OR 16.2; 3.8–69.6) 

Roussel et 

al. 2001 

Retrospective 

cohort  

Multivariable 

analysis 

376 surgical 

colic patients 

January 1990 

– December 

1996  

Nasogastric reflux of >20 

litres during 24-hour 

period after surgery or 

reflux volume of >8 l at 

any single sampling time 

after surgery 

18% PCV ≥45% on admission (OR 4.3; 2.2– 8.3)  

Duration of surgery >2 h (OR 1.9; >1.0–3.7) 

Strangulating small intestinal obstruction (OR 

3.2; 1.2–7.9) 

Strangulating large intestinal lesion (OR 2.9; 

1.1–8) 

Non-strangulating small intestinal lesion (OR 5; 

2–12.6) 

Pelvic flexure enterotomy (OR 0.5; 0.2–0.9) 

French et al. 

2002, 

Proudman et 

al. 2002a 

 

Prospective 

cohort  

Multivariable 

analysis 

341 surgical 

colic patients 

March 1998 – 

August 2000  

Nasogastric reflux of >2 

litres on at least 2 

consecutive occasions 

within 24 h, at any time 

postoperatively 

9% Pedunculated lipoma obstruction (OR 3.19; 1.35 

– 7.53) 

PCV on admission (per % increase) (OR 1.07; 

1.01–1.13) 

Cohen et al. 

2004 

Prospective 

cohort  

Multivariable 

analysis 

251 surgical 

colic patients 

Was not 

stated 

As in Roussel et al. 2001 19% PCV >40% on admission (OR 2.9; 1.4 –6.1) 

Duration of anaesthesia >3 h (OR 3.0; 1.4– 6.7) 

Small intestinal lesion (OR 5.2; 2.3–11.7) 

Mair and 

Smith 

2005b  

Retrospective 

cohort  

Univariable 

analysis 

300 surgical 

colic patients 

1994–2001  Gastric reflux of >2 litres 

with no evidence of 

mechanical obstruction 

18% Multivariable modelling was not performed 

Holcombe 

et al. 2009 

Retrospective 

cohort 

Multivariable 

analysis 

233 horses 

that had small 

intestinal 

lesions  

1995–2005  As in Roussel et al. 2001 17% PCV on admission (per % increase) (OR 1.05; 

1.0–1.10 ) 

Age (per year increase) (OR 1.10; 1.04–1.16) 
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Table 1-4 continued 

Study Study design  Data analysis Study 

Population 

Years of 

recruitment  

Case definition Prevalence Risk factors (adjusted odds ratio [OR]; 95% 

confidence interval) 

Torfs et al. 

2009 

Retrospective 

cohort 

multivariable 

analysis 

126 horses 

that had small 

intestinal 

lesions  

March 2004 – 

December 

2006  

As in Roussel et al. 2001 33% HR on admission (OR 1.05; 1.02–1.08) 

Reflux of  >8 L on admission (OR 4.16; 1.13–

15.4) 

Small intestinal resection (OR 6.4, 2.23–18.4) 

Prophylactic lidocaine (OR 0.31; 0.12–0.78) 

PCV = packed cell volume, HR = heart rate 
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Table 1-5: A summary of studies that reported on survival rates and risk factors for postoperative survival following colic surgery. 

Author Study design Study Population 

and survey period 

Outcome measured Data analysis Survival rate Risk factors (adjusted odds ratio [OR] or 

hazard ratio [HR]; 95% confidence 

interval) 

Risk factors for reduced likelihood of survival following surgical management of colic:  

Proudman et 

al. 2002b, 

Proudman et 

al. 2002a 

Prospective 

cohort 

341 horses (1988–

2000) that 

recovered 

following 

laparotomy 

Survival days calculated 

from day of surgery to 

death or censoring 

Kaplan-Meier 

(K.M) estimate, 

multivariable 

Cox 

proportional 

hazards (CPH) 

regression 

Cumulative probability of 

survival of 0.87 by 10 days 

postoperatively followed by a 

gradual decline in survival as 

depicted by K.M curves 

PCV% on admission (HR 1.05; 1.01–1.08)  

Resection length (feet) (HR1.03; 1.002–1.05) 

Duration of surgery (min) (HR 1.012; 1.004–

1.02) 

EFE (HR 2.11; 1.42–2.79) 

Mair and 

Smith 2005a  

Retrospective 

cohort 

300 surgical colic 

patients (1994–

2001)  

Survival to discharge 

from the hospital 

Univariable 

analysis using a 

Student’s t and 

a chi square test 

70.3% of all horses and 

83.1% of horses that 

recovered following general 

anaesthesia were discharged 

from the hospital 

Pain severity on admission 

Faecal output prior to admission 

Heart rate and capillary refill time on 

admission 

Wormstrand 

et al. 2014 

Retrospective 

cohort 

297 surgical colic 

patients (2005–

2011) 

Short-term survival 

defined as survival to 

hospital discharge 

Multivariable 

random effects 

logistic 

regression 

model 

219 (73.74%) horses walked 

out of the anaesthetic 

recovery box, of which 74% 

survived to hospital discharge 

Variables associated with significantly 

improved survival included: 

Large colon diseases (OR 2.03; 1.11–3.71) 

Normal mucous membranes on admission 

Board certified surgeons (OR 2.47; 1.21–

5.06) 

Risk factors for reduced likelihood of survival following small intestinal surgery: 

Macdonald 

et al. 1989 

Retrospective 

cohort 

140 horses (1968–

1986) had small 

intestinal resection 

and anastomosis 

and recovered from 

anaesthesia 

Survival to hospital 

discharge and survival 

days recorded on follow-

up 

K.M estimate 

and 

multivariable 

CPH regression 

49% survived to hospital 

discharge, 35% shortly after 

discharge, median survival 

time was 8 days for cases 

admitted before Jan 1st 1980 

and 219 days for cases 

admitted after Jan 1st 1980 

Age (years) (HR 1.04; 1.002–1.08) 

Heart rate on admission (bpm) (HR 1.01; 

1.004–1.02) 

Heart rate 24 h postoperatively (bpm) (HR 

1.03; 1.02–1.04) 
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Table 1-5 continued 

Author Study design Study Population 

and survey period 

Outcome measured Data analysis Survival rate Risk factors (adjusted odds ratio [OR] or 

hazard ratio [HR]; 95% confidence 

interval) 

Freeman et 

al. 2000 

Retrospective 

cohort 

74 horses (1994–

1999) that survived 

surgery for small 

intestinal lesions of 

which 63 horses 

had a strangulating 

lesion 

Survival to hospital 

discharge and survival 

days recorded on follow-

up 

K.M estimate, 

weighted log-

rank test 

(Tarone-Ware), 

Fisher’s exact 

and Kruskal 

Wallis tests 

85% survival to discharge 

75% survival to 7 months 

68% survival to more than 

one year 

Jejunocaecostomy compared with other 

procedures 

Surgeons with less than 9 cases of colic 

surgery experience 

van den 

Boom and 

van der 

Velden 2001 

Retrospective 

cohort 

224 (1993–1996) 

horses that 

underwent surgery 

for strangulating 

small intestinal 

obstruction 

Survival from 

anaesthesia, survival to 

hospital discharge, 

survival to one year 

A chi square 

test 

165 horses (73%) recovered 

from anaesthesia 

112 horses  (50%) survived to 

hospital  discharge 

76/90 of horses that were 

available to follow-up 

survived for one year 

No risk factors were reported 

Morton and 

Blikslager 

2002 

Retrospective 

cohort 

92 horses (1994–

2001)  had small 

intestinal  resection 

and anastomosis 

and recovered 

following surgery 

Survival to discharge 

form the hospital 

Multivariable 

logistic 

regression 

76.1% survival to hospital 

discharge 

Heart rate ≥60 bpm 24 h postoperatively (OR 

5.6; 1.5–20.6) 

Repeat laparotomy (OR 18.0; 1.7–187.6)  

POI (29.7; 2.5–354.6) 

Proudman et 

al. 2005b  

Prospective 

cohort 

382 horses (1998–

2004) that had 

surgery for small 

intestinal lesions 

and recovered 

following surgery 

Survival days calculated 

from day of surgery to 

death or censoring 

K.M estimate, 

multivariable 

CPH regression 

Cumulative probability of 

survival was depicted using 

K.M curves 

PCV (%) on admission (HR 1.05; 1.03–1.07) 

Total protein (g/l) on admission (HR 0.97; 

0.95–0.99) 

Duration of surgery (min) (HR 1.02; 1.01–

1.02) 

Repeat laparotomy (HR 1.96; 1.23–3.13) 
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Table 1-5 continued 

Author Study design Study Population 

and survey period 

Outcome measured Data analysis Survival rate Risk factors (adjusted odds ratio [OR] or 

hazard ratio [HR]; 95% confidence 

interval) 

Garcia-Seco 

et al. 2005 

Retrospective 

cohort 

102 horses (1987–

2002) that were 

diagnosed with 

PLO at surgery 

Survival ≥2 weeks 

postoperatively and to 

one year 

K.M estimate, 

Multivariable  

logistic 

regression 

76/102 horses (74.5%) 

recovered following surgery 

61/76 horses (80%) survived 

to ≥2 weeks 

49/76 horses (64%) survived 

for ≥1 year 

Jejunocaecostomy compared to 

jejunojejunostomy 

Heartrate >80 bpm on admission (OR 1.5) 

Abnormal peritoneal fluid (OR 1.36) 

Surgery before 1992 (OR 1.45) 

Body weight <409 kg (OR 0.67) 

Archer et al. 

2011 

Prospective 

cohort 

126 horses (2004–

2006) that were  

diagnosed with 

EFE at surgery 

Survival to hospital 

discharge, survival to 

one and to two years, 

survival days calculated 

from day of surgery to 

death or censoring 

K.M estimate, 

multivariable 

CPH regression 

109 horses walked out of the 

anaesthetic recovery box, of 

which 78.5% survived  to  

discharge, 50.6% survived to 

one year and 34.3% survived 

to two years, median survival 

time for all horses 397 days 

PCV (%) on admission (HR 1.04; 1.007–

1.074) 

Resection length (cm) (HR 1.001; 1.001–

1.002) 

POI (HR 3.245; 1.759–5.985) 

Stewart et al. 

2014 

Retrospective 

cohort  

112 horses (2005–

2010) that 

recovered 

following small 

intestinal surgery 

Short-term survival 

defined as survival to 

hospital discharge and 

survival to one year 

K.M estimate 

and generalised 

Wilcoxon test. 

90/112 horses (80%) were 

alive at hospital discharge 

Horses that underwent jejunocaecostomy had 

lower survival rate compared with those 

underwent jejunojejunostomy or 

jejunoileosotomy 

Risk factors for reduced likelihood of survival following large intestinal surgery: 

Proudman et 

al. 2005a  

Prospective 

cohort 

275 horses (1998–

2004) that 

recovered 

following small 

intestinal surgery 

Survival days calculated 

from day of surgery to 

death or censoring 

K.M estimate, 

multivariable 

CPH regression 

Cumulative probability of 

survival was depicted using 

K.M curves 

Hear rate (bpm) on admission (HR 1.02; 

1.00–1.03) 

PCV (%) on admission (HR 1.06; 1.02–1.1) 

Age (years) (HR 1.07; 1.03–1.12) 

Intestinal resection (HR 2.4; 1.17–5.07) 

Repeat laparotomy (HR 3.46; 1.43–8.38) 
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Table 1-5 continued 

Author Study design Study Population 

and survey period 

Outcome measured Data analysis Survival rate Risk factors (adjusted odds ratio [OR] or 

hazard ratio [HR]; 95% confidence 

interval) 

Levi et al. 

2012 

Retrospective 

cohort 

141 horses (2000–

2008) that were 

diagnosed with 

≥360º LCV, of 

which 28 horses 

had a colonic tissue 

biopsy 

Short-term survival 

defined as survival to 

hospital discharge 

Exact logistic 

regression 

analysis, only 

the 28 horses 

that had a 

colonic tissue 

biopsy were 

included 

100 horses (70.9%) were 

discharged from the hospital 

Heart rate (bpm) on admission (OR 1.25; 

1.02–1.96) 

Heart rate (bpm) 24 h postoperatively (OR 

1.11; 1.03–1.26) 

PCV (%) 24 h postoperatively (OR 1.75; 

1.09–7.95) 

Suthers et al. 

2012 

Retrospective 

cohort 

116 horses (2001–

2010) that were 

diagnosed with 

≥360º LCV 

Survival to hospital 

discharge, survival to 

one and to two years, 

survival days calculated 

from day of surgery to 

death or censoring 

K.M estimate, 

multivariable 

CPH regression 

89 horses walked out of the 

anaesthetic recovery box, of 

which 70.8% survived to 

hospital discharge, 48.3% 

survived to one year and 

33.7% survived to two years. 

Median time of survival for 

all horses was 397 days 

Model 1: Included the whole cohort and 

investigated preoperative variables only 

PCV% on admission (HR 1.08; 1.05–1.1) 

PCV × ln(time) (HR 0.96; 0.95–0.97) 

Model 2: Included surgical survivors and 

investigated pre-, intra- and postoperative 

variables 

Heart rate (bpm) at 48 h postoperatively (HR 

1.04; 1.02–1.06) 

Abnormal serosal colour of colonic mucosa 

(HR 3.6; 1.55–8.44) 

POC (HR 2.63, 1.00–6.95) 

Kelleher et 

al. 2013 

Retrospective 

cohort 

156 horses (2000–

2009) that were 

diagnosed with 

≥360º LCV  

Short-term survival 

defined as survival to 

hospital discharge 

Exact logistic 

regression 

analysis for 

survival 

following 

anaesthesia and 

to discharge  

129 horses (83%) survived 

following anaesthesia, 107 

horses (69%) survived to 

discharge from the hospital 

Significant preoperative variables: 

Heart rate, PCV, respiratory rate, total plasma 

protein , blood lactate 

Significant intraoperative variables:  

Hypotension, hypercapnia, tachycardia, 

lowest total plasma protein 
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Table 1-5 continued 

Author Study design Study Population 

and survey period 

Outcome measured Data analysis Survival rate Risk factors (adjusted odds ratio [OR] or 

hazard ratio [HR]; 95% confidence 

interval) 

Hackett et 

al. 2014 

Retrospective 

cohort 

896 Thoroughbred 

mares (1986–2011) 

that had surgery for 

treatment of LCV 

Short-term survival 

defined as survival to 

hospital discharge 

Multivariable 

logistic 

regression 

88% survival to hospital to 

discharge 

Colic duration prior to admission >4 h (OR 

11.6; 5.1–26.5) 

PCV >46% (OR 2.3; 1.3–4.3) 

Surgery duration ≥120 minutes (OR 1.4; 1.1–

3) 

Mean blood pressure >60 mmHg for >10 min 

during anaesthesia (OR 2.7; 1.5–5) 

Heat rate at 48 h postoperatively >48 bpm 

(OR 28.3; 13–61.8) 

Watery or haemorrhagic diarrhoea 

Hospital stay <5 days 

Risk factors for reduced likelihood of survival following small colon surgery: 

de Bont et 

al. 2013 

Retrospective 

cohort 

84 horses (2001–

2010) that were 

diagnosed with 

small colon lesions 

at surgery 

Survival to hospital 

discharge, survival to 

one and to two years, 

survival days calculated 

from day of surgery to 

death or censoring 

K.M estimate, 

multivariable 

CPH regression 

67 horses walked out of the 

anaesthetic recovery box, of 

which 91% survived  to 

hospital discharge, 81% 

survived to one year and 73.5 

% survived to two years, 

median time of survival for 

all horses was 1,664 days 

Resection performed at surgery (OR 3.2; 1.3–

7.6) 

PCV = Packed cell volume, KM = Kaplan-Meier, CPH = Cox proportional hazards, bpm =  beats per minute, POC = postoperative colic  
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Table 1-6: A summary of studies that used next-generation sequencing (NGS) techniques to characterise the horse gut microbiota  

Study Samples collected, 

Number of horses  

Research aim 16S rRNA gene 

regions and 

NGS technique 

used 

Results 

Shepherd et 

al. 2012 

Faeces, 2 horses  Faecal microbiota of normal 

forage-fed horses 

V4, 454-

Pyrosequencing 

Firmicutes (43.73%), Verrucomicrobia (4.11%), Proteabacteria 

(3.75%), Bacteroidetes (3.65%), Spirochaetes (2.06%), Unclassified 

bacteria (38.14%) 

Dougal et 

al. 2013 

Luminal contents from the ileum and 

7 regions of the large intestine, 10 

animals recruited from a local 

abattoir  

Identifying the core 

microbiome (taxa present in 

all horses with a minimum 

relative abundance of 1%) 

V1–V2, 454-

pyrosequencing 

 

The core microbiome of the ileum constituted 32% of the total 

number of sequences which were represented by only seven taxa, 

while the core microbiome of the large intestine was represented by 

only 5–15% of the total sequence reads and constituted from 

multiple low abundance taxa. 

O' Donnell 

et al. 2013 

Faeces, 6 Thoroughbred horses 

receiving different diets 

Identifying the core 

microbiome (taxa present in 

four horses with ≥0.1% 

relative abundance) 

V4, 454-

Pyrosequencing 

 

 

The community was dominated by members of the Firmicutes 

phylum (43–74%) followed by Bacteroidetes (13–31%). There was 

a significant effect of diet on microbial community composition. 

The core microbiome constituted 34 genera. 

Costa et al. 

2015a  

Luminal contents and mucosa of the 

stomach, small and large intestine of 

11 horses (9 sampling sites) 

Microbial community profile 

of different parts of the horse 

gastrointestinal tract 

V4, Illumina 

MiSeq 

 

Firmicutes was the most abundant phylum in all sampling sites, 

Verrucomicrobia came second, while the relative abundance of 

Bacteriodetes was less than 3%. Samples from the large intestine 

were clustered together compared with samples from the stomach 

and small intestine. The microbial community of faeces did not 

differ significantly from that of the pelvic flexure, but was different 

from that of the caecum. 

Proudman et 

al. 2015 

Faecal samples, 8 Thoroughbred race 

horses 

Characterisation of faecal 

microbiome and metabolome 

prior to and following dietary 

supplementation with an 

amylase-rich malt extract 

V1–V3, 454-

Pyrosequencing 

The community was dominated by the Firmicutes (53%) and 

Bacteroidetes (42%) phyla. There were significant changes in gut 

microbiota composition following dietary supplementation. 
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Table 1-6 continued 

Study Samples collected, 

Number of horses  

Research aim 16S rRNA gene 

regions and 

NGS technique 

used 

Results 

Dougal et 

al. 2014 

Faecal samples, 17 healthy horses 

fed either hay only, hay with high oil 

and low starch diet, and hay with a 

low oil, starch-rich diet in a cross 

over design 

Effect of age and of  three 

different diets on faecal 

microbiota composition 

V1–V2, 454-

Pyrosequencing 

 

Faecal microbial communities were dominated by the Firmicutes 

phylum (45%) followed by Bacteroidetes (37%) with smaller 

proportions (0.5–3.5%) of Proteobacteria, Spirochaetes, 

Actinobacteria and Tenericutes. There was significant reduction in 

diversity and richness with increasing age of the horses. 

Weese et al. 

2015 

Faecal samples, 26 pregnant mares 

and 5 control non-pregnant mares 

Effect of parturition on faecal 

microbial profile. Change in 

faecal microbial profile prior 

to development of postpartum 

colic 

V4, Illumina 

MiSeq 

 

Four bacterial phyla were present at ≥1% relative abundance 

including Farmicutes, Verrucomicrobia, Actinobacteria and 

Proteobacteria. Minimal effect of foaling on faecal microbial profile. 

Significant increase in relative abundance of the Proteobacteria 

phylum and reduction in relative abundance of Firmicutes, 

Bacteroidetes and Tenericutes phyla prior to the onset of postpartum 

colic 

Bordin et al. 

2013 

Faecal samples, 42 healthy foals. 

Sample were collected on day 2 and 

day 30 of age. 

Effect of oral administration 

of live or inactivated virulent 

Rhodococcus equi on faecal 

microbiota 

V4-V6, 454-

Pyrosequencing 

Firmicutes (40.4%) and Proteobacteria (36.6%) were the 

predominant phyla in samples collected at 2 days of age, while 

Bacteroidetes (40.6%) was the predominant phylum at 30 days of 

age. There was a significant increase in the relative abundance of 

Euryarchaeota, Actinobacteria, Bacteroidetes, Chlamydiae, 

Chloroflexi, Planctomycetes, Spirochaetes, TM7, and 

Verrucomicrobia and reduction in relative abundance of 

Proteobacteria with increasing age.  
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Table 1-6 continued 

Study Samples collected, 

Number of horses  

Research aim 16S rRNA gene 

regions and NGS 

technique used 

Results 

Costa et al. 

2015b  

Faecal samples from 11 mares and 

11 foals. Samples were collected at 

the day of foaling from the mares 

and foals then at 8 time points until 

the foals reached 9 months of age. 

Development of faecal 

microbiota of neonatal foals 

V4, Illumina 

MiSeq 

 

Faecal microbial profile of new-born foals shifted to become much 

similar to that of the adult mares by the age of 60 days. New-born 

foals had significantly more abundant Acidobacteria and 

Deinococcus-Thermus and less abundant unclassified bacteria 

compared to mature mares. Young foals (Day 1 and Day 2–30) had 

significantly more abundant Fusobacteria compared to animals 

within 121 and 180 days of age.  

Schoster et 

al. 2015a  

Faecal samples, 38 foals (21 foals 

received probiotics, 17 received 

placebo). Probiotics were 

administered at day 3 of age and then 

daily for 3 weeks. Faecal samples 

were collected 3 times; at 2 weeks of 

age and then every 2 weeks. 

Effect of probiotic treatment 

on faecal microbial profile 

of new-born foals 

V4, Illumina 

MiSeq 

 

The predominant phyla in all age groups were Firmicutes (61%) 

Fusobacteria (1%), Proteobacteria (10%), Verrucomicrobia (7%), 

Bacteriodetes (2%), Actinobacteria (1%) and Chlamydiae (1%). 

There was no effect of probiotic administration or age on alpha or 

beta diversity measures. 

Schoster et 

al. 2015b  

Faecal samples, 8 horses. Faecal 

samples were collected 24 h prior to 

transportation, 12 h post 

transportation, after 12 h of fasting 

and at 12, 48 and 72 h after recovery 

from general anaesthesia.  

Effect of fasting 

transportation, and general 

anaesthesia on faecal 

microbial profile of 

clinically normal horses 

 

V4, Illumina 

MiSeq 

 

The predominant phyla were Firmicutes (median: 63%, quartiles: 

56–71%), Proteobacteria (median: 6%, quartiles: 2–19%), 

Verrucomicrobia (median: 12%, quartiles: 9–14%), Bacteriodetes 

(median: 1% quartiles: 1–2%), Fibrobacteres (median: 1%, quartiles: 

0.5–1%) and Spirochaetes (median: 3% quartiles: 2–4%). There 

were significant changes in relative abundance of a number of 

genera at different time points, all belonging to the Firmicutes 

phylum.  

Moreau et 

al. 2014 

Caecal fluid, 8 healthy horses and 12 

horses that had laminitis induced 

either with corn starch (n = 6) or 

oligofractans (n = 6) 

Change in caecal microbiota 

during a starch overload 

model  

V4, Illumina 

MiSeq 

The caecal microbial profile of normal horses consisted of 

Firmicutes (50.4%), Bacteroidetes (18.2%), Proteobacteria (13.8%) 

and Verrucomicrobia (10.5%). There were significant increases in 

Lactobacillus spp., Streptococcus spp., Veillonella spp. and 

Enterobacteriaceae in laminitic horses, while Bacteroidetes, 

Bacillus, Solibacillus, Ruminococcaecea, and Akkermansia 

decreased significantly.  



 

68 

Table 1-6 continued 

Study Samples collected, 

Number of horses  

Research aim 16S rRNA gene 

regions and 

NGS technique 

used 

Results 

Steelman et 

al. 2012 

 

Faecal samples, 10 normal horses 

and 8 horses diagnosed with chronic 

laminitis  

Comparison of faecal 

microbiota of normal horses 

to those diagnosed with 

chronic laminitis 

V5–V9, 454-

Pyrosequencing 

 

Firmicutes (69.21% control, 56.72% laminitis), Verrucomicrobia 

(18.13% control, 27.63% laminitis), Bacteroidetes (5.71% control, 

9.94% laminitis), Spirochaetes (2.52%), Proteobacteria (0.95%) and 

11 other phyla (0.13%). 

Costa et al. 

2012 

Faecal samples were collected from 

6 healthy horses and 10 horses with 

colitis. 

 

Comparison of faecal 

microbiota of healthy horses 

and those with colitis 

V3–V5, 454-

pyrosequencing 

 

Firmicutes (68.1% control, 30.3 colitis), Bacteroidetes (14.2% 

control, 40.0% colitis), Proteobacteria (control 10.2%, 18.7 colitis). 

Actinobacteria and Spirochaetes increased significantly in healthy 

horses, while Fusobacteria was greater in horses with colitis. The 

class Clostridia was significantly higher in healthy horses. 

Rodriguez 

et al. 2015 

Faecal samples were collected from 

10 non-diarrhoeic horses and 10 

horses diagnosed with diarrhoea.  

Faecal microbial profile of 

horses with diarrhoea 

compared with non-diarrhoea 

cases 

V1-V3, 454-

Pyrosequencing 

 

Significant reduction in population diversity in horses affected with 

diarrhoea. Samples did not cluster with disease status. Escherichia 

and Streptococcus genera were significantly more abundant in 

horses diagnosed with colic while, Akkermansia, Fusobacterium, 

Porphyromonas and Xylanibacter were greater in the Diarrhoea 

group. 
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2.1 Summary 

Colic is an important health problem in managed horse populations. Currently, there 

is limited information about colic prevalence and risk factors for colic in working horse 

populations. The objectives of the current study were to determine the prevalence of, 

and risk factors for, colic in a working horse population in Egypt and to describe 

management practices in this working horse population. The study was implemented 

within a cross-sectional survey design where the owners of 350 working horses were 

interviewed. Data about their horses, management and colic episodes in the preceding 

12 months were collected. Dental examination was conducted on 342 horses and blood 

samples (n = 100) were collected for immunodiagnosis of tapeworm (Anoplocephala 

perfoliata) infection. Multivariable logistic regression analysis was used to identify 

risk factors for a history of colic in the preceding 12 months.  

The 12-month prevalence of colic was 54.6%. Severe and moderate tapeworm 

infection intensity was identified in 3% and 26% of horses tested, respectively. Horses 

that had severe dental disease (odds ratio [OR] 6.8, 95% Confidence interval [CI] 1.9–

24.3, p-value <0.001), that displayed stereotypic behaviour (OR 2.0, 95% CI 1.15–3.5, 

p-value = 0.013), were fed ground corn during the ‘dry season’ (OR 1.65, 95% CI 

1.03–2.6, p-value = 0.035) or that had received an anthelmintic in the previous 6 

months (OR 2.1, 95% CI 1.3–3.3, p-value = 0.003) were more likely to have a history 

of colic in the preceding 12 months. Horses fed on rice bran during the ‘green season’ 

(OR 0.47, 95% CI 0.26–0.9, p-value = 0.015) and that displayed 

geophagia/coprophagia (OR 0.19, 95% CI 0.05–0.73, p-value = 0.001) were less likely 

to have a history of colic. It was concluded that colic is common in this working horse 

population and this study has identified factors associated with altered likelihood of 

colic in the previous 12 months. This study provides important information that may 

be used to inform future prospective studies investigating colic in working horse 

populations and to assist development of preventive healthcare strategies to help 

prevent colic.  
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2.2 Introduction 

Abdominal pain (colic) is common in horses and it is frequently associated with death 

or euthanasia in managed horse populations (Kaneene et al. 1997b, Ireland et al. 2011). 

Based on estimates from the UK and the USA, colic has a reported incidence rate of 

4–26 episodes per 100-horse-years-at-risk (Uhlinger 1992, Tinker et al. 1997a, Hillyer 

et al. 2001, Traub-Dargatz et al. 2001) and a case fatality rate of 6.7–11% (Tinker et 

al. 1997a, Traub-Dargatz et al. 2001). At present, there is limited information about 

prevalence and impact of colic in other countries, particularly where working equid 

populations predominate. Colic was reported as a significant welfare issue and of great 

concern among owners of working equids in Ethiopia (Bojia et al. 2006, Shelima et 

al. 2006). A twelve-month prevalence of colic of 32.5% and a five-month prevalence 

of 13.2% were reported by the owners of working equids in Romania and India, 

respectively (Mohite 2014, Popescu et al. 2014). A hospital case fatality rate of 27% 

was reported in Ethiopia (Bojia et al. 2006). 

Many horse- and management-level risk factors have been reported to be associated 

with altered likelihood of colic. Identified risk factors in managed horse populations 

(predominantly in the USA and the UK) include; age, breed, previous colic episodes, 

crib-biting/windsucking behaviour, internal parasites, and changes in feeding 

practices, feed type, exercise and turnout regimens (Archer and Proudman 2006). This 

knowledge has been used to inform colic prevention strategies relevant to these equine 

populations. However, for working equid populations, such evidence is lacking. In 

addition, the information available from colic epidemiology studies based in the USA 

and Europe may not be directly relevant to working equids in developing countries as 

management practices, climatic conditions, diet, and access to prophylactic veterinary 

care are likely to vary. Intestinal obstruction and impaction due to eating coarse 

feedstuff or non-food substances such as polyethene bags (Bojia et al. 2006, Mirazo et 

al. 2012) and intestinal parasitism (Curran et al. 2014) were the commonly reported 

causes of colic in some working equine populations. Previously, a few case reports 

and experimental studies of colic (Shety 2007, Youssef et al. 2012, Ibrahim 2014) have 

originated from Egypt, but these may have limitations based on the small number of 

cases involved and were largely drawn from a referral caseload and therefore were not 
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able to provide estimates of the prevalence or risk factors of colic within the general 

horse population. 

Therefore, the aims of the current study were to determine the prevalence of, and risk 

factors for, colic in a working horse population in Egypt and to describe management 

practices in this working horse population. 

2.3 Materials and methods 

This study was approved by the University of Liverpool Veterinary Research Ethics 

Committee (VREC247). Informed verbal consent was obtained from all participating 

horse owners. 

2.3.1 Study population 

A flow chart detailing recruitment of participants, data acquisition and reporting of 

results is given in Supplementary Figure 2-1. The study population included working 

horses from two provinces in Egypt. Horses were recruited from 41 villages and 2 

cities within 10 different regions in the Al Sharquiya province and 3 different regions 

in the Al Dakahliya province (a map of the area is shown in Supplementary Figure 

2-2). Village selection was based on availability of a local veterinary surgeon or a 

village resident who was willing to assist in recruitment of horse owners. A mobile 

clinic was used to visit the study areas and on arrival, announcements were made using 

a microphone/loudspeaker system. Horses of all ages regardless of any history of 

dental examination or any concurrent medical conditions were eligible to be included 

in the study. Timing of the study was targeted between 27 September and 8 November 

2014 that coincided with the end of the agricultural crop cycle in Egypt where there 

are seasonal differences in work and feed types that horses are exposed to between the 

green ‘Berseem’ season (November – May) and the dry ‘rice’ season (July – October).  

Sample size calculation for population survey was performed using Epi Info™ 7 

software (Centre for Disease Control, Atlanta, Georgia, USA). Due to lack of 

information about the expected prevalence of colic among this population and number 

of working horses in the study area, the number of working horses in the study area 
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was estimated to be between 3,000 and 4,000 horses and an estimate that 50% of these 

horses might have moderate to severe dental disorders was made. Using these figures, 

sample size calculations revealed that a sample size of 341–350 horses was required 

to identify this prevalence of dental disorders at a study power of 80% and a confidence 

level of 95%. This figure increased to 512–525 when a design effect of 1.5 was added. 

Similar sample size calculations were performed for the prevalence of colic, estimating 

that a 12-month prevalence of colic of 10% could be identified as a lower estimate. 

Sample size calculations showed that 201 horses were required to detect this 

prevalence of colic at a study power of 80%, a confidence level of 95% and a design 

effect of 1.5.  

2.3.2 Data collection  

2.3.2.1 Owner questionnaire 

A questionnaire (General appendix 3) was constructed using information available 

from previous epidemiological studies on colic (Archer and Proudman 2006) and 

knowledge of management practices of working horses in Egypt. Questions were 

grouped into the following sections: horse identification; signalment; medical history 

including details of any previous colic episodes; horse behaviour; details of use, 

stabling and turnout regimen; nutritional management including types of feeds during 

green and dry seasons; and history of any dental and anthelmintic treatment. 

The questionnaire was designed using Epi Info™ 7 software (Centre for Disease 

Control, Atlanta, Georgia, USA) and question formats included closed and open-ended 

questions. The questionnaire was piloted in the teaching hospital, Faculty of 

Veterinary Medicine, Zagazig University, Egypt by one of the study collaborators and 

revised accordingly. Horse owners completed the study questionnaire with one of the 

study team while the dental examination was conducted and blood samples were 

collected by a veterinary surgeon. In an attempt to validate owner-reported colic 

episodes, horse owners were asked to describe clinical signs (behavioural alterations) 

that horses demonstrated during the colic episodes (Hillyer et al. 2001). In order to 

record a second colic episode for a given horse, an intervening period of normal work 

and feed of at least 48 h between episodes had to be reported. For each colic episode 

reported, the horse owner was asked to provide the following information: the date it 

occurred, whether a veterinary surgeon had attended, any treatments administered 
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(including pharmaceuticals and conservative/alternative therapies), an estimation of 

the duration of colic (in hours) and the owners’ opinions about what they thought may 

have caused each colic episode. The data were entered into Epi Info™ 7 software. 

2.3.2.2 Clinical examination 

Horses underwent a full dental examination using a dental speculum, light source and 

dental mirror; horses were excluded from this part of the study if this could not be 

performed without sedation or if owners did not give consent for this to be performed 

(Salem et al. 2015). All dental examinations were performed by a single investigator 

(the author of this thesis) and consequently the chances of obtaining inconsistent 

examination results were low. Age estimation was based on history taken from the 

owner and examination of incisor morphology (Muylle et al. 1997). Weight and height 

were determined using a measuring tape (Easy-Measure®, Chandelles Saddlery, UK) 

and the body condition score was evaluated on a six-point scale of zero to five (Carroll 

and Huntington 1988). Ten ml of blood was collected from the jugular vein of each 

horse and was placed into EDTA (for measurement of packed cell volume [PCV] and 

total plasma protein [TPP]) and plain tubes (for serum isolation). Samples were 

transported in an ice pack to the clinical laboratory at Faculty of Veterinary Medicine, 

Zagazig University, Egypt where PCV was measured using the microhematocrit 

method and TPP was determined using a refractometer. Sera samples were isolated 

following centrifugation and stored at –20 ºC prior to transport to the UK for 

immunodiagnosis of Anoplocephala perfoliata infection under appropriate licencing. 

2.3.2.3 Immunodiagnosis of tapeworm (A. perfoliata) infection 

One hundred serum samples were randomly selected using a random number generator 

to undergo testing for A. perfoliata infection. This excluded horses with a history of 

receiving an anticestodal drug (n = 18) in the previous twelve-month period, and 

samples were divided equally between horses that did (n = 50) and did not (n = 50) 

have a history of colic in the previous 12 months. Samples were submitted to the 

Diagnosteq laboratories, the University of Liverpool for testing using enzyme-linked 

immunosorbent assay (ELISA) optical density (OD) values specific for the 12/13 kDa 

excretory/secretory antigen of A. perfoliata (Proudman and Trees 1996). Optical 

density (OD) values of <0.2, 0.2–0.7, and >0.7 were used to assign horses to zero or 

low, moderate and high infection intensity, respectively (Proudman and Trees 1996).  
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2.3.3 Data analysis 

Using data collected from horses that were under their current ownership for ≥12 

months, the 12-month prevalence of colic was calculated as the number of horses that 

experienced one or more colic episodes divided by the total number of horses recruited 

into the study that were under current ownership for ≥12 months.  

Preliminary descriptive analyses excluded any variable containing ≥30% missing data. 

Categorical variables containing few observations among some of the categories were 

condensed into fewer, biologically plausible groups. Unadjusted associations between 

explanatory variables and a history of colic in the previous 12 months as a dichotomous 

outcome variable was explored using univariable logistic regression. The functional 

form of the relationships between continuous predictor variables and the log-odds of 

the outcome variable was examined using generalised additive models (GAMs) 

(Hastie and Tibshirani 1990) where variables with a non-linear association were 

categorised using data-driven cut-off points. Pearson’s correlation coefficient was 

used to test for collinearity between all explanatory variables prior to multivariable 

model building. If variables were highly correlated (r >0.9), the most statistically 

significant (variable with the lowest p-value) or biologically plausible variable was 

selected (Archer et al. 2008b). 

Variables with a univariable likelihood ratio test p-value <0.25 were considered for 

inclusion into a multivariable logistic regression model. The model was built using a 

forward stepwise selection approach whereby variables were added in succession and 

were retained if their inclusion resulted in significant changes in likelihood ratio test 

statistic (p-value <0.05) when nested models were compared. The final model was 

tested by forcing excluded variables (those that did not satisfy a significant likelihood 

ratio test) back into the model to assess for confounding. This was defined as a 25% 

change in the regression coefficient of any of the variables remaining in the model 

(Cox et al. 2007). Two-way interactions between variables remaining in the final 

model were evaluated and model fit was assessed by the Hosmer–Lemeshow 

goodness-of-fit test statistic. In order to test for influential observations, deviance 

residuals and delta-betas for each variable in the final model were examined 

graphically. Finally, a mixed-effects model was built to explore random effects for the 

interviewer (three interviewers) and for the horse (as multiple episodes of colic were 
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reported for some horses), and to assess for within horse and within interviewer 

clustering. This model was built using the 'lme4' statistical package (version 1.1.7) 

(Bates et al. 2014) on R software environment (version 3.2.0) (R Core Team 2014). 

A chi-squared test of independence was used to test for an association between positive 

A. perfoliata ELISA results (OD >0.2) and colic history. Data analyses were 

performed using Epi Info™ 7, Stata (Stata Statistical Software: Release 9, College 

Station, Texas, USA), and R software. The critical probability was set at 0.05 for all 

analyses. 

2.4 Results 

2.4.1 Study population 

A total of 460 horses were presented to the mobile clinic. Of these, 350 horses had 

been under the present owners’ care for ≥12 months and were eligible for inclusion. 

Dental examination was performed on 342 of these horses; horses that were either too 

aggressive to be examined un-sedated (n = 3) or whose owners were unwilling to have 

their horses’ mouths examined (n = 5) were excluded from dental examination. Horses 

included 239 (68.3%) females, 109 (31.1%) stallions and 2 (0.6%) geldings. 

Additional data on characteristics of this horse population are given in Table 2-1. 

Table 2-1: Characteristics of the studied Egyptian working equid population.  

Variable Number of 

observations 

% 

Missing 

Median Mode IQ range Range 

Age (years) 343 2 7 15 3.5, 12 1–30 

Weight (kg) 342 2.3 300 285 272, 332 151–470 

Height (hands) 340 2.9 14.2 14.3 14.05, 14.3 12.3–16 

Been in owner possession 

(years) 

350 0 3 2 2.25, 5 1–20 

Owners’ working experience 

with horses (years) 

344 1.7 10 10 5.5, 15 1–50 

Total plasma protein (g/dl) 330 5.7 6.3 6 6.05, 6.8 5–8.2 

Packed cell volume (%) 334 4.6 29 26 25.5, 33 18–44 

Watering frequency during 

dry season (times/day) 

338 3.4 3 3 3, 4.5 1–9 

Watering frequency during 

green season (times/day) 

338 3.4 2 2 1.5, 2 0–5 

Data were collected for 350 working horses, descriptive data are presented as median and interquartile 

range (IQ).  
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2.4.2 Medical history and stereotypic behaviour 

At least one medical problem was reported by owners over the preceding 12 months 

in 292 horses (83%). These were gastrointestinal disease (n = 192; 54.9%), skin lesions 

(n = 81; 23%), weight loss (n = 70; 20%), lameness (n = 43; 12.3%), fever and lethargy 

(n = 22; 6.3%), reproductive problems (n = 16; 4.6%), respiratory disease (n = 9; 

2.6%), eye lesions (n = 2; 0.6%), tetanus (n = 3; 0.9%) and suspected pesticide toxicity 

(n = 2; 0.6%). Nine horses were previously admitted to a referral centre for surgical 

excision of a skin tumour (n = 3), pregnancy diagnosis (n = 2), pruritus (n = 2), fever 

(n = 1) and treatment of lameness (n = 1). Seventy (20%) horses were reported to 

exhibit crib-biting/windsucking stereotypic behaviour, 5.14% (n = 18) exhibited 

weaving behaviour and 0.6% (n = 2) exhibited box-walking behaviour. 

2.4.3 Colic episodes 

A total of 371 colic episodes in 191 horses were reported by the horse owners within 

the previous 12 months, contributing a 12-month colic prevalence of 54.6% (95% CI 

49.2–59.9). Figure 2-1shows the seasonal distribution of these colic episodes, 

suggesting that a higher frequency of colic occurred during the dry season (July – 

October). A single colic episode was reported for 89 horses; 69 had 2 colic episodes, 

14 had 3 colic episodes, 10 had 4 colic episodes, 3 had 5 colic episodes, 1 horse had 7 

colic episodes and 4 horses had 10 colic episodes (data was not recorded for the 

number of colic episodes in 1 horse). The most frequently reported clinical signs were: 

repeatedly getting up and down (82.7%), rolling (41.4%), pawing the ground 

repeatedly (25.7%), prolonged periods of lateral recumbency (11.5%) and kicking the 

abdomen (11%). Less frequent signs were sweating (4.2%), flatulence (3.7%), bruxism 

(1.8%), diarrhoea (1%), and a single report of dull demeanour.  

Owners were able to provide some information about management and outcomes of 

298 (80.3%) colic episodes. The signs of colic were confirmed by a veterinary surgeon 

in 43% (n = 127) of these episodes. Spontaneous recovery without any treatment was 

reported in 7.5% (20/266) of colic episodes while a range of treatment was sought on 

246 (92.5%) occasions. Treatments administered included; alternative/conservative 

treatments (n = 78), pharmaceutical preparations (n = 109) and combinations of 

pharmaceutical preparations and alternative/conservative treatments (n = 59). The 
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alternative/conservative treatments included exercise (n = 119) which involved 

walking, trotting or working the horse; bathing the horse in a water canal (n = 4); a 

drench of barley water (n = 27) which comprised either human commercial products 

or boiled and sieved barely grains; removing feed (n = 10); a drench of commercial 

carbonated water (n = 9); and changing feeds e.g. offering hay or barley (n = 6). 

Pharmaceutical preparations comprised administration of a diuretic (furosemide) (n = 

66); an anthelmintic (n = 7); non-steroidal anti-inflammatory drugs (n = 8) which 

included diclofenac sodium, ketoprofen and flunixin meglumine; spasmolytic drugs (n 

= 26) including hyoscine butyl bromide, atropine, dipyrone, tiemonium iodide; 

intravenous fluid therapy (n = 8) and oral administration of liquid paraffin (n = 3). 

Urinary catheterisation was performed by a veterinary surgeon in 7 horses with colic. 

Questions about rectal examination and findings were not asked.  The owners were not 

able to specify drugs given on 63 colic occasions. The median reported time between 

veterinary examination and when signs of colic were first noticed by the owners was 

6 h (range 1–192 h) and horses exhibited colic signs for a median duration of 8 h (range 

1–360 h) prior to recovery.  

Among 183 reports of what owners believed caused each colic episode, urine retention 

was the most commonly proposed cause (n = 74) followed by feeding excess dry feed 

in the form of roughage or grains with limited access to green feeds (n = 70). Other 

proposed causes of colic were silage overfeeding (n = 13), hard work (n = 11), internal 

parasites (n = 6), feeding young or wet clover (n = 5), constipation (n = 2), late 

pregnancy/abortion (n = 3), feeding from sandy ground (n = 1), and feeding spoiled 

feeds (n = 2). For the remaining colic episodes (n = 115) horse owners did not give 

any opinion about the potential cause of colic. 

2.4.4 Management practices 

2.4.4.1 Work features 

Seventy-eight percent (n = 263) of horses were used for agricultural work e.g. moving 

crops, 12.4% (n = 42) performed non-agricultural work e.g. building material delivery 

and 10% (n = 34) performed both types of work (11 horses had not started work at the 

time of data collection). Agricultural work was either on owners’ properties only (n = 

237; 80%), hired out to other farmers (n = 26; 9%) or both (n = 23; 11%).   
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With respect to work intensity, 90 respondents reported the horses were in a constant 

level of work, 171 reported May to July as a period of increased work intensity and 75 

reported November to May, which is consistent with transporting clover from fields to 

feed other farm animals. Thirty-three owners reported increased workloads during 

harvesting seasons in general which include May – July (wheat harvesting season) and 

October – November (rice harvesting season).   

2.4.4.2 Stabling and turnout regimens  

Except when working, 51.4% (n = 181) of horses were always indoors, 10.8% (n = 37) 

were always turned out and 37.4% (n = 131) were kept indoors at night and turned out 

during the day. The turnout area was a shelter, a street or a field. The stabling regimen 

was constant for 93% (n = 276) of the horses, changed seasonally for 6% (n = 18) and 

changed from day to day in 0.7% (n = 2). Some animals were brought in during winter 

(n = 10), turned out in a clover field during winter (n = 3), turned out during summer 

(n = 4) and turned out on sunny days during winter (n = 1). Horses were stabled with 

concrete floors for 55% and dung floors in 45% of respondents, and the surfaces of 

turnout areas were soil (89.7%), concrete (9.6%) or sand (0.6%). 

2.4.4.3 Carers, feeds and water  

Twenty-three percent (n = 79) of horses were looked after by a single carer who also 

worked with the horse, by any family member in 76.8% (n = 265) and by a hired person 

in one horse. Egyptian clover, Trifolium alexandrinium, ‘Berseem’ (n = 342; 97.7%) 

and wheat straw (n = 201; 57.4%) were the main feed types during green season while 

wheat straw (n = 213; 60.9%) and green corn (n = 173; 49.4%) were offered in dry 

season. These feeds were either purchased (n = 82; 23.8%), grown by the owner (n = 

74; 21.5%), or both (n = 188; 54.7%). Roughage was offered ad libitum in 40% and at 

set times in 60% of horses. Almost all horses were fed from a container (99%). 

Supplements such as minerals and vitamins were given to 11% of horses. Water was 

provided from either a water pump or tap water for 89.6% of horses and both clean 

water and water from ponds/water canals was offered to 10.3% of horses. Only 4 

horses had free access to water and for other horses (98.8%), water was offered a 

median of 3 times during summer and twice during winter.   



 

80 

2.4.4.4 Preventive healthcare 

None of the horses in the study had previously undergone dental 

examination/treatment by a qualified veterinary surgeon or trained equine dentist. 

Details of the findings on oral examination in this horse population have been reported 

separately (Salem et al. 2015). Nine horses had undergone previous dental work in the 

form of cutting of canine teeth and/or teeth rasping performed either by a farrier (n = 

5), the owner (n = 3) or a friend (n = 1).   

A routine anthelmintic program had been implemented in 31% (n = 109) of horses of 

which owners reported 19.3% (n = 21) were wormed every 3 months, 40.3% (n = 44) 

were wormed every 6 months, 37.6% (41) were wormed once a year and 2.8% (n = 3) 

were wormed less frequently. The most recently administered anthelmintic products 

were ivermectin (n = 125), doramectin (n = 57), albendazole (n = 20), pyrantel tartrate 

(n = 18), piperazine citrate (n = 2) and herbal treatments (fenugreek seeds and 

wormwood) (n = 3). Owners could not specify the products used in 9 horses. Reasons 

for anthelmintic administration were; as a part of routine management (n = 60), due to 

weight loss (n = 113), pruritus (n = 31), worms seen in faeces (n = 35), anal pruritus 

(n = 11), veterinary advice (n = 7), poor appetite (n = 6), colic (n = 4), by a charity 

mobile clinic (n = 4), malodorous faeces (n = 2) and loud bowel sounds (n = 2).   

2.4.5 Immunodiagnosis of A. perfoliata infection 

The ELISA OD values indicated that 3% (n = 3) and 26% (n = 26) of the horses tested 

had high and moderate infection intensities, respectively. Figure 2-2 shows the 

distribution of ELISA OD values in horses that did or did not have a history of colic 

in the previous year. The prevalence of positive tapeworm infection (29%) did not vary 

between horses with and without a reported history of colic (X2 = 0.05, p-value = 0.82).  

2.4.6 Univariable and multivariable analysis 

The results of univariable analyses of potential explanatory variables for risk of colic 

during the previous year are available in Supplementary Table 2-1 and Supplementary 

Table 2-2. A final multivariable model is shown in Table 2-2. Horses identified to have 

severe oro-dental disease during the oral examination were 6.8 times more likely to 

have a history of colic in the previous 12 months. Horses reported to exhibit stereotypic 

behaviour and those that had received anthelmintic in the previous six-month period 
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were more likely to have a 12-month history of colic. Increased likelihood of colic in 

the previous 12 months was also associated with feeding ground corn during ‘dry 

season. Horses fed on rice bran during ‘green season’ and those reported to display 

pica (geophagia and coprophagia) were less likely to have a history of colic. No 

significant multiplicative interaction terms were found between variables in the final 

model. The Hosmer–Lemeshow test statistic indicated that there was no evidence of 

lack of fit (p-value = 0.07) and no influential data points were identified. In the mixed 

model, the random effect of the horse and of the interviewer was not significant (had 

variance of 0.025 and zero, respectively) and therefore these variables were not 

included in the final model. 

Table 2-2: Multivariable logistic regression model of risk factors for owner reported colic 

in the previous twelve-month period in a working horse population in Egypt.  

Variable Coefficient Standard 

error 

Odds 

ratio 

95% CI of 

odds ratio 

LRT p-

value 

Severe oro-dental pathology                                    

 

No 

Yes 

   Ref. 

1.92 

 

0.65 

 

6.8 

 

1.9–24.32 

 

<0.001 

Stereotypic behaviour                                    

 

No 

Yes 

   Ref. 

0.7 

 

0.3 

 

2.0 

 

1.15–3.5 

 

0.013 

Feeding ground corn during 

June–October 

No 

Yes 

   Ref. 

0.5 

 

0.24 

 

1.65 

 

1.03–2.6 

 

0.035 

Anthelmintic administered 

during the last 6 months   

No 

Yes 

   Ref. 

0.7 

 

0.24 

 

2.1 

 

1.3–3.3 

 

0.003 

Feeding rice bran during 

November – May  

No 

Yes 

   Ref. 

−0.75 

 

0.24 

 

0.47 

 

0.26–0.9 

 

0.015 

Geophagia / coprophagia 

(pica)  

No 

Yes 

   Ref. 

−1.65 

 

0.7 

 

0.19 

 

0.05–0.73 

 

0.001 

Ref. = reference category, CI = confidence interval, LRT = likelihood ratio test  
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Figure 2-1: Seasonal distribution of 

owner-reported colic episodes in the 

previous 12 months. 

 

 

 

 

 

 

 

 

 

Figure 2-2: Histograms showing the 

distribution of enzyme-linked 

immunosorbent assay (ELISA) optical 

density (OD) values among horses with 

(a) and without (b) a history of colic in 

the previous 12 months.  
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2.5 Discussion 

This study has documented the 12-month prevalence of colic in a working horse 

population in Egypt and has identified factors that were associated with a history of 

colic. It has also provided information about management practices and owner 

perceptions about causes of colic. This information is an important first step in 

determining the impact of colic in a working population of horses and strategies that 

may be developed to minimise the likelihood of colic occurring. 

The prevalence of colic (54.6%) in this working horse population exceeds the 

prevalence of colic reported for working horses in Romania (32.5%) (Popescu et al. 

2014) and the 12-month cumulative colic incidence of 5.8–6.5% reported for horse 

populations based in the USA and the UK (Tinker et al. 1997a, Hillyer et al. 2001).  

These differences may be due to variation in horse types, management practices and 

different study designs or over-reporting of historic colic episodes by the horse owners. 

A greater frequency of colic episodes occurred from June to October. This apparent 

seasonal pattern differs from that previously reported for colic in the UK and USA 

(Proudman 1992, Tinker et al. 1997a, Hillyer et al. 2001, Archer et al. 2006). 

However, this finding may also be related to recall bias with owners reporting colic 

episodes that occurred more frequently relative to the timing of questionnaire 

administration. In order to investigate whether there is a true seasonal pattern of colic 

in the study population, a prospective cohort study would be required. 

In the current study, horses that were diagnosed with a severe dental disease were more 

likely to have developed colic during the preceding twelve months compared with 

those diagnosed with no/mild or moderate dental disease. Whilst the retrospective 

nature of the study and timing of the colic episode in relation to dental examination 

means that it is not possible to confirm a definitive association between the two, this 

finding is consistent with other studies. Horses with a history of dental disease were 

previously reported to be at greater risk of recurrent colic episodes (Scantlebury et al. 

2011) and those with a history of less frequent dental examinations were found to be 

at increased risk of simple colonic obstruction and distension colic (SCOD) (Hillyer 

et al. 2002). Increased risk of large colon volvulus was also reported in horses that had 

a history of quidding (Suthers et al. 2013). Therefore, implementation of a programme 
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of dental prophylaxis by appropriately trained veterinary surgeons might help to 

reduce the incidence of colic in this population of horses.  

Stereotypic behaviours were significantly associated with a horse having a history of 

colic in the previous 12 months and this is also consistent with previous reports (Archer 

et al. 2008b, Malamed et al. 2010, Scantlebury et al. 2015). The prevalence of crib-

biting/windsucking stereotypic behaviour (20%) within this working horse population 

was greater than the prevalence of between 4.4 and 6.1% reported for horse 

populations in the USA and the UK (McGreevy et al. 1995, Albright et al. 2009). 

These behaviours were described by owners as horses grasping the wood of the carts 

without attempts to suck in air. If these behaviours were to be described as a wood 

chewing behaviour, our reported prevalence may be comparable to the prevalence 

(17.2%) of wood chewing behaviour in other horse populations (McGreevy et al. 

1995). There is a need to more accurately define and describe such behaviours in 

working horses. 

The association between certain types of feeds and the altered likelihood of colic 

identified in the current study is interesting. Previously, changes in feed or feeding 

practices rather than the actual feed types were more consistently reported as important 

risk factors for colic (Cohen et al. 1995b, Tinker et al. 1997b, Curtis et al. 2014). This 

study provides preliminary data that may be used to assist the design of prospective 

cohort studies that investigate further any seasonal variation and relationship between 

the likelihood of colic and feed types given in this type of equine population. Pica 

(geophagia/coprophagia) was associated with a reduced likelihood of a history of colic. 

This was unexpected as it was considered that this may reflect nutritional or other 

management deficiencies that may increase the likelihood of colic.  Pica may be a 

proxy measure for a young age, previously reported to be associated with a reduced 

risk of colic (Tinker et al. 1997b). However, within this equine population, age was 

not found to be a confounder. This finding requires further investigation to determine 

whether it is directly attributable to colic risk or whether it is a marker for other horse 

or management factors.  

Horses that had been given anthelmintic treatment during the preceding six months 

were more likely to have had a colic episode within the previous year. This finding 

may initially seem counter-intuitive compared to other studies reporting risk factors 
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for colic (Hillyer et al. 2002, Little and Blikslager 2002). Anthelmintic preparations 

may have been administered in response to colic occurring (Upjohn et al. 2010), or 

due to evidence of parasite-related colic, which makes it difficult to assess the 

underlying direction of this association. Furthermore, the efficacy of anthelmintic 

preparations used by owners, or the possible role of anthelmintic resistance within this 

population is largely unknown. A single pilot study, reporting anthelmintic 

susceptibility to ivermectin and fenbendazole found no evidence of resistance (Heragy 

et al. 2014). Further work is required to examine anthelmintic practices and efficacy 

of treatment within this working equid population. 

The study, for the first time in Egypt, has identified a high seroprevalence of A. 

perfoliata infection of 29% in horses tested. This is comparable to the infection rate 

(34%) reported in working donkeys in Ethiopia (Getachew et al. 2012) but is lower 

than the seroprevalence (56%) reported in other equine populations (Trotz-Williams 

et al. 2008). The frequency of positive results did not differ significantly between 

horses with or without a history of colic. The decision for the limited number of 

samples tested was based on available funding, and this may have reduced the power 

to detect any significant differences. However, post-hoc power calculations performed 

based on the results obtained from the current study showed that in order to identify a 

significant relationship (odds ration >1) between A. perfoliata infection (ELISA OD 

value >0.2) and a history of colic in the preceeding 12 months, a sample size of 20,554 

horses would be required which is difficult to achieve. Theses results may indicate that 

this risk factor for colic is better investigated in horses diagnosed with specific types 

of colic known for its association with A. perfoliata infection such as ileal impaction 

and spasmodic colic (Proudman and Edwards 1993, Little and Blikslager 2002). 

Urinary retention was a commonly perceived cause of colic reported by owners of 

working horses in this study. It is unclear whether this is a result of a physical inability 

to pass urine, as is the case in obstructive urolithiasis, often considered an infrequent 

clinical problem in horses and not always associated with signs of colic (Duesterdieck-

Zellmer 2007), or whether this observation could be associated with other aetiologies 

that are relevant to this working horse population, for example, dehydration. 

Behaviour may have been misinterpreted by owners and whatever the underlying 

aetiology, it is of note that urinary catheterisation and the use of diuretics were among 
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the commonly reported treatments given by veterinary surgeons for colic. Other owner 

perceptions about causes of colic were in agreement with previous reports (Traub-

Dargatz et al. 2001). Further work is warranted to look at the aetiologies and clinical 

signs associated with colic in this population of working horses. This would assist the 

development of training programmes for local veterinary surgeons and owners of 

working horses about colic prevention, diagnosis and treatment. The results of the 

current study will be disseminated via social media to veterinary surgeons and lecturers 

in relevant areas to demonstrate areas where improved owner and veterinary student 

education is required.  

In common with all retrospective cross-sectional studies, there may have been an 

element of recall bias, as no written/computer record of medical history was available 

for any of the examined horses. Almost all owners (98%) owned a single horse, which 

might have better enabled them to recall historical details. Furthermore, the ability to 

examine risk factors is limited as temporal associations between risk factors identified 

and colic cannot be ascertained within this cross-sectional format, and our reliance on 

horse owners to classify cases with colic may have introduced misclassification bias. 

The findings from the current study do, however, provide useful insight into factors 

that require investigation in future longitudinal studies. Due to requirements to gain 

consent from local government and logistical issues relating to access to equine 

populations, the recruitment strategy was non-randomised and therefore it may not be 

appropriate to extrapolate the current results to other regions of Egypt. Additionally, 

our investigation of severe forms of colic that might have resulted in death or 

euthanasia of the animals was limited. Again, this highlights the need for future 

prospective studies that involve detailed clinical examination of horses with colic and 

where relevant, post-mortem examination. 

This study has reported the 12-month prevalence of colic and associated risk factors 

in a population of working horses in Egypt. This information together with details 

about management practices of horses and horse owner perceptions about possible 

causes of colic can be used to inform educational and training programmes for horse 

owners and veterinary surgeons in this region, and in similar populations. These data 

provide information that may be used as a basis for performing future prospective 
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cohort studies to examine risk factors for colic further within this and other working 

equid populations.   
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2.6 Appendix to Chapter 2 

Supplementary Table 2-1: Descriptive statistics and univariable analysis of categorical variables investigated for association with colic occurring over 

a twelve-month period in an Egyptian working horse population.  

Variable No colic in 

previous year 

159 (45.43%) 

Colic in previous 

year 191 

(54.57%) 

Coefficient Standard 

error 

Odds 

ratio 

 95% CI of 

odds ratio 

Likelihood 

ratio test p-

value 

Sex Female 113 (47.28) 126 (52.72)   Ref.     

Male 46 (41.44) 65 (58.56) 0.23 0.23 1.26 0.8–1.99 0.3 

Stereotypic behaviour No 121 (47.82) 132 (52.17)   Ref.     

Yes 38 (39.18) 59 (60.82) 0.35 0.24 1.42 0.88–2.29 0.15 

Wind sucking /cribbing No 133 (47.5) 147 (52.5)   Ref.     

Yes 26 (37.14) 44 (62.86) 0.43 0.27 1.53 0.9–2.62 0.12 

Weaving No 155 (46.69) 177 (53.31)   Ref.     

Yes 4 (22.22) 14 (77.78) 1.12 0.58 3.1 0.99–9.5 0.04 

Pica (coprophagia/geophagia) No 148 (44.05) 188 (55.95)   Ref.     

Yes 11 (78.57) 3 (21.43) −1.5 0.66 0.21 0.06–0.8 0.01 

Reaction towards humans Aggressive 19 (52.78) 17 (47.2)   Ref.     

Calm 139 (44.55) 173 (55.45) 0.33 0.35 1.4 0.7–2.8 0.35 

Use Agricultural 114 (43.35) 149 (56.65)   Ref.     

Non-agricultural 21 (50) 21 (50) −0.26 0.33 0.77 0.4–1.5  

Both 17 (50) 17 (50) −0.26 0.36 0.77 0.37–1.56 0.59 

Stabling regimen Out day and night 15 (40.5) 22 (59.46)   Ref.     

Stabled at night 64 (48.85) 67 (51.15) –0.34 0.37 0.71 0.34–1.5  

Stabled day and night 80 (44.44) 100 (55.56) –0.16 0.36 0.85 0.42–1.75 0.6 
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Supplementary Table 2-1 continued 

Variable No colic in 

previous year 

159 (45.43%) 

Colic in previous 

year 191 

(54.57%) 

Coefficient Standard 

error 

Odds 

ratio 

 95% CI of 

odds ratio 

Likelihood 

ratio test p-

value 

Stabling regimen patterns Constant 127 (46) 149 (54)   Ref.     

Day to day or seasonal 

changes 

9 (45) 11 (55) 0.04 0.46 1.04 0.42–2.6 0.93 

Stable floor Soil 68 (47.89) 74 (52.11)   Ref.     

Concrete 77 (44.25) 97 (55.75) 0.15 0.23 1.16 0.74–1.8 0.52 

Single carer No 118 (45.21) 143 (54.79)   Ref.     

Yes 37 (44.05) 47 (55.95) 0.047 0.25 1.05 0.64–1.72 0.85 

Source of feed Owner’s land 30 (40.54) 44 (59.46)   Ref.     

Purchased 39 (47.56) 43 (52.44) –0.29 0.32 0.75 0.40–1.42  

Both 86 (45.74) 102 (54.26) –0.21 0.28 0.81 0.47–1.4 0.65 

Roughage frequency Ad libitum 62 (44.93) 76 (55.07)   Ref.     

At set times 94 (45.19) 111 (54.81) –0.01 0.22 0.98 0.64–1.52 0.96 

Three or more watering frequency 

in dry season 

No 31 (49.2) 32 (50.8)   Ref.     

Yes 123 (44.73) 152 (55.27) 0.18 0.28 1.2 0.7–2.1 0.52 

Green season feeds (November – May): 

Wheat straw No 69 (46.31) 80 (53.69)   Ref.     

Yes 90 (44.78) 111 (54.81) 0.06 0.22 1.06 0.69–1.62 0.78 

Barley No 142 (45.95) 167 (54.05)   Ref.     

Yes 17 (41.46) 24 (58.54) 0.18 0.33 1.2 0.62–2.32 0.59 

Rice bran No 125 (43.71) 161 (56.29)   Ref.     

Yes 34 (53.13) 30 (46.88) –0.38 0.28 0.68 0.4–1.17 0.17 

Whole Wheat No 146 (44.24) 184 (55.76)   Ref.     

Yes 13 (65) 7 (35 –0.85 0.48 0.42 0.16–1.09 0.07 
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Supplementary Table 2-1 continued 

Variable No colic in 

previous year 

159 (45.43%) 

Colic in previous 

year 191 

(54.57%) 

Coefficient Standard 

error 

Odds 

ratio 

 95% CI of 

odds ratio 

Likelihood 

ratio test p-

value 

Silage No 154 (45.7) 183 (54.3)     Ref.     

 Yes 5 (38.46) 8 (61.54) 0.3 0.58 1.35 0.43–4.2 0.61 

Bran No 87 (46.8) 99 (53.2)     Ref.     

 Yes 72 (44) 92 (56)   0.12 0.22 0.12 0.74–1.7 0.6 

Ground beans No 143 (44.5) 178 (55.5)     Ref.     

Yes 16 (55.2) 13 (44.8) –0.43 0.4 0.7 0.3–1.4 0.27 

Ground Corn No 96 (46.8) 109 (53.2)     Ref.     

Yes 63 (43.3) 82 (56.5) 0.14 0.22 1.15 0.75–1.8 0.5 

Whole corn No 126 (45.1) 135 (54.9)     Ref.     

Yes 126 (46.5) 38 (53.5) –0.05 0.3 0.95 0.56–1.6 0.8 

Wheat straw No 69 (46.3) 80 (53.7)     Ref.     

Yes 90 (44.8) 111 (55.2) 0.06 0.22 1.1 0.7–1.63 0.8 

Commercial feeds No 152 (55) 186 (55)     Ref.    0.36 

Yes 7 (58.3) 5 (41.7) –0.5 0.6 0.6 0.2–1.9 0.36 

Dry Season Feeds (June – October): 

Green corn No 76 (42.94) 101 (57.06)    Ref.     

Yes 83 (47.98) 90 (52.02) –0.20 0.22 0.82 0.54–1.24 0.34 

Rice bran No 125 (44.64) 155 (55.36)    Ref.     

Yes 34 (48.57) 36 (51.43) –0.16 0.26 0.85 0.51–1.44 0.55 

Barely No 127 (45.36) 153 (54.64)    Ref.     

Yes 32 (45.71) 58 (54.29) –0.01 0.26 0.99 0.58–1.67 0.96 

Wheat Bran  No 75 (47.47) 83 (52.53)    Ref.     

Yes 84 (43.75) 108 (56.25) 0.15 0.21 1.16 0.76–1.77 0.48 
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Supplementary Table 2-1 continued 

Variable No colic in 

previous year 

159 (45.43%) 

Colic in previous 

year 191 

(54.57%) 

Coefficient Standard 

error 

Odds 

ratio 

 95% CI of 

odds ratio 

Likelihood 

ratio test p-

value 

Whole Wheat No 143 (44.27) 180 (55.73)    Ref.     

 Yes 16 (59.26) 11 (40.74) –0.6 0.41 0.55 0.25–1.21 0.14 

Silage No 130 (45.45) 156 (54.55)    Ref.     

 Yes 29 (45.31) 35 (54.69) 0.005 0.28 1.005 0.58–1.73 0.98 

Ground Beans No 137 (45) 168 (55)    Ref.     

Yes 22 (49) 23 (51) –0.16 0.32 0.9 0.45–1.6 0.6 

Ground corn No 91 (49.7) 92 (50.03)    Ref.     

Yes 68 (40.7) 99 (59.3) 0.4 0.22 1.4 0.9–2.2 0.09 

Whole corn No 128 (47.2) 143 (52.7)    Ref.     

Yes 31 (39.2) 48 (60.8) 0.32 0.26 1.4 0.33–1.25 0.21 

Commercial feeds No 149 (44.6) 185 (55.4)    Ref.     

Yes 10 (62.5) 6 (37.5) –0.72 0.53 0.5 0.17–1.4 0.17 

Flour No 154 (45.6) 184 (54.4)    Ref.     

Yes 5 (41.7) 7 (58.3) 0.16 0.6 1.2 0.36–3.8 0.8 

Hay No 111 (44) 141 (56)    Ref.     

Yes 48 (49) 50 (51) –0.2 0.24 0.8 0.5–1.31 0.4 

         

Source of water Clean 134 (44.37) 168 (55.63)    Ref.     

Both (clean and unclean) 16 (45.71) 19 (54.29) –0.05 0.36 0.94 0.47–1.91 0.88 

Anthelmintic administered over the 

last 12 months 

No 64 (51.2) 61 (48.8)    Ref.     

Yes 95 (42.79) 127 (57.21) 0.34 0.22 1.4 0.9–2.18 0.13 

Anthelmintic administered over the 

last 6 months 

No 107 (51.94) 99 (48.06)    Ref.     

Yes 49 (36.57) 85 (63.43) 0.62 0.22 1.87 1.2–2.92 0.005 
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Supplementary Table 2-1 continued 

Variable No colic in 

previous year 

159 (45.43%) 

Colic in previous 

year 191 

(54.57%) 

Coefficient Standard 

error 

Odds 

ratio 

 95% CI of 

odds ratio 

Likelihood 

ratio test p-

value 

Routine worming programme No 110 (46.81) 125 (53.19)    Ref.     

 Yes 47 (43.12) 62 (56.88) 0.15 0.23 1.16 0.73–1.83 0.52 

Body condition score 0–1 No 120 (45.48) 141 (54.02)    Ref.     

 Yes 30 (40) 45 (60) 0.24 0.26 1.28 0.76–2.15 0.36 

Dental examination results No / mild dental disease 82 (50.93) 79 (49.07)    Ref.     

Moderate dental  disease 67 (42.95) 89 (57.05) 0.32 0.22 1.38 0.89–2.14  

Severe dental disease 3 (12.6) 22 (88) 2.029 0.64 7.61 2.19–26.44 0.001 

Severe dental disease No 149 (47) 168 (53)    Ref.     

Yes 3 (12) 22 (88) 1.87 0.63 6.5 1.91–22.17 <0.001 

Descriptive data are presented as number (%). CI = confidence interval , Ref. = reference category  
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Supplementary Table 2-2: Descriptive statistics and univariable analysis of continuous variables investigated for association with colic occurring over 

a twelve-month period in an Egyptian working horse population. 

Variable No colic in previous 

year 159 (45.43%) 

Colic in previous year 

191 (54.57%) 

Coefficient Standard 

error 

Odds ratio  95% CI of 

odds ratio 

Likelihood 

ratio test p-

value 

Estimated age (years) 7 (9) 7 (7.5) –0.001 0.019 0.99 0.96–1.037 0.97 

Estimated weight (kg) 300 (65) 300 (60) 0.0001 0.002 1.001 0.99–1.004 0.95 

Height (hands) 14.2 (0.3) 14.2 (0.2) 0.26 0.19 1.3 0.9–1.88 0.16 

Owners’ experience working with 

horses (years) 

10 (13) 10 (10) –0.013 0.012 0.99 0.96–1.01 0.26 

Time the horse been in owner 

possession (years) 

3 (4) 3 (3) –0.018 0.03 0.98 0.92–1.04 0.58 

Watering frequency during dry season 

(times / day) 

3 (1) 3 (1) 0.18 0.12 1.2 0.94–1.52 0.14 

Watering frequency during green 

season (times / day) 

2 (1) 2 (1) –0.069 0.13 0.93 0.72–1.21 0.6 

Packed cell volume (%) 29 (7) 29 (7) 0.001 0.02 1.001 0.96–1.04 0.95 

Total plasma protein (g/dl) 6.3 (1) 6.3 (0.8) –0.07 0.19 0.93 0.64–1.35 0.72 

Descriptive data are presented as median (interquartile range). CI = confidence interval  
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Supplementary Figure 2-1: A flow chart describing horses’ recruitment, data collection and reporting of the results to the horse owners in the study 

area 
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Supplementary Figure 2-2: A map showing locations of visited villages. 
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3.1 Summary 

The aim of this study was to investigate risk factors associated with reduced survival 

and development of postoperative complications following laparotomy for treatment 

of colic. Horses that underwent laparotomy and recovered from general anaesthesia 

were recruited prospectively onto the study during the period from October 2012 to 

November 2014. Data were collected for variables considered a priori as risk factors 

for survival or postoperative complications and were inputted into a database. Follow-

up information was collected through telephone interviews with the owner/carer of 

each horse following discharge from the hospital. Logistic regression and survival 

analysis models were used to examine for risk association between different 

postoperative complications or survival and putative risk factors. Data from another 

cohort of colic patients which was a part of an earlier colic survival study (2004–2006) 

performed in the same hospital were collected and combined with the current dataset. 

This increased the study power that allowed identification of other risk factors and 

comparison of case presentation and management between two different periods of 

hospital admission. The study identified a number of risk factors that may alter the 

likelihood of survival or development of postoperative complications. The study also 

found some differences in case presentation and management of colic patients between 

the two periods of recruitment, most notably significantly greater proportion of horses 

that were diagnosed with idiopathic focal eosinophilic enteritis and a significant 

reduction in number of horses that underwent intestinal resection and anastomosis 

during the recent admission years.  
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3.2 Introduction 

Colic is an important cause of mortality and morbidity in the general horse population 

(Kaneene et al. 1997b, Ireland et al. 2011). Although most colic episodes can resolve 

spontaneously (28.7%) or following medical treatment (63.1%), 8% are fatal unless 

surgical treatment is performed (Hillyer et al. 2001, Traub-Dargatz et al. 2001). The 

prognosis following surgical treatment of colic has improved considerably. Current 

survival to discharge from hospital in horses that recover from anaesthesia is reported 

to be 74–85% (Freeman et al. 2000, Morton and Blikslager 2002, Garcia-Seco et al. 

2005, Mair and Smith 2005a, Naylor et al. 2014, Stewart et al. 2014, Wormstrand et 

al. 2014) with 63–85% of those cases returning to athletic performance (Santschi et al. 

2000, Davis et al. 2013, Tomlinson et al. 2013, Hart et al. 2014). Clinical research has 

contributed to ongoing improvements of survival by identifying risk factors associated 

with mortality and morbidity following colic surgery (French et al. 2002, Proudman 

et al. 2002b) and by evaluating new interventions such as an abdominal and/or a stent 

bandage to protect the incision and use of perioperative lidocaine continuous rate 

infusion to treat or prevent postoperative reflux (Jansson 2006, Coomer et al. 2007, 

Smith et al. 2007, Bischofberger et al. 2010, Colbath et al. 2013, Tnibar et al. 2013).  

A long-term survival study of surgical colic horses was conducted at the Philip 

Leverhulme Equine Hospital (PLEH), the University of Liverpool between 1998–2006 

(Proudman et al. 2002a, Proudman et al. 2002b, Proudman et al. 2005a, Proudman et 

al. 2005b). The study provided evidence-based information about rates of morbidity 

and mortality following colic surgery in this clinic population and risk factors for 

reduced survival, which can be used by clinicians and horse owners to assist decision-

making. Subsequent to the latter study and based on other published evidence, some 

interventions were introduced to the hospital. These included inclusion of lidocaine in 

the general anaesthetic protocol and/or as a treatment/prophylaxis for postoperative 

reflux (POR) (Malone et al. 2006) and using an abdominal bandage to protect the 

surgical incision during recovery from anaesthesia and in the early postoperative 

period (Smith et al. 2007). Such interventions have added to the costs of surgical 

treatment of colic (Blikslager and Mair 2014), but whether they have improved rates 

of mortality and morbidity in this hospital population is currently unknown  
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It was hypothesised that there would be a reduction in mortality and morbidity rates of 

equine surgical colic patients over the last 8 years (since the introduction of previously 

described interventions). This hypothesis was tested by collecting data prospectively 

from equine surgical colic patients that were admitted to the PLEH between October 

2012 and November 2014. The data were used to determine rates of morbidity and 

mortality and to investigate risk factors for survival and particular morbidities (French 

et al. 2002). The results from this dataset were compared to those obtained from a 

previous dataset that was collected prospectively between October 2004 and 

November 2006. A second phase of analysis involved combining these two datasets to 

increase the study power to identify other risk factors for postoperative complications 

and non-survival. From now on, the terms ‘Dataset A’ and ‘Dataset B’ will be used to 

refer to the 2012–2014 and 2004–2006 hospital admission years, respectively. 

3.3 Materials and methods 

This study was approved by the University of Liverpool Veterinary Research Ethics 

Committee (RETH000363, VREC207) and informed owner consent was obtained. 

3.3.1 Dataset A collection 

3.3.1.1 Study population 

The study population included horses that underwent exploratory laparotomy at the 

PLEH for treatment of gastrointestinal lesions (colic) and recovered following general 

anaesthesia. Horses were recruited between October 2012 and November 2014. 

During this 26-month period, 264 horses were eligible to be included in the study. 

Sample size calculations for unmatched cohort and cross-sectional studies (exposed 

and unexposed) showed that around 300 surgical colic patients were required to 

identify significant risk associations for tested risk factors at a study power of 80% and 

95% confidence level. For example, a sample size of 230 colic patients was required 

to detect an odds ratio of 4.6 for the effect of large colon torsion on the risk of 

postoperative colic (POC) (French et al. 2002) and a sample size of 219 was required 

for an odds ratio of 2.4 for the effect of prolonged surgery duration on the risk of 

surgical site infection (Smith et al. 2007). Sample size calculations were performed 

using Epi Info 7 software (Centre for Disease Control, Atlanta, Georgia, USA).  
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3.3.1.2 Data recording 

Data capture forms were designed based on published evidence of risk factors for 

morbidity and mortality following colic surgery. For each horse, a colic admission 

form was completed by the attending clinician and included information about 

signalment, use, management practices and any recent changes in management, 

current complaint and the results of clinical and clinicopathological examinations (the 

data collection form is provided in General appendix 4). Throughout surgery, an 

anaesthetic chart was maintained and following surgery a detailed surgical report was 

completed. Information about each horse’s clinical progress, drugs administered and 

any complications that developed during hospitalisation were recorded in specifically 

designed hospital forms (General appendix 5). Immediately following hospital 

discharge of each horse, all information was transferred to a dedicated database that 

was created in Microsoft SQL Server 2012 with a browser-based user interface. The 

owners or carers of the horses were contacted through telephone interviews and were 

asked questions about their horses’ postoperative clinical progress. These included 

whether the horse was still alive, if it had developed postoperative colic, any incisional 

complications, or had exhibited diarrhoea or weight loss (General appendix 7). The 

telephone interviews were undertaken every three months during the first postsurgical 

year and subsequently every six months. Information from these telephone interviews 

was also entered into the project database.  

3.3.1.3 Survival time and censoring 

Survival time was calculated as time in days from surgery to death or censoring. The 

term death referred to horses that died or were euthanased on humane grounds. The 

cause of postoperative death or euthanasia was also recorded. Observations from 

horses that were lost to follow up either due to owners being uncontactable or due to 

changes in the ownership where new owners were unwilling to participate in the study 

were right censored. At the end of the study, observations from all horses reported to 

be alive at the last telephone interview date were censored (Proudman et al. 2002b). 

3.3.1.4 Case definition:  

Postoperative colic: was defined as overt signs of abdominal pain such as flank 

watching, kicking the abdomen or pawing the ground at any time after surgery. Post-

hospital discharge, a colic episode was defined as colic that was severe enough to 
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warrant veterinary intervention and/or administration of analgesia. The dates of all 

colic episodes were recorded. I did not differentiate between colic episodes that 

happened during initial hospitalisation or following hospital discharge.  

Postoperative reflux (POR): was defined as a net nasogastric reflux of ≥2 litres on at 

least two consecutive occasions within 24 h during the immediate postoperative period 

(French et al. 2002). 

Incisional dehiscence: was classified into superficial if separation of the edges of the 

incision was limited to the skin and subcutaneous tissue at a portion (superficial 

partial) or along the entire length of the incision (superficial complete), and deep if 

suture failure extended to involve the linea alba with or without visceral prolapse 

(Wilson et al. 1995). 

Incisional discharge: was defined as incisional drainage on at least two consecutive 

abdominal bandage changes. The presence of some serous discharge on the dressings 

at the first bandage change was considered normal. The discharge was described as 

serous or purulent based on its physical characteristics. Horses that developed purulent 

incisional discharge during initial hospitalisation underwent swabbing of the surgical 

site and these were submitted for culture and antibiotic sensitivity testing. Bacterial 

culture consisted of direct plating onto 5% sheep blood agar (Oxoid, UK) and the 

plates were incubated aerobically and anaerobically for 2–7 days. Microorganisms 

isolated from positive cultures were identified using API kits (Biomerieux, France) 

and GNID Sensititre Identification plates (TREK Diagnostic Systems, West Sussex, 

UK). 

Incisional hernia was defined as a palpable and visible defect of the abdominal wall 

(Smith et al. 2007). This information was obtained by telephone interviews with the 

horse owner or the referring vet. The time when the owner first observed the swelling 

was used to calculate the time from surgery to hernia formation. 

Jugular thrombosis: diagnostic criteria included presence of local pain, heat and 

swelling at the catheter site and clinical or ultrasonographic evidence of partial or 

complete occlusion of the vein. No differentiation was made between unilateral or 

bilateral lesions and between complete or incomplete occlusion of the jugular vein 

(French et al. 2002).  
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Laminitis: diagnostic criteria included palpably elevated digital pulses, standing with 

increased weight through the heels (laminitic stance), shifting weight and lameness 

with or without radiographic evidence of pedal bone rotation. 

Diarrhoea: was defined as passage of unformed faeces for more than 24 h 

postoperatively which was not associated with enteral fluid therapy administered pre- 

or postoperatively as a therapeutic intervention for treatment of large colon impaction.   

3.3.1.5 Outcome and explanatory variables 

The primary outcome variables included survival time, postoperative colic (POC), 

postoperative reflux (POR), purulent incisional discharge, incisional hernia formation, 

jugular thrombosis and diarrhoea.  

Preoperative explanatory variables investigated included age, weight, sex, height, 

breed, time to referral, severity of pain, coat condition (clean clipped, clean unclipped, 

moderate, filthy), presence of nasogastric reflux, clinical parameters on admission 

(heart rate, respiratory rate, capillary refill time, rectal temperature, packed cell volume 

[PCV], total protein [TP], and systemic lactate), peritoneal fluid physical 

characteristics (normal, turbid, sanguineous/serosanguineous), peritoneal lactate, 

peritoneal total protein, if surgery was performed out of hours and season of admission. 

Out of hours (OOH) was defined as surgery performed between the hours of 5 pm – 9 

am on Monday – Friday and at any time over the days of Saturday or Sunday. Season 

of admission was classified into spring (March – May), summer (June – August), 

autumn (September – November) and winter (December – February). Time to referral 

was calculated as number of hours between admission and initial identification of colic 

signs by the owner/carer (or if unknown, the average time between when the horse was 

last seen normal and when it was first seen to be exhibiting signs of colic). 

Intraoperative variables investigated included anaesthetic induction agent, inhalation 

anaesthetic agent, anaesthetist, primary surgeon, surgical diagnosis, strangulating or 

non-strangulating lesion, whether enterotomy or resection was performed, length of 

resected intestine, type and method of anastomosis, if surgery was clean contaminated 

(involved an opened viscus), the condition of the ileal stump if applicable (none, 

viable, nonviable), abdominal incision closure technique (three layers [linea alba, 
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subcutis and skin] as opposed to two layers [linea alba and skin] and anaesthesic 

recovery score (1–5 scale). 

Postoperative data collected included antimicrobial type, prokinetic drugs 

administered, development of POC, POR, incisional complications, jugular 

thrombosis, laminitis or any other postoperative complications, days between surgery 

and development of each of postoperative complication, days of POR and total reflux 

volume, if repeat laparotomy was performed and clinical parameters (packed cell 

volume, heart rate, total plasma protein and respiratory rate) measured at 12 and 36 

hours postoperatively. Duration of hospitalisation and the results of microbiological 

culture of incisional discharge and of faeces from horses that developed diarrhoea were 

also recorded. 

3.3.2 Dataset B collection 

This data set was collected prospectively between October 2004 and November 2006 

and was a part of the colic survival study previously described (Proudman et al. 

2002a). The methods of data collection and case definitions were identical to Dataset 

A. All the information recorded in this Dataset was revised against the hospital records 

and modified accordingly. The Datasets (A and B) were combined to enable greater 

study power, allowing investigation of risk factors for less frequent postoperative 

complications such as jugular vein thrombosis and diarrhoea. I also re-investigated 

risk factors for other common postoperative complications and reduced survival, as a 

large dataset may have the statistical power to identify other risk factors.  

3.3.3 Statistical analysis 

3.3.3.1 Descriptive data analysis 

Descriptive data were generated for variables extracted from the study database and 

survival time was used to construct Kaplan-Meier plots of cumulative probability of 

survival. The log-rank test was used to compare survival between different surgical 

diagnosis categories and between horses that did or did not develop particular 

postoperative complications. The prevalence of postoperative complications and time 

from surgery to each of them was also calculated. A chi-squared test was used to 

identify any significant differences in the prevalence of postoperative complications 

between the datasets.  
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3.3.3.2 Postoperative survival modelling (Dataset A)  

3.3.3.2.1- Univariable analysis  

Preliminary descriptive analyses excluded variables containing ≥30% missing data and 

categorical variables with few observations among some of the categories were 

condensed into fewer, biologically plausible groups. Horses diagnosed with equine 

grass sickness (EGS) were excluded from statistical analyses (Proudman et al. 2002b). 

Explanatory variables were screened for univariable association with time to death or 

censoring using a univariable Cox proportional hazards model (Cox 1972), and those 

variables that were significant at a likelihood ratio test (LRT) p-value <0.25 were 

considered for inclusion into a multivariable model. Pearson’s correlation coefficient 

was used to test for collinearity between potential explanatory variables prior to 

multivariable model building. If variables were highly correlated (r ≥ 0.7) (Sauerbrei 

et al. 2007) or if they were considered to be measuring the same exposure, the variable 

with the lowest p-value or which was most biologically plausible was selected. 

Examples of highly correlated variables were resection, anastomosis type, 

strangulating lesion and length of resected intestine. The variables strangulating lesion 

and resection length were selected for the initial model building. The functional form 

of the relationships between continuous predictor variables and survival time was 

explored using penalised Cox regression models (Therneau and Grambsch 2000). 

These models fit P-spline smoothers to the data and generate chi-square p-values for 

non-linear relationships with a null hypothesis of linearity. The results can also be 

displayed graphically to examine the shape of the relationship. Variables 

demonstrating a significant non-linear association with the outcome variable were 

fitted as P-spline smoothers, otherwise a linear fit was chosen. Statistical analyses were 

performed using the 'survival' statistical package (version 2.38.1) (Therneau 2015) on 

R software environment (version 3.2.0.). Critical probability was set at 0.05 for all 

analyses. 

3.3.3.2.2 Multivariable model-building 

A multivariable Cox proportional hazards model including only variables measured 

pre- and intra-operatively was built using a forward stepwise selection procedure 

(model one). Variables were added sequentially into the model and were retained if 

they significantly improved model fit. This was indicated by a LRT p-value <0.05 and 

a reduction in Akaike information criterion by at least 2 (AIC>2) (Sakamoto et al. 
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1986) when nested models were compared. Eliminated variables were then forced back 

into the final model to assess for confounding where a change in the coefficient of 

>25% for any of the variables remaining in the model was considered as potential 

evidence of this. Interaction terms between variables remaining in the final model were 

evaluated for statistical significance in relation to the critical p-value of 0.05.  

Because of some of the explanatory variables recorded such as postoperative 

complications and postoperative cardiovascular parameters were measured beyond the 

defined time of origin (recovery from anaesthesia) and this would introduce immortal 

time bias to model (Levesque et al. 2010), a second multivariable Cox proportional 

hazards model which included postoperative variables in the form of time-dependent 

covariates was built (model two). The model is an extended Cox proportional hazards 

model in which time-dependent covariates are defined as products of time-independent 

variables multiplied by time or some function of time such as natural log (ln(time)). In 

order to build this model, the data were changed to a counting process (start-stop) 

format using the ‘survival::survSplit’ function in R and subsequently the model was 

built as detailed previously.  

3.3.3.2.3 Model diagnostics 

The proportional hazard (PH) assumption of the Cox proportional hazards model was 

evaluated using the Therneau-Grambsch non-proportionality test (Grambsch and 

Therneau 1994) implemented using the “survival::cox.zph’ function in R. Graphical 

evaluation of this assumption was performed by plotting complementary log−log and 

Kaplan-Meier survival curves for categorical variables and scaled Schoenfeld 

residuals for all variables (continuous or categorical) remaining in the final model. The 

PH assumption was also tested using extended Cox regression models which included 

all variables remaining in the final model, with time-dependent covariates being added 

one-at-a-time, and the product terms were tested for statistical significance 

(Kleinbaum and Klein 2012). Scaled changes in regression coefficients associated with 

exclusion of individual data points (delta-betas) were plotted in order to identify 

influential observations. Observations with large delta betas (–0.4<delta-betas>0.4) 

were removed and the model was re-run to evaluate their leverage on parameter 

estimates (Proudman et al. 2005b). Poorly fitted data points were evaluated in a 

deviance residual plot. A data point was considered outlying if the corresponding 
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deviance residual value was outside the range of –2.5–2.5 (Fitrianto and Jiin 2013). 

The functional form of the relationships of continuous variables remaining in the final 

multivariable Cox regression model were evaluated by plotting Martingale residuals 

against the value of the covariate for each subject followed by fitting a loess regression 

line to the plot (Therneau et al. 1990). 

3.3.3.3 Postoperative survival modelling (Datasets A and B) 

Pre- and intraoperative variables in both datasets were used to build a multivariable 

Cox proportional hazards model for the risk of postoperative death following colic 

surgery as was detailed previously for Dataset A. Postoperative variables were not 

considered for inclusion into an extended Cox regression model because some of the 

postoperative clinical parameters were not recorded for horses in Dataset B. The 

variable strangulating lesion was not also recorded for horses in Dataset B and 

therefore the variable intestinal resection was used instead for initial model building. 

Residual variability in the probability of survival that may be attributed to the 

timescale of data collection was investigated by including anaesthetist, surgeon and 

admission year as frailty terms (random effects) into the final model. 

3.3.3.4 Modelling risk factors for postoperative complications 

3.3.3.4.1 Models based on Dataset A only 

Risk factors considered a priori to be associated with postoperative reflux (POR), 

purulent incisional discharge and incisional hernia formation in horses that survived 

following laparotomy, excluding equine grass sickness cases, were examined by 

generating multivariable logistic regression models. Preliminary descriptive statistics 

were performed and variables with ≥ 30% of missing observations were excluded from 

model building. Categorical variables found to have few observations in some of the 

indicator groups were condensed into fewer, biologically plausible categories. 

Generalised additive models (GAMs) (Hastie and Tibshirani 1990) were used to 

describe the functional form of the relationship between each of the continuous 

predictor variables and the relevant outcome variable. GAMs are extensions of 

generalised linear models that fit non-parametric functions such as cubic smoothing 

splines to estimate the relationship. The ‘gam’ statistical package (Hastie 2015) 

provides a chi-square p-value for the non-parametric effect with a null hypothesis of a 

linear relationship. Variables that demonstrated a significant non-linear relation with 
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the outcome variables were evaluated as second-degree polynomial terms. To reduce 

the effect of collinearity, continuous variables were centred by subtracting the mean 

of the variable from all recorded observations (Kleinbaum et al. 1988) prior to 

producing higher order terms. 

The unadjusted relations between predictor variables and relevant outcome variables 

were examined using univariable logistic regression and potential explanatory 

variables were chosen based on the critical probability of LRT p-value ≤0.25. Prior to 

multivariable model building, Pearson’s correlation coefficient was used to test for 

collinearity between all explanatory variables. If variables were highly correlated (r > 

0.7) or where variables were measuring the same exposure, the variable with the 

smallest p-value or which was most biologically plausible was selected. The models 

were built using a forward stepwise selection approach whereby variables were added 

in succession and were retained if their inclusion resulted in a significant improvement 

in model fit (LRT p-value <0.05).  

The final models were tested by forcing all excluded variables back into the model 

one-at-a-time to ensure that no significant or confounding variable had been excluded. 

A variable was considered confounding if its inclusion resulted in a change in a 

regression coefficient of >25% (Cox et al. 2007). The effects of biologically plausible 

interaction terms between variables remaining in the final models were also examined. 

Model fit was then evaluated using the Hosmer-Lemeshow goodness of fit test statistic 

using 10 groups divided by deciles of fitted values. The standardised delta-betas for 

variables remaining in the final model were examined using SPSS statistical software 

(IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, 

NY: IBM Corp) and those observations with large delta-betas (−0.4<dbetas>0.4) were 

removed and the model was rerun to assess for stability. The delta-beta statistics reflect 

the number of standard errors by which the regression coefficient for an exposure 

variable of interest changes when a specific observation is deleted (Dohoo et al. 2003). 

The model was considered stable if removal of influential data points did not alter the 

odds ratio by >25% and did not change the significance of individual variables in 

relation to the critical p-value of 0.05 (Cox et al. 2007). Statistical analyses were 

performed using Epi Info 7 (Centre for Disease Control, Atlanta, Georgia, USA) and 
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Stata software (Stata Statistical Software: Release 9, College Station, Texas, USA). 

Statistical significance was set at p-value ≤0.05. 

3.3.3.4.2 Recurrent event analysis of postoperative colic 

Postoperative colic episodes were modelled as a recurrent event survival data. In this 

approach to the analysis of survival data, all postoperative colic episodes were taken 

into consideration when building the model with the aim of identifying predictor 

variables for increased rate of recurrence per study subject. The data layout is different 

from the standard survival data format. Every colic episode had a separate row of data 

with a baseline time starting at entry onto the study for the first colic episode. This was 

used as a starting point for the second colic episode and so forth, or alternatively, the 

time was reset to zero at each of subsequent colic episodes depending on the approach 

of model building. In the Prentice-Williams-Peterson stratified counting process 

approach used in the current study  (Prentice et al. 1981), time from surgery to first 

postoperative colic, from first to second postoperative colic, from second to third 

postoperative colic and so forth were recorded on the time axis from baseline. In this 

model, the risk set of patients with a first postoperative colic episode influences the 

risk set for the second or subsequent postoperative colic episodes (Holme et al. 2013). 

These models are stratified-Cox regression models so the assumption of proportional 

hazards throughout the survival time should hold. The model was subjected to the same 

diagnostics previously described when building models for exploring risk factors for 

postoperative mortality. The model was built using the “survival” statistical package 

(version 2.38.1) (Therneau 2015) on R software environment (version 3.2.0) (R Core 

Team 2014). 

A shared gamma frailty model was also built using a penalised likelihood estimation 

to further investigate risk factors for recurrent postoperative colic episodes. In such a 

model, a random effect (or frailty) term is used to account for within-animal 

correlations between colic episodes and baseline hazard is allowed to vary with each 

episode of colic (Ullah et al. 2014). This model was built using the “frailtypack” 

statistical package  (Rondeau et al. 2012) on R software environment (version 3.2.0) 

(R Core Team 2014). 
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3.3.3.4.3 Models based on Datasets A and B 

The outcomes considered were purulent incisional discharge, postoperative reflux, 

jugular thrombosis and diarrhoea. Repeat laparotomy (RL) is frequently performed to 

investigate and manage complications that may occur following laparotomy. Although 

many horses that are eligible for RL might have been euthanased due to economic 

factors, identifying factors that may increase the likelihood of horses undergoing RL 

would assist informed decision making. Therefore, RL was modelled as a binary 

outcome variable. Multivariable logistic regression models were built for these 

dichotomous outcome variables using multivariable logistic regression methods as 

detailed previously.   
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3.4 Results 

Results of descriptive data analysis are mainly for horses in Dataset A unless otherwise 

stated. 

3.4.1 Study population 

In total, 264 horses were recruited into the study and 234 horse years of survival were 

documented. Two hundred and fourteen horses (81%) were discharged from the 

hospital and 50 horses died during the initial hospitalisation period. Eleven surviving 

horses were censored before the end of the study because the owners were un-

contactable. Diagnosis of EGS was confirmed in 9 cases leaving 255 horses available 

for inclusion into further statistical analyses. Proportions of cases in common 

diagnostic categories for Datasets A and B are shown in Table 3-1. There was a 

significant increase in number of horses diagnosed with idiopathic focal eosinophilic 

enteritis (IFEE) in Dataset A (χ2 p-value = 0.004). Seventeen horses underwent RL. 

This was performed during initial hospitalisation in 14 horses while three horses 

underwent RL at a second hospital admission for investigation of postoperative colic 

episodes. Reasons for undertaking RL, the main pathological findings at initial surgery 

and at RL, and days elapsed from initial surgery to RL are listed in Table 3-2. 

3.4.2 Patterns of survival 

Figure 3-1 shows the cumulative probability of survival for the whole cohort excluding 

EGS cases. Greatest mortality was evident during the initial postoperative period 

resulting in a probability of survival of 0.86 by 10 days postoperatively, which is 

consistent with the 19% within the hospital mortality. This was followed by a period 

of a steady decline in survival, reaching a probability of 0.68 by 407 days 

postoperatively. The latter probability of survival then remained stable towards the end 

of the follow-up period. Figure 3-2 illustrates survival patterns of the five most 

commonly identified small intestinal lesions. IFEE showed the greatest probability of 

survival at 0.79 throughout the study period. This is in contrast to EFE cases, which 

showed a much steeper decline in survival during the first follow-up year with a 

median survival time of 130 days. Five horses diagnosed with epiploic foramen 

entrapment had a non-strangulating lesion while 9 horses had a strangulating lesion. 
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The log-rank test of the probability of survival between these small intestinal lesions 

was not significant (p-value = 0.06). However, this marginal p-value together with the 

pattern of survival depicted by the KM plot (Figure 3-2A) may indicate that EFE cases 

were at increased risk of death compared with other small intestinal lesions. 

Table 3-1: Proportions of horses in the most common diagnosis categories in Dataset A 

and B. 

Diagnosis Dataset B (2004–2006) Dataset A (2012–2014) χ2 p-

value Frequency Percentage Frequency Percentage 

Small intestinal lesions:  198 61.5 151 57.2 0.3 

Pedunculated lipoma 52 16.2 39 14.8 0.7 

Idiopathic focal eosinophilic 

enteritis  

14 4.3 29 11 0.004 

Small intestinal entrapment 

(location unknown) 

7 2.2 15 5.7 0.05 

Epiploic foramen entrapment  29 9 14 5.3 0.1 

Ileal impaction 8 2.5 13 4.9 0.1 

Jejunal strangulation 19 6 10 3.8 0.2 

Equine grass sickness 15 4.7 9 3.4 0.4 

Small intestinal volvulus 8 2.5 8 3 0.7 

      

Large intestinal lesions: 137 42.5 123 46.6 0.3 

Large colon volvulus ≥360° 27 8.4 22 8.3 1 

Large colon volvulus 180–270° 15 4.7 21 8 0.1 

Primary large colon impaction 23 7.1 31 11.7 0.06 

Non-strangulating displacements of 

the large colon 

26 8.1 30 11.4 0.2 

χ2 p-values for the difference in these proportions between the datasets are shown. 

The probability of survival of three large intestinal lesions is illustrated in Figure 3-2. 

Non-strangulating displacements of the large colon had the greatest probability of 

survival compared with strangulating (≥360°) and non-strangulating (180-270°) large 

colon volvulus. The log-rank test showed a non-statistically significant difference (p-

value = 0.6) between these probabilities. The probability of survival for horses 

diagnosed with small as opposed to large intestinal lesions and for horses diagnosed 

with strangulating compared with non-strangulating lesions are shown in Figure 3-3. 

The log-rank test showed a non-statistically significant difference in survival between 

small and large intestinal lesions (p-value = 0.15) while a significant difference was 

identified between horses diagnosed with strangulating vs non-strangulating lesions 

(p-value = 0.001). A significant statistical difference in probability of survival was also 

evident between horses that had single surgery compared with those that underwent 



 

112 

RL (log-rank test p-value <0.001). The median survival time for horses that had RL 

was 66 days (Figure 3-4). 

3.4.3 Causes of mortality 

Of 86 horse deaths, 50 (58%) occurred prior to hospital discharge. The most frequent 

causes of death are given in Table 3-3. Postoperative colic was the most common cause 

of death. These were colic episodes that either resulted directly in death of the horse 

or where the horse was euthanased on humane grounds due to non-response to 

analgesia and where further surgery was not an option for the owner. When causes of 

death were compared between the two datasets, death due to POR differed 

significantly between the two datasets where POR was responsible for 15.1% of total 

deaths in Dataset A compared with only 3.2% in Dataset B (χ2 p-value = 0.001).  

3.4.4 Postoperative complications 

The prevalence of postoperative complications recorded for horses in Datasets A and 

B are presented in Table 3-4. The prevalence of POR, incisional hernia formation and 

laminitis were significantly higher in horses in Dataset A, whereas the prevalence of 

jugular thrombosis was significantly higher in Dataset B. The time intervals between 

surgery and development of each of the postoperative complications for horses in 

Dataset A are shown in Table 3-5.  

Two hundred forty-three colic episodes were attended by a veterinary surgeon and/or 

warranted administration of analgesic treatment during the study period. These colic 

episodes occurred during 234 horse years of monitored survival time giving an 

incidence of postoperative colic of 1.04 (95% CI 0.91-1.17) episodes/horse-years-at-

risk. Figure 3-5 illustrates the frequency and prevalence of postoperative colic 

episodes. Seventy-three (28.6%) horses exhibited a single colic episode, 26 (10.2%) 

developed two colic episodes and 31 (12%) horses developed three or more colic 

episodes. Kaplan-Meier estimator of time to the first postoperative colic episode 

demonstrated that 50% of horses that recovered following surgery would exhibit an 

episode of colic by 284 days postoperatively (Figure 3-6).  

Purulent incisional discharge was identified in 51 horses during hospitalisation. 

Bacterial culture of surgical site swabs was positive for 48 horses, negative for 1 horse 
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and was not performed in 2 horses. Following hospital discharge, 18 horses were 

reported by their owners to have developed purulent incisional discharge. Swabbing 

and culture and sensitivity testing were only performed in one of these horses. A total 

of 98 bacterial isolates were identified, of which 59/98 (60 %) were Gram-negative 

and 40/98 (40%) were Gram-positive bacteria. The three most commonly isolated 

bacteria were E. coli, Enterococcus spp. and Staphylococcus spp., which were cultured 

in 73.5% (36/49), 34.7% (17/49) and 26.5% (13/49) of horses that had bacterial culture 

and antibiotic sensitivity performed, respectively. Proportions of incisional 

complications that developed during hospitalisation and following hospital discharge 

are shown in Table 3-6. Faecal bacterial cultures were performed in 10 horses with 

diarrhoea or with suspected Salmonella infection, none of which was confirmed 

positive for salmonellosis. POR (log-rank test p-value <0.001) and POC (log-rank test 

p-value = 0.01) were significantly associated with decreased likelihood of survival, 

while surgical site infection and incisional hernia formation had no significant impact 

on postoperative survival. 

 

Figure 3-1: Kaplan-Meier plot of the probability of survival for the study population, 

excluding 9 equine grass sickness cases.  The curve is marked at each censoring time. The dashed 

lines represent 95% confidence interval 
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Table 3-2: Details of 17 horses that underwent repeat laparotomy (RL) during the study 

period.  

Horse Diagnosis at initial 

surgery 

Days from 

first surgery 

to RL 

Reasons for RL Surgical findings at RL 

1 PLO 3 POC Small intestinal ischemia 

2 PLO 4 POR Adhesions 

3 PLO 1 POR Small intestinal ischemia 

4 PLO 3 POC Small intestinal ischemia 

5 PLO 2 Haemoperitoneum haemorrhage from a mesenteric 

blood vessel 

6 IFEE 3 POC / POR Jejunal impaction 

7 IFEE 1 POC Small intestinal entrapment 

through a mesenteric rent 

8 EFE 6 POC Small intestinal ischemia 

9 Ileal impaction 8 POC Small intestinal ischemia 

10 Ileal impaction 352 POC Adhesions 

11 Jejunal impaction 4 POR Small intestinal distension 

12 Large colon 

impaction 

33 POC Adhesions 

13 Large colon 

impaction 

3 POR Adhesions 

14 Strangulating large 

colon volvulus 

(≥360°) 

12 POC, surgical 

incision dehiscence 

with visceral 

prolapse 

Large colon ischemia 

15 Non-strangulating 

large colon volvulus 

2 POC Non-strangulating large colon 

torsion 

16 RDD 4 POC RDD 

17 Diaphragmatic hernia 154 POC Diaphragmatic hernia 

PLO = pedunculated lipoma obstruction, IFEE = idiopathic focal eosinophilic enteritis, EFE = epiploic 

foramen entrapment, RDD = right dorsal displacement of large colon, POC = postoperative colic, POR 

= postoperative reflux  
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Figure 3-2: Kaplan-Meier plots of probability of survival of the most commonly recorded 

small (A) and large intestinal lesions (B).  The curves are marked at each censoring time. EFE = 

epiploic foramen entrapment; IFEE = idiopathic focal eosinophilic enteritis; RDD = right dorsal 

displacement, NSE = nephrosplenic entrapment  

Table 3-3: Causes of death in 86 horses in Dataset A and 95 horses in Dataset B  

Cause of death Dataset B (2004–2006) Dataset A (2012–2014) χ2 p-

value Frequency % of all 

deaths 

Frequency % of all 

deaths 

Postoperative colic 42 44.2 38 44.2 0.99 

Postoperative reflux 3 3.2 13 15.1 0.001 

Equine grass sickness 12 12.6 9 10.5 0.65 

Systemic inflammatory response 

syndrome (SIRS) 

11 11.6 6 7 0.3 

Neurological symptoms 2 2.1 5 5.8  

Peritonitis 4 4.2 2 2.3  

Gastric rupture 5 5.3 2 2.3  

Cardiac disease - - 2 2.3  

Other causes 10 10.5 9 10.5  

Unknown 6 6.3 - -  

Total 95 100 86 100  

The χ2 p-values for the difference in these proportions between the two Datasets are shown. Other 

causes of death in Dataset A included a single record for each of the following: atypical myopathy, 

upper airway obstruction during anaesthetic recovery, collapse, kidney failure, laminitis, old age, 

persistent anorexia/gastric ulceration, pleuropneumonia and postoperative diarrhoea. For Dataset B, 

there was a single record for each of the following: hepatic failure, renal failure, laminitis, 

haemoperitoneum, collapse, caecal rupture, salmonellosis, hyperlipidaemia, severe weight loss and 

pleuropneumonia.  
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Table 3-4: Prevalence of postoperative complications in 255 horses (Dataset A) and 307 

horses (Dataset B) that recovered following laparotomy for treatment of gastrointestinal 

lesions. 

Postoperative complications Data set B (2004–2006) Dataset A (2012–2014) χ2 p-

value Frequency  prevalence Frequency prevalence 

Postoperative colic 140 45.6 130  51 0.2 

Incisional discharge (all types) 133 43.5 93 36.5 0.1 

Purulent incisional discharge 73 23.8 69 27.1 0.4 

Serous incisional discharge   39 15.3  

Severe incisional oedema 19 6.2 14 5.5 0.7 

Partial dehiscence of skin suture   14 5.5  

Entire dehiscence of skin suture   1 0.4  

Linea alba dehiscence (deep)   1 0.4  

Incisional hernia formation 10 3.3 22 8.6 0.01 

Positive bacterial culture from 

the incision 

  54* 21.2  

Postoperative reflux 33 10.8 53 20.8 0.001 

Diarrhoea 19 6.2 22 8.6 0.3 

Laminitis 2 0.7 10 3.9 0.01 

Jugular vein thrombosis 33 11 10 3.9 0.002 

Repeat laparotomy (total) 28 9.12 17 6.6 0.3 

Repeat laparotomy (during initial 

hospitalisation) 

17 5.5 14 5.5 1 

The χ2 p-values for the difference in these proportions between the Datasets are shown. *Two additional 

surgical site swabs were for a concurrent research study. Both were positive, however, the animals did 

not develop clinical signs of incisional discharge 

Table 3-5: Descriptive statistics of the number of days elapsed between the date of colic 

surgery and time of development of each of postoperative complications.  

Variable Mean ± SD Median Interquartile 

range 

Range 

Days to first postoperative colic 

episode 

59.13 ± 121.7 6 2.5, 49.5 0–757 

Days to repeat laparotomy 35 ± 89.5 4 3.5, 4 1–352 

Days to postoperative reflux 1.25 ± 0.97 1 1.5, 1.5 0–5 

Days to severe oedema 7.4 ± 4.6 7 4, 11.5 2–18 

Days to serous incisional discharge 7.9 ± 9.1 4 3.5, 12 1–42 

Days to purulent discharge 11 ± 15 7 6, 10 1–107 

Days to incisional dehiscence 22 ± 30 12 9, 19 2–107 

Days to incisional hernia formation 101 ± 52.8 89 61.5, 135 42–232 

 

Jugular catheter duration (days) 6.1 ± 2.9 6 4, 7 1–25 

Days of postoperative reflux 2.7 ± 1.9 2 1, 3 1–8 

Total nasogastric reflux volume (litres) 86 ± 89.9 48 21, 112.5 5–363 

0 means the complication started on the day of surgery, SD = standard deviation  
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Table 3-6: Prevalence of incisional complications during hospitalisation and following 

discharge from the hospital. 

Incisional 

complications 

Total Hospitalized Discharged home 

Number Prevalence 

(%) 

Number Prevalence (%) Number Prevalence (%) 

Incisional discharge 93 36.5 62 66.7 31 33.3 

Purulent discharge 69 27.1 51 74 18 26 

Serous discharge 39 15.3 26 66.7 13 33.3 

Incisional hernia 22 8.6 - - 22 100 

Partial incisional 

dehiscence 

14 5.5 6 43 8 47 

Complete incisional 

dehiscence 

1 0.4 1 100 - - 

Deep incisional 

dehiscence 

1 0.4 1 100 - - 

 

 

Figure 3-3: Kaplan-Meier plots of probability of survival comparing small and large 

intestinal lesions (A) and strangulating and non-strangulating lesions (B). p-values from the 

log-rank tests were 0.15 and 0.001, respectively. The curves are marked at each censoring time.  
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Figure 3-4: Kaplan-Meier plot of 

the probability of survival 

comparing single surgery versus 

repeat laparotomy.  The log-rank test 

p-value is 0.001. The curves are marked 

at each censoring time. 

 

 

 

 

 

 

 

 

 

Figure 3-5: Bar plot illustrating 

the count and proportion of horses 

that developed postoperative colic 

episodes 

 

 

 

 

 

Figure 3-6: Kaplan-Meier plot of 

the probability of not developing 

postoperative colic.  The curves are 

marked at each censoring time (horses 

without postoperative colic). 
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3.4.5 Differences between the two Datasets 

There was significant increase in the number of horses diagnosed with IFEE during 

the recent admission years i.e. Dataset A. Surgical management of IFEE lesions also 

varied between the two groups: 78.6 % (11/14) of horses diagnosed with IFEE lesions 

in Dataset B had intestinal resection and anastomosis during surgery compared with 

none in Dataset A. There were also significant differences in the number of horses 

diagnosed with POR, laminitis, incisional hernia formation and jugular vein 

thrombosis. The prevalence of POR (χ2 p-value = 0.001), incisional hernia formation 

(χ2 p-value = 0.01) and laminitis (χ2 p-value = 0.01) was significantly higher in 

Dataset A, whereas the prevalence of jugular thrombosis (χ2 p-value = 0.002) was 

significantly higher in Dataset B. The median duration of POR (days) (Wilcoxon rank-

sum p-value = 0.7) and of total reflux volume (litres) (Wilcoxon rank-sum p-value = 

0.8) did not differ significantly between the two Datasets.  

The proportion of horses that underwent intestinal resection and anastomosis and the 

proportions of different anastomoses performed also differed significantly between the 

two datasets. Sixty-four (25.1%) horses had undergone intestinal resection and 

anastomosis in Dataset A compared with 124 (40.4%) horses in Dataset B. Jejuno-

caecal side-to-side anastomosis was performed in 5.5% (n = 14) of horses in Dataset 

A compared with 16.7% (n = 51) of those in Dataset B. Cumulative probability of 

survival did not differ significantly between horses in the two Datasets (log-rank test 

p-value = 0.5) (Figure 3-7). Table 3-7 shows the differences in the proportion of horses 

in which lidocaine was administered during general anaesthesia, were administered 

lidocaine continuous rate infusion (CRI), or received other prokinetic drugs 

postoperatively or where the surgical incision was protected by an abdominal bandage 

postoperatively. A significant increase (χ2 p-value <0.001) in the use of these 

interventions was identified for horses in Dataset A. 
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Figure 3-7: Kaplan-Meier plot of 

the probability of survival of 

horses in Dataset A (years 2012–

2014) and Dataset B (years 2004–

2006). The curves are marked at each 

censoring time. The p-value from the 

log-rank test is shown. 

 

 

 

Table 3-7: Comparative use of prokinetic drugs and abdominal bandage to protect the 

surgical incision between the two datasets 

Intervention Dataset B (2004–2006) Dataset A (2012–2014) 

Frequency  proportion Frequency proportion 

Lidocaine CRI during general anaesthesia 29 10.9 140 54.9 

Lidocaine CRI postoperatively 8 2.7 127 49.8 

Metoclopramide 1 0.3 10 4 

Erythromycin 0 0 7 2.8 

Bethanecol 0 0 1 0.4 

Abdominal bandage 33 11.33 255 100 

CRI = continuous rate infusion 
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3.4.6 Results of postoperative survival modelling (Dataset A) 

3.4.6.1 Univariable analysis 

Results of univariable associations between potential explanatory variables and 

likelihood of postoperative death at LRT p-value <0.25 are given in Table 3-8 and 

Table 3-9. The functional form of the relationships between continuous predictor 

variables and survival time was explored by fitting univariable penalised Cox 

regression models. The results from these models showed linear relationships between 

these variables and the risk of postoperative death (Supplementary Figure 3-1). 

3.4.6.1.1 Multivariable models 

Model one (pre- and intraoperative variables): Variables retained in this model were 

PCV on admission, time to referral, epiploic foramen entrapment and strangulating 

lesion  Table 3-10. A contour plot depicting the combined effect of PCV and time to 

referral on the probability of survival is given in Figure 3-8. The Global p-value for 

the Therneau–Grambsch non-proportionality test was not significant (p-value = 0.13) 

indicating that the proportional hazards (PH) assumption was met for this model. 

However, the test p-value for the variable PCV on admission was marginal at p-value 

= 0.05 suggesting further testing of PH assumption for this variable was required. 

Extended Cox regression models were used in which time-dependent variables in the 

form of variable × ln (time) were added one-at-a-time. The product terms were only 

significant for the variable PCV on admission (PCV × ln (time), meaning that this 

variable should be treated as a time-dependent variable in the final model. The values 

of parameter estimates in this model are given in Table 3-11. 

Examination of a delta-betas plot for each variable in the final Cox proportional 

hazards model showed leverage of observation 30 on the coefficient of variable PCV 

on admission and leverage of observation 39 on the coefficient of variable EFE. Both 

observations had a censored survival time, yet the first observation was from a horse 

that had a PCV of 74% on admission and the second observation belonged to a horse 

that was diagnosed with EFE at surgery. Removal of these two influential observations 

increased the regression coefficient of PCV by 36.4% and of EFE by 4%. Parameter 

estimates of the final model, excluding these two observations, are also presented in 

Table 10. After excluding these influential data points, the time-dependent PCV on 

admission variable was no longer significant (p-value = 0.08). Therefore, a 
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multivariable Cox proportional hazards model with these two influential observations 

excluded and all explanatory variables included as time-independent covariates may 

be acceptable. A deviance residual plot revealed two poorly fitting data points. The 

two data points had deviance residual values >2.5 and the values were positive which 

meant observed death happened before the model was able to predict it. The first horse 

was diagnosed with a large colon impaction at surgery, had a relatively short time to 

referral (10.5 h), yet a diagnosis of atypical myopathy was confirmed shortly after 

recovery from anaesthesia and the horse was euthanased. The second horse was 

diagnosed with a PLO of the small intestine, had a PCV of 36% on admission and a 

time to referral of 4 h. The horse was euthanased at RL due to ischaemic necrosis of 

the small intestine which was not resected at the initial surgery. Finally, Martingale 

residual plots against PCV and time to referral (from the model with influential 

observations excluded) showed no evidence to suggest that the functional form of the 

relationship was not linear for both variables. 

Table 3-8: Risk factors for postoperative death in 255 horses that survived following 

laparotomy for treatment of colic.  

Variable Median/

mean 

Coef. 

() 

SE HR 95% CI of 

the HR 

LRT p-

value 

M
is

si
n

g
 

d
a

ta
 %

 

Time to referral (h) 11.5 0.012 0.005 1.012 1.003–1.02 0.02 10 

Pain score (clinician 

perspective) (0–10 scale) 

3.65 0.1 0.05 1.12 1.02–1.2 0.015 34 

Heart Rate (bpm) 48 0.01 0.005 1.012 1.001–1.02 0.046 1.2 

PCV (%) 38 0.04 0.01 1.04 1.013–1.06 0.04 2.7 

Total Protein (g/l) 68 0.03 0.01 1.03 1.008–1.06 0.01 3 

Blood lactate (mmol/l) 1.9 0.09 0.08 1.1 0.94–1.3 0.26 5.9 

Peritoneal total protein (g/l) 18 0.04 0.01 1.04 1.02–1.06 <0.001 44 

Peritoneal lactate (mmol/l) 1.4 0.13 0.04 1.14 1.06–1.2 0.002 44 

Resection length (metre) 0.72 0.15 0.06 1.16 1.04–1.3 0.018 0 

Duration of surgery (min) 90 0.006 0.003 1.006 1.001–1.01 0.03 2.3 

Heart rate at 12 h (bpm) 48 0.019 0.006 1.02 1.006–1.03 0.008 1.6 

Heart rate at 36 h (bpm) 40 0.03 0.006 1.029 1.016–1.04 <0.001 3 

Packed cell volume at 12 h 

(%) 

38 0.03 0.015 1.03 1.004–1.07 0.04 1.2 

Packed cell volume at 36 h 

(%) 

35 0.07 0.016 1.07  1.04–1.1 <0.001 3 

The table presents results of univariable Cox regression analysis of continuous variables investigated 

for association with non-survival at p-value <0.25. Coef = regression coefficient, SE = standard error, 

HR = hazard ratio, CI = confidence interval, LRT = likelihood ratio test, PCV = packed cell volume. 

Either the median or the mean were calculated depending the distribution of the variable.  
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Table 3-9: Risk factors for postoperative death in 255 horses that survived following 

laparotomy for treatment of colic.  

Variable Coef. 

() 

SE HR 95% CI of 

HR 

LRT p-

value 

Missing 

data %  

Sex Female    Ref.      

Male 0.48 0.25 1.62 0.98–2.7 0.05 0 

Reflux on admission No    Ref.      

Yes 0.66 0.29 1.9 1.1–3.4 0.03 16.1 

Gastric or small intestinal 

lesion 

No    Ref.      

Yes 0.33 0.24 1.4 0.9–2.2 0.15 0 

Strangulating lesion No    Ref.      

Yes 0.75 0.23 2.1 1.34–3.3 0.002 0 

Type of anastomosis No    Ref.      

Side to side 0.8 0.4 2.3 1.05–5.1   

End to end 0.6 0.27 1.8 1.08–3.1 0.028 0 

Jejunocecal side-to-side 

anastomosis           

No     Ref.       

Yes  0.8 0.37 2.2 1.07–4.7 0.05 0 

Resection No    Ref.      

Yes 0.6 0.24 1.8 1.15–2.9 0.013 0 

Idiopathic focal 

eosinophilic enteritis 

No    Ref.      

Yes –0.5 0.43 0.61 0.26–2.4 0.21 0 

Epiploic foramen 

entrapment 

No     Ref.      

Yes  1.1 0.35 2.9 1.44–5.8 0.009 0 

Non-strangulating large 

colon displacement 

No    Ref.      

Yes –0.64 0.42 0.53 0.23–1.2 0.1 0 

Repeat laparotomy No    Ref.      

Yes  1.23 0.32 3.4 1.85–6.4 0.001 0 

Anaesthetic recovery 

score 

1–2    Ref.      

3–5 –0.34 0.23 0.7 0.5–1.13 0.15 1.9 

Polymyxin B No    Ref.      

Yes 0.93 0.32 2.5 1.36–4.7 0.008 0 

Postoperative colic No    Ref.      

Yes 0.6 0.24 1.85 1.15–2.9 0.008 0 

Postoperative reflux No    Ref.      

Yes 2.45 0.24 2.5 1.5–3.9 <0.001  

Incisional hernia No    Ref.      

Yes –1.3 1.02 0.27 0.04–2 0.12 21.2 

Lidocaine continuous rate 

infusion 

No    Ref.      

Yes 0.66 0.23 1.9 1.2–3.1 0.004 0 

The table presents results of univariable Cox regression analysis of categorical variables investigated 

for association with non-survival at p-value <0.25. Coef = regression coefficient, SE = standard error, 

HR = hazard ratio, CI = confidence interval, LRT = likelihood ratio test, Ref. = reference category  
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Figure 3-8: A contour plot of the 

combined effect of packed cell 

volume (PCV) on admission and of 

time to referral on the probability 

of postoperative survival. For 

example, time to referral of around 22 h 

and PCV of 30% are associated with 

reduced mortality (log hazard = –0.5 

(equals hazards ratio of 0.6)). 

 

 

 

 

Table 3-10: Multivariable Cox proportional hazards model of risk factors for reduced 

probability of survival following colic surgery (Dataset A).  

Variable Coef. 

() 

SE HR 95% CI Wald  p-

value 

PH p-

value 

Final Cox proportional hazards regression model: 

PCV on admission (%) 0.03 0.01 1.034 1.00 –1.06 0.01 0.05 

Time to referral (h) 0.014 0.005 1.04 1.004–1.03 0.009 0.4 

Epiploic foramen entrapment 1.24 0.38 3.5 1.65–7.3 0.001 0.4 

Strangulating  lesion  0.66 0.26 1.94 1.16–3.2 0.01 0.13 

Final Cox proportional hazard model excluding two influential data points: 

PCV on admission (%) 0.045 0.014 1.046 1.02–1.08 0.001 0.08 

Time to referral (h) 0.015 0.005 1.02 1.005–1.03 0.004 0.5 

Epiploic foramen entrapment 1.29 0.38 3.6 1.7–7.7 0.001 0.5 

Strangulating lesion 0.67 0.26 1.95 1.17–3.3 0.01 0.15 

The table presents the results of the final Cox proportional hazards model that investigated pre- and 

intra-operative risk factors for non-survival. The initial model with all observations included and the 

model following exclusion of two influential data points are shown. The P-values from the Grambsch–

Therneau test of proportional hazards assumption (PH) are shown. Coef = regression coefficient, SE 

= standard error, HR = hazard ratio, CI = confidence interval, PCV = packed cell volume  
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Table 3-11: Multivariable extended Cox proportional hazards model of risk factors for 

reduced likelihood of survival following laparotomy.  

Variable Coef. () SE HR 95% CI Wald p-

value 

PH p-

value 

Extended Cox proportional hazard model with ln (time) × PCV on admission: 

PCV on admission (%) 0.07 0.02 1.07 1.03–1.1 <0.001 0.54 

Time to referral (h) 0.015 0.005 1.015 1.005–1.03 0.005 0.34 

Epiploic foramen entrapment 1.27 0.38 3.6 1.8–7.2 <0.001 0.36 

Strangulating lesion 0.67 0.26 1.95 1.2–3.2 0.007 0.11 

PCV × ln (time) –0.013 0.007 0.99 0.97–0.99 0.02 0.52 

The table presents the results of the final extended Cox proportional hazards model that investigated 

pre- and intra-operative risk factors for non-survival. The model investigated all variables as time- 

dependent covariates, but only the variable PCV on admission remained significant. The P-values from 

the Grambsch–Therneau test of proportional hazards assumption (PH) are shown. Coef = regression 

coefficient, SE = standard error, HR = hazard ratio, CI = confidence interval, PCV = packed cell 

volume, ln = nature log 

Model two (pre, intraoperative and postoperative variables): In this model, the 

variables measured postoperatively were considered for inclusion into a multivariable 

model as time-dependent covariates in the form variable × ln (survival time).  

Variables retained in model one were used as an initial building block for this model 

and other variables were added in succession in a forward selection procedure. The 

results of this model are shown in Table 3-12. Postoperative variables retained in the 

final model were time-dependent apart from postoperative colic and PCV at 36 h 

postoperatively which had significant positive time-independent effects on the 

probability of survival. The scaled Schoenfeld-type residuals plot showed an increase 

in the regression coefficient for POC with time, but this was not statistically significant 

(Therneau–Grambsch non-proportionality test p-value = 0.07). A diagnostic plot 

indicated a single influential data point for the variable POC. Removal of this data 

point from the data and re-running the model resulted in a minimal effect on the 

coefficient of this and of other variables in the model.   
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Table 3-12: The final extended Cox proportional hazards model of pre-, intra- and 

postoperative variables investigated for association with the risk of poor postoperative 

survival following laparotomy.  

Variable Coef. 

()  

SE HR 95% CI Wald p-

value 

PH p-

value 

Epiploic foramen entrapment 1.4 0.39 4.1 1.9–8.7 <0.001 0.8 

Postoperative colic 0.85 0.27 2.3 1.4–4 0.002 0.07 

Postoperative reflux 1.86 0.6 6.4 2–20 0.002 0.5 

Heart rate measured 36 h 

postoperatively (beats/min) 

0.09 0.016 1.1 1.06–1.12 <0.001 0.87 

PCV measured 36 h postoperatively 

(%) 

0.04 0.016 1.04 1.01–1.08 0.01 0.81 

Heart rate at 36 h × ln(time) –0.015 0.006 0.98 0.97–0.99 0.004 0.66 

Postoperative reflux × ln (time) –0.43 0.17 0.65 0.46–0.92 0.015 0.23 

The p-values from the Grambsch–Therneau test of proportional hazards assumption (PH) are shown. 

Coef = regression coefficient, SE = standard error, HR = hazard ratio, CI = confidence interval, PCV 

= packed cell volume, ln = natural log 

3.4.7 Modelling of postoperative survival using Datasets A and B 

3.4.7.1 Univariable analysis 

Potential explanatory variables for postoperative survival identified based on a 

univariable LRT p-value <0.25 are shown in Table 3-13. Univariable penalised Cox 

regression models were used to investigate the functional form of the relationships 

between continuous predictor variables and survival time. P-spline-smoother plots 

from these models are available in Supplementary Figure 3-2. The relationship was 

non-linear for the variables PCV and heart rate on admission, and length of resected 

intestine. Consequently, these variables were evaluated as penalised smoothed terms 

in the multivariable Cox regression model. A high correlation was identified between 

variables anastomosis type performed, intestinal resection and resection length. The 

variable intestinal resection resulted in the greatest reduction in residual deviance, so 

was considered for inclusion into the multivariable model (Proudman et al. 2005a). 

3.4.7.2 Multivariable analysis 

A final multivariable Cox proportional hazards model included PCV on admission, 

sex, epiploic foramen entrapment and duration of surgery. Due to a non-linear 

relationship between heart rate on admission and survival time, the variable was fitted 

as a penalised spline smoother with 3 degrees of freedom (Figure 3-9). Although the 

functional form of the relationship between PCV and survival time was not linear on 

univariable analysis, it changed to linear when adjusted for other variables in the final 
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model (p-value for a non-linear relationship = 0.09). Table 3-14 gives details of 

parameter values for variables remaining in the final model, adjusted for the non-linear 

relationship between heart rate on admission and the probability of survival. The 

residual variation that may be attributed to the time of hospital admission was explored 

as a random effect (frailty) term. This involved including the variables admission year 

(6 years of admission), surgeon (17 surgeons) and anaesthetist (14 anaesthetists) as 

random effects in the final model. None of these variables was found to be significant. 

3.4.7.3 Model diagnostics 

Complementary log−log, Kaplan-Meier survival curves and scaled Schoenfeld-type 

residuals plots confirmed that the PH assumption was satisfied for all variables in this 

model. A single influential observation was identified for the variable PCV on 

admission. When this observation was removed and the model was re-run, there was 

a 27% increase in regression coefficient of PCV on admission variable. This data point 

was from a horse that had a PCV of 74% on admission, yet had a censored survival 

time. Five poorly fitting data points were identified in a deviance residual plot. These 

observations were from horses that had a within normal range PCV on admission, 

surgery duration less than 82 min and were diagnosed with lesions other than EFE, yet 

they survived for a single day following recovery from anaesthesia. The deviance 

residual values corresponding to these data points were positive, meaning that the 

horses died before the model could predict mortality.  
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Table 3-13: Risk factors for postoperative death in 562 horses (Dataset A and B) that 

recovered following general anaesthesia for treatment of colic.  

Variable Coef. 

()  

SE HR 95% CI Wald p-

value 

Continuous variables 

Age (years)  0.02 0.013 1.02 0.99–1.05 0.14 

PCV on admission (%)  0.05 0.01 1.05 1.03–1.07 <0.001 

Heart rate (bpm)  0.021 0.004 1.021 1.01–1.03 <0.001 

Total plasma protein (g/l)  0.021 0.01 1.021 1.004–1.04 0.014 

Surgery time (min)   0.01 0.002 1.01 1.006–1.014 <0.001 

Length of resected intestine 

(metre) 

 0.14 0.03 1.15 1.08–1.2 <0.001 

Categorical variables 

Sex Female  Ref.     

Male 0.64 0.18 3.55 1.3–2.7 <0.001 

Small intestinal lesion No  Ref.     

Yes 0.45 0.17 1.6 1.3–2.2 0.005 

Type of anastomosis No  Ref.     

Side to side 0.67 0.22 1.95 1.3-3  

End to end 0.62 0.18 1.85 1.3–2.7 <0.001 

Jejunocecal side-to-side 

anastomosis           

No   Ref.      

Yes  0.53 0.2 1.7 1.1–2.6 0.015 

Resection No  Ref.     

Yes 0.65 0.16 1.92 1.4–2.6 <0.001 

Epiploic foramen entrapment No   Ref.     

Yes  0.77 0.2 2.2 1.4–3.4 0.002 

Large colon displacement No  Ref.     

Yes –0.55 0.3 0.6 0.3–1.1 0.06 

Clean contaminated surgery No  Ref.     

Yes 0.6 0.21 1.8 1.2–2.7 0.003 

The table presents the results of univariable Cox proportional hazards analysis of continuous and 

categorial variables investigated for association with the risk of non-survival. Only variables significant 

at p-value <0.25 are shown. Ref. = reference category, Coef. = regression coefficient, SE = standard 

error, HR = hazard ratio, CI = confidence interval, PCV = packed cell volume  
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Table 3-14: Multivariable Cox proportional hazards model of risk factors for reduced 

probability of survival following laparotomy. 

Variable Coef.  SE HR 95% CI of 

HR 

Wald p-

value 

PH p-

value 

PCV on admission (%) 0.03 0.01 1.03 1.01–1.05 0.001 0.12 

Sex (female vs male) 0.61 0.19 1.8 1.26–2.7 0.001 0.5 

Epiploic foramen entrapment (no/yes) 0.85 0.25 2.3 1.4–3.8 <0.001 0.8 

Duration of surgery (min) 0.008 0.002 1.008 1.004–1.01 <0.001 0.9 

Heart rate (linear effect) 0.014 0.004 1.014 - <0.001 - 

The model following removal of a single influential observation: 

PCV on admission 0.037 0.012 1.04 1.01–1.06 0.002 0.12 

Sex (female vs male) 0.64 0.19 1.9 1.3–2.7 0.001 0.6 

Epiploic foramen entrapment 0.86 0.25 2.4 1.5–3.8 <0.001 0.82 

Duration of surgery (min) 0.007 0.002 1.007 1.003–1.01 <0.001 0.99 

Heart rate (linear effect) 0.014 0.004 1.014 - <0.001 - 

The table presents the final Cox proportional hazards analysis model for pre- and intraoperative 

variables investigated for association with non-survival in Datasets A and B. The model is adjusted for 

the non-linear relationship between heart on admission and the log hazard of death. The p-values from 

the Grambsch–Therneau test of proportional hazards assumption (PH) test are shown. Coef. = 

coefficient, SE  = standard error, HR = hazard ratio, CI = confidence interval, PCV = packed cell 

volume 

 

Figure 3-9: The adjusted 

relationship between heart rate on 

admission and likelihood of 

mortality in 522 horses that 

recovered following laparotomy.  
Spline fit (solid line) with 95% 

confidence interval (dotted lines) from 

the final multivariable Cox regression 

model are illustrated. The dotted 

horizontal line is at log hazard of zero. 

p-value for non-linear relationship is 

significant (p-value = 0.02). 
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3.4.8 Modelling of postoperative complications  

3.4.8.1 Models based on Dataset A only 

3.4.8.1.1 Purulent incisional discharge 

Continuous and categorical explanatory variables associated with the risk of purulent 

incisional discharge at a LRT p-value <0.25 are given in Supplementary Table 3-3 and 

Supplementary Table 3-4. All continuous variables investigated had a linear 

relationship with the outcome variable apart from rectal temperature measured at 36 h 

postoperatively and so this was evaluated as a second-degree polynomial term. Horses 

that did not develop purulent incisional discharge were hospitalised for a significantly 

shorter time (7 days, IQ range 6.5–9.5) compared with those with purulent incisional 

discharge (8 days, IQ range 7.5–11.5). Hospitalisation days was not included in the 

multivariable model building because the direction of this relationship (a cause or an 

effect) could not be inferred from the data. Variables identified to be significantly 

associated with purulent incisional discharge in the final multivariable logistic 

regression model included blood lactate measured on admission and postoperative 

colic episodes (Table 3-15). Although three-layer closure of the laparotomy incision 

(linea alba, subcutis and skin) was protective on univariable analysis (p-value = 

0.026), it was not significant in a final multivariable model. No significant biologically 

plausible multiplicative interactions were found between variables in the final model. 

Model diagnostics did not identify any influential observations and the Hosmer–

Lemeshow test statistic indicated that there was no evidence of lack of fit (p-value = 

0.78).  

3.4.8.1.2 Incisional hernia formation 

Continuous and categorical explanatory variables associated with the risk of incisional 

hernia formation at a LRT p-value < 0.25 are given in Supplementary Table 3-4 and 

Supplementary Table 3-6. The variables PCV measured at 12 and 36 h postoperatively 

had non-linear relationships with the log odds of incisional hernia formation, so were 

evaluated as second-degree polynomial terms. A final multivariable model is shown 

in Table 3-16. The risk of incisional hernia formation was significantly and positively 

associated with heart rate measured at 12 h postoperatively, jejunocaecal side-to-side 

anastomosis (JCSSA) and development of postoperative reflux. Horses that had a 

JCSSA were approximately 8 times more likely to develop an incisional hernia 

following hospital discharge compared to those in which this procedure was not 
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performed. The confidence interval of this estimate was wide (1.8–38.3), which can 

be explained by the small number of horses that underwent this type of intestinal 

anastomosis (n =14). Horses that developed POR were also around 4 times more likely 

to develop an incisional hernia. Although purulent incisional discharge was 

significantly related to the occurrence of an incisional hernia on univariable analysis 

(p-value = 0.03), it was not significant in the final model. No significant biologically 

plausible multiplicative interactions were found between variables in the final model. 

Examination of delta-betas identified a single influential observation for the variable 

JCSSA. Removal of this data point resulted in a 30% increase in the odds ratio of this 

variable. This observation was from a horse that had JCSSA, had a heart rate of 96 

beats/min at 12 h postoperatively, but did not develop an incisional hernia. The 

Hosmer–Lemeshow test statistic had a p-value of 0.68 that suggested there was no 

evidence of lack of fit.  

3.4.8.1.3 Postoperative reflux (POR) 

Variables found to be associated with postoperative reflux on univariable analysis 

(LRT of p-value <0.25) are detailed in Supplementary Table 3-7 and Supplementary 

Table 3-8. The risk of postoperative reflux was associated with heart rate on admission, 

horse weight, IFEE and strangulating lesions (Table 3-17). There was a significant 

multiplicative interaction (p-value <0.001) between the variables heart rate on 

admission and strangulating lesions, meaning that the effect of strangulating lesions 

on the log odds of POR varied with different values of heart rate on admission. No 

influential observations were identified and the Hosmer–Lemeshow test statistic was 

not significant (p-value = 0.42) which indicated that there was no evidence of lack of 

fit. The cardiovascular clinical parameters that were measured at 12 and 36 h 

postoperatively, administration of lidocaine CRI postoperatively and development of 

postoperative colic/pain were significantly associated with POR on univariable 

analysis (p-value >0.05). However, they were not considered for inclusion into the 

multivariable model building due to the perceived opposite direction of the 

relationship with POR i.e. altered postoperative cardiovascular parameters, 

administration of lidocaine CRI and development of postoperative pain were 

considered outcomes of POR and not risk factors for this complication occurring.    
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3.4.8.1.4 Postoperative colic episodes 

Table 3-18 illustrates results of two recurrent event analysis models for the risk of 

recurrent postoperative colic episodes. The results from these models were comparable 

apart from the variable 'heart rate on admission' that was not significant in the Prentice-

Williams-Peterson stratified counting process model. Model diagnostics showed that 

the proportional hazards assumption was satisfied for all variables, absence of 

influential data points, and the ability of the model to differentiate between horses that 

developed postoperative colic from those did not was confirmed by a deviance residual 

plot. The variance of the frailty term was not significantly different from zero (p-value 

= 0.5), meaning that there was homogeneity between subjects. Figure 3-10 shows the 

baseline survival and hazard functions from the shared gamma frailty model. The plots 

indicate that majority of horses developed postoperative colic toward the end of the 

study period and the risk of postoperative colic was the greatest during the first 50 days 

postoperatively. 

Table 3-15: A multivariable model of variables associated with purulent incisional 

discharge in 255 horses that survived following laparotomy.  

Variable Coef. () SE OR 95 % CI of 

the OR 

LRT p-

value 

Systemic lactate on admission 

(mmol/l) 

0.31 0.11 1.36 1.1–1.7 0.005 

Postoperative colic                   No   Ref.     

Yes  0.63 0.3 1.9 1.04–3.4 0.04 

The Hosmer–Lemeshow test statistic p-value = 0.78, number of observations equals 240, percentage of 

correctly classified = 73% and area under the curve = 0.63. Coef = regression coefficient, SE. = 

standard error, OR = odds ratio, CI = confidence interval, LRT = likelihood ratio test, Re. = reference 

category  
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Table 3-16: A multivariable model of variables associated with incisional hernia 

formation in 255 horses that survived following laparotomy.  

Variable Coef. 

() 

SE OR 95 % CI of 

the O.R. 

LRT P-

value 

Heart rate measured 12 h postoperatively 0.034 0.016 1.03 1.003–1.07 0.036 

Jejunocecal side-to-side anastomosis            No   Ref.     

Yes  2.1 0.8 8.2 1.8–38.3 0.01 

Postoperative reflux                                       No   Ref.     

Yes  1.26 0.9 3.5 1.21–10.3 0.026 

The model following removal of a single influential data point: 

Heart rate measured 12 h postoperatively 0.04 0.016 1.04 1.01–1.07 0.01 

Jejunocecal side-to-side anastomosis            No   Ref.     

Yes  2.5 0.8 11.9 2.3–60.6 0.003 

Postoperative reflux                                      No   Ref.     

Yes  1.18 0.6 3.25 1.1–9.6 0.03 

Diagnostics from the first model; the Hosmer–Lemeshow test statistic p-value = 0.68, number of 

observations equals 195, percentage of correctly classified = 91%, and area under the curve = 0.77. 

Coef = regression coefficient, SE = standard error, OR = odds ratio, CI = confidence interval, LRT = 

likelihood ratio test, Re. = reference category 

Table 3-17: A multivariable model of variables association with postoperative reflux in 

255 horses that survived following laparotomy.  

Variable Coef. ( SE O.R. 95 % CI of 

O.R. 

Wald P-

value 

Heart rate on admission (bpm) 0.05 0.01 1.05 1.01–1.07 <0.001 

Wight (kg) 0.004 0.002 1.004 1.001–1.006 0.01 

IFEE lesion                                         No    Ref.     

Yes 1.5 0.51 4.5 1.6–12.2 0.003 

Strangulating lesions                          No    Ref.     

Yes 4.8 1.12 125.7 13.9–1134.7 <0.001 

Strangulating lesion × heart rate –0.06 0.02 0.94 0.91–0.98 0.002 

The Hosmer–Lemeshow test statistic p-value = 0.42, number of observations = 251, percentage of 

correctly classified = 80%, area under the curve = 0.8. Coef = regression coefficient, SE = standard 

error, OR = odds ratio, CI = confidence interval, LRT = likelihood ratio test, Re. = reference category, 

IFEE = idiopathic focal eosinophilic enteritis  
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Table 3-18: A final multivariable stratified Cox regression model and a shared gamma 

frailty model investigating variables associated with recurrent postoperative colic 

episodes.  

Variable Coef. 

(β) 

SE Robust 

SE 

HR 95 % CI of 

HR 

Wald p-

value 

Prentice–Williams–Peterson stratified counting process: 

Repeat laparotomy (y/n) 0.81 0.22 0.2 2.24 1.5–3.28 <0.001 

Epiploic foramen entrapment (y/n) 0.7 0.26 0.31 1.99 1.1–3.64 0.03 

Large colon torsion ≥360° (y/n) 0.73 0.22 0.2 2.1 1.4–3.1 <0.001 

Postoperative reflux (y/n) 0.4 0.16 0.16 1.45 1.1–1.99 0.02 

Shared Gamma Frailty model: 

Repeat laparotomy (y/n) 1.3 0.18 - 3.71 2.6–5.3 <0.001 

Epiploic foramen entrapment (y/n) 0.87 0.24 - 2.38 1.48–3.84 0.004 

Large colon torsion ≥360° (y/n) 0.85 0.19 - 2.34 1.62–3.38 <0.001 

Postoperative reflux (y/n) 0.68 0.15 - 1.97 1.46–2.67 <0.001 

Heart rate on admission (bpm) 0.01 0.005  0.99 0.98–1.00 0.04 

Coef = regression coefficient, SE. = standard error, HR = hazard ratio, CI = confidence interval, bpm 

= beats per minute 

 

Figure 3-10: The baseline survival and hazard functions of recurrent postoperative colic 

episodes derived from the shared gamma frailty model.  The figures indicate that majority of 

horses developed postoperative colic towards the end of the study period and that the risk of 

postoperative colic is the greatest during the first 50 days postoperatively.  
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3.4.8.2 Models based on Datasets A and B 

3.4.8.2.1 Purulent incisional discharge 

A multivariable model for the risk of purulent incisional discharge is shown in Table 

3-19. Significant variables remaining in this model included postoperative colic (as in 

the model based on Dataset A) and packed cell volume measured on admission 

(instead of blood lactate in the model based on Dataset A). Blood lactate level on 

admission was not recorded for horses admitted in 2004–2006 and consequently was 

not available for model building. Severe oedema surrounding the surgical incision was 

significantly (p-value <0.001) associated with the development of purulent incisional 

discharge on univariable analysis. The variable was not considered for inclusion into 

a multivariable model due to inability to infer the direction of this relationship; either 

a cause or an effect. The three-layer closure technique (linea alba, subcutis and skin) 

of the laparotomy incision was not associated with altered likelihood of purulent 

incisional discharge on both univariable (p-value = 0.94) and multivariable analyses. 

There were no significant biologically plausible multiplicative interaction terms 

between variables remaining in the final models. Model diagnostics did not identify 

any influential observations and the Hosmer–Lemeshow test statistic was not 

significant (p-value = 0.88), meaning that there was no evidence of lack of fit.  

3.4.8.2.2 Postoperative reflux 

A final multivariable model is shown in Table 3-20. POR was significantly associated 

with heart rate on admission, horse body weight, IFEE lesions and pedunculated 

lipoma obstruction (PLO). Compared with the model that was fitted using only 

information from Dataset A, two additional risk factors were identified; intestinal 

resection and pedunculated lipoma obstruction. There was a significant multiplicative 

interaction (p-value = 0.03) between the variables heart rate on admission and PLO, 

meaning that the effect of PLO on the log odds of POR varied with different values of 

heart rate on admission. RL and postoperative cardiovascular parameters were 

significantly associated with the likelihood of POR on univariable analysis but were 

not considered for inclusion into a multivariable model. The reason for this was that 

they were considered outcomes of postoperative reflux rather than explanatory 

variables for this postoperative complication. No significant multiplicative interaction 

terms were identified between variables in the final model. Influential statistics did not 
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identify any influential observations and the Hosmer–Lemeshow test statistic 

suggested the model there was no evidence of lack of fit (p-value = 0.8).  

3.4.8.2.3 Jugular thrombosis 

A final multivariable model is shown in Table 3-21. The risk of jugular thrombosis 

was significantly and positively associated with heart rate at 12 h postoperatively, if 

guaiacol glycerine ether (GGE) was a part of the anaesthetic induction protocol, 

surgical diagnosis of strangulating (≥360°) large colon torsion and RL. A significant 

negative effect of total plasma protein on admission was also identified. Heart rate 

measured at 36 h postoperatively was significant on univariable analysis (p-value 

<0.001), but because of high correlation (r = 0.71) with heart rate measured at 12 h 

postoperatively, it was excluded from multivariable model building. Duration of 

catheterisation or the type of intravenous catheter were not recorded. No significant 

biologically plausible multiplicative interactions were found between variables in the 

final model. Model diagnostics did not identify any influential data points and the 

Hosmer–Lemeshow test statistic indicated that there was no evidence of lack of fit (p-

value = 0.2).  

3.4.8.2.4 Postoperative diarrhoea 

The risk of developing diarrhoea postoperatively was significantly and positively 

associated with PCV on admission and increasing age (Table 3-22). No significant 

biologically plausible multiplicative interactions were found between variables in the 

final model. Model diagnostics did not identify any influential data points and the 

Hosmer–Lemeshow test statistic showed that there was no evidence of lack of fit (p-

value = 0.33).  

3.4.8.2.5 Repeat laparotomy 

The univariable analysis did not identify (p-value <0.25) any diagnosis category or 

particular surgical intervention, e.g. intestinal resection and anastomosis specifically 

associated with an increased likelihood of RL. In a final multivariable model, horses 

that developed postoperative colic were around 9 times more likely to undergo RL. 

Increased heart rate at 36 h postoperatively was also associated with increased risk of 

RL (Table 3-23). Although postoperative reflux was significant on univariable analysis 

(p-value = 0.002) it did not remain in the final model. Eleven influential data points 
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were identified. Removal of influential observations from the dataset and re-running 

the model had minimal effect on values of parameter estimates.  

Table 3-19: Multivariable logistic regression model of variables associated with purulent 

incisional discharge in 562 horses that survived following laparotomy.  

Variable Coef. () SE OR 95 % CI of 

O.R. 

Wald p-

value 

PCV on admission (%) 0.025 0.012 1.025 1.001–1.05 0.04 

Postoperative colic                          No  Ref.     

Yes 0.6 0.2 1.82 1.2–2.7 0.003 

The Hosmer–Lemeshow test statistic p- vlue = 0.5, number of observations = 535, percentage of 

correctly classified = 74.6%, area under the curve = 0.6. Coef = regression coefficient, se. = standard 

error, OR = odds ratio, CI = confidence interval, LRT = likelihood ratio test, Re. = reference category, 

PCV = packed cell volume 

Table 3-20: Multivariable logistic regression model of variables associated with 

postoperative reflux in 562 horses that survived following laparotomy.  

Variable Coef. 

() 

SE OR 95 % CI of 

O.R. 

Wald p-

value 

Heart rate on admission (beats/min) 0.031 0.01 1.03 1.02–1.05 <0.001 

Weight (kg)  0.004 0.001 1.003 1.001–1.005 0.001 

Intestinal resection                                No    Ref.     

Yes 0.7 0.3 2.04 1.16–3.6 0.01 

Pedunculated lipoma                             No    Ref.     

Yes 3.1 0.9 22.36 3.9–130.2 0.001 

IFEE                                                       No    Ref.     

Yes 1.4 0.4 3.9 1.8–8.3 0.001 

Pedunculated lipoma × heart rate –0.03 0.013 0.97 0.94–0.99 0.03 

The Hosmer–Lemeshow test statistic p-value = 0.8, number of observations = 543, percentage of 

correctly classified = 84.7%, area under the curve = 0.79. Coef = regression coefficient, SE = standard 

error, OR = odds ratio, CI = confidence interval, LRT = likelihood ratio test, Re. = reference category, 

IFEE = idiopathic focal eosinophilic enteritis  



 

138 

Table 3-21: Multivariable logistic regression model of variables associated with jugular 

vein thrombosis in 562 horses that survived following laparotomy. 

Variable Coef. 

() 

SE OR 95 % CI of 

O.R. 

Wald p-

value 

Total plasma protein on admission (g/l) −0.04 0.017 0.96 0.93–0.99 0.008 

Heart rate at 12 h postoperatively (bpm)                     0.04 0.01 1.04 1.02–1.06 <0.001 

Strangulating large colon torsion          No    Ref.      

Yes 1.12 0.5 3.1 1.16–8.14 0.02 

Guaiacol glycerine ether (GGE)            No    Ref.      

Yes 1.4 0.46 4 1.6–9.8 0.003 

Repeat laparotomy                                No    Ref.      

Yes 1.4 0.47 4.14 1.66–10.4 0.002 

The Hosmer–Lemeshow test statistic p-value = 0.2, number of observations = 507, percentage of 

correctly classified = 92.7%, area under the curve = 0.75. Coef = regression coefficient, SE = standard 

error, OR = odds ratio, CI = confidence interval, LRT = likelihood ratio test, Re. = reference category 

Table 3-22: Multivariable logistic regression model of variables associated with 

postoperative diarrhoea in 562 horses that survived following laparotomy.  

Variable Coef. ) SE OR Lower 95 

% CI 

LRT p-

value 

PCV on admission (%) 0.06 0.018 1.063 1.03–1.1 0.001 

Horse age (years) –0.076 0.03 0.93 0.87–0.98 0.01 

The Hosmer–Lemeshow test statistic p-value = 0.33, number of observations = 530, percentage of 

correctly classified = 92.5%, area under the curve = 0.67. Coef = regression coefficient, SE = standard 

error, OR = odds ratio, CI = confidence interval, LRT = likelihood ratio test, Re. = reference category, 

PCV = packed cell volume 

Table 3-23: Multivariable logistic regression model of variables associated with repeat 

laparotomy in 562 horses that survived following laparotomy.  

Variable Coef. () SE O.R. 95 % CI of O.R. LRT p-

value 

Heart rate at 36 h (beats/min) 0.04 0.01 1.04 1.02–1.06 <0.001 

Postoperative colic                           No   Ref.     

Yes 2.23 0.48 9.3 3.7–23.7 <0.001 

The Hosmer–Lemeshow test statistic p-value = 0.6, number of observations = 523, percentage of 

correctly classified = 92%, area under the curve = 0.78. Coef = regression coefficient, se. = standard 

error, OR = odds ratio, CI = confidence interval, LRT = likelihood ratio test, Re. = reference category  
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3.5 Discussion 

This study has provided information on mortality and morbidity rates in horses that 

recovered following laparotomy for treatment of gastrointestinal lesions in a UK 

hospital population. Risk factors associated with altered likelihood of survival and 

occurrence of postoperative complications have also been identified. This information 

is important to assist informed decision-making by clinicians and horse owners, when 

deciding upon treatment options based on likely surgical outcome. The study also 

compared case presentation, surgical and postoperative management of two surgical 

colic patient cohorts admitted over two time periods with an 8-year gap. Frequent use 

of new interventions such as intra- and postoperative lidocaine treatment and use of an 

abdominal bandage to protect the surgical incision did not appear to result in a 

significant improvement in long-term survival or rates of postoperative complications.  

3.5.1 Postoperative survival 

The short-term survival rate (81%) for horses that recovered from general anaesthesia 

in the study reported here is comparable to other published studies (Mair and Smith 

2005a, Wormstrand et al. 2014). Furthermore, the pattern of survival described has 

been previously reported in this (Proudman et al. 2002a) and in other equine hospitals 

(Stewart et al. 2014). Among horses diagnosed with small intestinal lesions, those that 

underwent surgery to treat an ileal impaction had the highest probability of survival 

(0.85) during the first postoperative year. However, survival probability then dropped 

to around 0.7. The finding is partly consistent with data analysed from the same 

hospital at an earlier time period (Proudman et al. 2002a). IFEE had a relatively stable 

probability of survival of around 0.79 throughout the study period. The number of 

horses diagnosed with IFEE doubled during the 2012–2014 admission years compared 

with 2004–2006 (29 vs 14 cases). This is consistent with the results obtained from a 

retrospective study performed in data from the same hospital population over a ten-

year period (2000–2010) (Archer et al. 2014) and it is interesting that this increase in 

cases has continued to occur. 

Horses diagnosed with epiploic foramen entrapment (EFE) had a poor prognosis for 

survival with a median survival time of 130 days. This is consistent with data from the 

same hospital at an earlier time (Proudman et al. 2002a, Proudman et al. 2002b, 
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Proudman et al. 2005b). The median survival time reported for EFE cases in the 

current study is less than that previously reported for the same hospital population (390 

days) (Proudman et al. 2002a) and for horses recruited into a multicentre study (397 

days) (Archer et al. 2011). Contrary to the latter findings, Freeman and Schaeffer 

(2005) reported that horses diagnosed with EFE at surgery had significantly better 

survival to hospital discharge compared with pedunculated lipoma cases. However, a 

direct comparison between studies is inappropriate due to differences in study design, 

follow-up periods and statistical methods used. 

Horses that had undergone a repeat laparotomy (RL) had a poor prognosis for survival 

with a median survival time of 66 days, consistent with previous reports (Proudman et 

al. 2005a, Dunkel et al. 2015). Postoperative colic (POC) was the most frequent reason 

for undertaking RL in the present study, a finding that is in agreement with Mair and 

Smith (2005d), but is in contrast to Dunkel et al. (2015) where persistent nasogastric 

reflux was the predominant reason for RL. Factors found to be significantly associated 

with increased likelihood of RL in the current study included postoperative tachycardia 

(heart rate at 36 h postoperatively) and POC. This information can help to identify 

horses in which RL may be required. 

3.5.2 Postoperative complications 

Postoperative reflux (POR) was diagnosed in 53 (21%) horses and resulted in 

euthanasia of 13 (24.5%) of them. The definition of POR used in the current study is 

consistent with other studies (French et al. 2002, Mair and Smith 2005b), where the 

prevalence of POR was reported to be 9–18%. Approximately half of the horses 

recently admitted (Dataset A) to the hospital received lidocaine CRI during general 

anaesthesia or postoperatively, compared with only 11% that received lidocaine during 

general anaesthesia and 3% that received it postoperatively in horses admitted between 

2004 and 2006. However, it was surprising to find that the percentage of horses that 

developed POR was significantly higher in Dataset A (2012–2014) than in Dataset B 

(2004–2006) (21% vs. 11%). Furthermore, there was no evidence of improved 

probability of survival in horses that received lidocaine either during general 

anaesthesia or postoperatively. These findings were therefore investigated further in 

CHAPTER 4. 
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POC was the most frequently reported postoperative complication during both time 

periods (45.6% and 51% for the 2004–2006 and 2012–2014 admission years, 

respectively). A prevalence of 11–35% has been previously reported (Proudman et al. 

2002a, Mair and Smith 2005b, Mair and Smith 2005c), but it is difficult to make direct 

comparison with the current study, as rates may differ based on the length of the 

follow-up period. The current study showed that up to 50% of horses would develop 

clinical signs of POC by 284 days postoperatively. This is best described by including 

a time factor when calculating occurrence of POC episodes. The incidence rate of POC 

in the current study was 1.04 (95% CI 0.91–1.17) episodes/horse-year-at-risk, which 

is almost double the previously reported incidence rate of POC for the same hospital 

population (0.55 episodes/horse-year-at-risk) (Proudman et al. 2002a). However, the 

current study did not differentiate between colic episodes that occurred during initial 

hospitalisation and those reported following hospital discharge, and is likely to explain 

the difference in the incidence rates between this study and the study by Proudman et 

al. 2002a. The reported incidence rate of colic in the general equine population ranges 

from 0.04 to 0.26 episodes/horse-year-at-risk (Uhlinger 1992, Tinker et al. 1997a, 

Hillyer et al. 2001, Traub-Dargatz et al. 2001). This is much less than the incidence 

rate reported in the current study, and confirms that horses that had undergone colic 

surgery are at greater risk of colic (Cohen and Peloso 1996). POC episodes were the 

most common cause of postoperative death or euthanasia in the current study (44.2%), 

which is also consistent with previous reports (Macdonald et al. 1989, Mair and Smith 

2005a, Munoz et al. 2008). 

The prevalence of purulent incisional discharge (27.1%) in the current study is within 

the range of those previously reported (11–42%) (Phillips and Walmsley 1993, Mair 

and Smith 2005b, Colbath et al. 2013, Durward-Akhurst et al. 2013, Tnibar et al. 

2013). The latter rates are variable, likely due to variations in the definitions of surgical 

site infection used and in the quality and length of the follow-up periods. The present 

study showed that a large proportion of purulent incisional discharge (26%) can 

develop following hospital discharge and failure of studies to extend follow-up beyond 

the period of hospitalisation may contribute to an underestimation of the prevalence of 

incisional discharge.  
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Almost all horses (49/50; 98%) that had surgical site swabs submitted for culture and 

sensitivity testing were positive, suggesting that purulent incisional discharge can be 

used as a proxy measure for surgical site infection (Kobluk et al. 1989, Honnas and 

Cohen 1997, Mair and Smith 2005b). In the current study, 60% of bacterial isolates 

were Gram-negative and 40% were Gram-positive. This contradicts a previous study 

that obtained intraoperative cultures from the linea alba following closure where 

predominantly Gram-positive bacteria were cultured (Ingle-Fehr et al. 1997). 

However, in the latter study, isolates were obtained from normal surgical incisions 

before establishment of any infection and bacterial skin commensals were therefore 

more likely to be isolated. This knowledge of surgical site bacteriology is crucial for 

monitoring antimicrobial resistance and nosocomial infection and should be a key 

component of hospital clinical audit (Mair and White 2008). 

3.5.3 Risk factors for postoperative mortality 

3.5.3.1 Preoperative variables 

To investigate risk factors associated with postoperative mortality, three multivariable 

Cox proportional hazards regression models were constructed. Two models 

investigated pre- and intra-operative variables in both datasets, while the third model 

considered pre-, intra-, and postoperative variables in Dataset A only. Packed cell 

volume (PCV) and heart rate (HR) measured on admission were significantly and 

positively associated with postoperative mortality. The relationship was linear for 

PCV, but formed a step function at around 80 beats per minute for HR. PCV and HR 

can be considered markers for the degree of dehydration and endotoxaemia on 

admission (Proudman et al. 2005a). These findings emphasise the importance of early 

referral before development of marked physiological derangements in improving the 

probability of postoperative survival. Interestingly, in the present study, time to 

referral and PCV on admission remained significantly associated with postoperative 

survival in the same multivariable model. This confirms a degree of independence 

between the two variables, and re-emphasises the importance of early diagnosis and 

referral of surgical colic patients. Increased duration of colic prior to surgery was 

significantly associated with reduced survival to hospital discharge following surgical 

correction of large colon volvulus (LCV) in broodmares (Hackett et al. 2014) and 

following laparotomy in all colic cases (Proudman et al. 2002b, van der Linden et al. 
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2003), findings that are consistent with the results reported here. In the current study, 

male horses were found to be at significantly greater risk of postoperative death 

compared with females. A significantly greater number of male horses were diagnosed 

with EFE at surgery (χ2 = 5.96, p-value = 0.015) or had undergone intestinal resection 

and anastomosis (χ2 = 18, p-value <0.001) in the current study population, potentially 

contributing to the higher risk of mortality in this group of horses.  

3.5.3.2 Intraoperative variables 

Horses diagnosed with EFE were at significantly greater risk of poor postoperative 

survival in the three multivariable survival models. Greater mortality associated with 

EFE was previously reported to be due to prolonged duration of surgery and reduced 

levels of total plasma protein (TPP), which may indicate a state of severe 

endotoxaemia in these horses (Proudman et al. 2005b). TPP was not a significant 

predictor of survival in the multivariable models in the present study. There is a need 

for further work to determine the reasons for this both in the early postoperative period 

and following hospital discharge, when recurrence of EFE may be a possibility. The 

effect of laparoscopic closure of the epiploic foramen in reducing rates of 

postoperative colic and deaths is currently under investigation (van Bergen et al. 

2016).  

Other surgical variables identified to be significantly associated with poor 

postoperative survival included duration of surgery and presence of strangulating 

lesions. Prolonged surgery duration was previously reported in a number of studies to 

be associated with reduced survival (Proudman et al. 2002b, Proudman et al. 2005b, 

Hackett et al. 2014) and may be an indicator of the need for lengthy procedures such 

as intestinal resection and anastomosis in these cases. In the present study, 79% of 

horses diagnosed with a strangulating lesion at surgery had undergone intestinal 

resection and anastomosis. A recent study reported that horses diagnosed with a 

strangulating small intestinal lesion at surgery and which were managed without 

resection had 100% survival to hospital discharge (Freeman et al. 2014). In the latter 

study, the decision to not resect strangulated intestine was subjective and based on 

clinicians’ decision. Finding objective measures of intestinal viability may reduce the 

need for intestinal resection, thereby resulting in a higher probability of postoperative 

survival (Proudman et al. 2002b). 
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3.5.3.3 Postoperative variables 

Postoperatively, elevated PCV and HR at 36 h were positively and significantly 

associated with reduced likelihood of survival. These parameters may relate to the 

degree of systemic inflammatory response present following surgery and can assist 

clinicians in identifying horses at greater risk of poor postoperative survival. 

Postoperative cardiovascular parameters have been previously reported to be 

associated with reduced short- and long-term survival (Macdonald et al. 1989, Morton 

and Blikslager 2002, Suthers et al. 2012, Hackett et al. 2014), consistent with the 

findings of the current study. 

Horses that developed POR during hospitalisation had increased risk of mortality, an 

observation that has been previously reported in horses that had undergone surgery for 

treatment of EFE (Archer et al. 2011) or had undergone small intestinal resection and 

anastomosis (Morton and Blikslager 2002). POC was also associated with reduced 

probability of survival in this hospital population. This finding is not surprising, 

especially the observation that POC was responsible for 44.2% of horse mortality 

during the study period. Colic during hospitalisation was previously found to be 

associated with reduced probability of survival in horses diagnosed with strangulating 

LCV (Suthers et al. 2012). In the present study, the risk association with PCV and 

POC was independent of time, meaning that horses with elevated PCV at 36 h 

postoperatively or which developed POC are continuously at greater risk of death. This 

was in contrast to HR measured at 36 h postoperatively and POR where the impact on 

survival diminished over time.  

3.5.4 Risk factors for postoperative complications 

3.5.4.1 Endotoxaemia on admission  

Cardiovascular compromise and endotoxaemia on admission (in the form of 

tachycardia, high PCV and blood lactate levels) was significantly associated with 

many postoperative complications including purulent incisional discharge, POR and 

diarrhoea. These findings have frequently been reported in published studies (French 

et al. 2002, Smith et al. 2007, Torfs et al. 2009) and confirm that the clinical status of 

the patients on admission is an important determinant of likely postoperative outcome 

and that early referral of surgical colic patients is a key to a better surgical outcome.  
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3.5.4.2 Risk factors for postoperative reflux 

In addition to endotoxaemia on admission, other risk factors identified to increase the 

risk of POR included body wieght, IFEE, PLO, diagnosis of a strangulating lesion at 

surgery and intestinal resection and anastomosis. Some of these risk factors, including 

intestinal resection and strangulating lesions have previously been reported (Blikslager 

et al. 1994, Roussel et al. 2001, Torfs et al. 2009).  

Compromise of the gut wall associated with PLO and other strangulating lesions may 

result in mucosal barrier dysfunction and subsequent translocation of 

lipopolysaccharides of Gram-negative enterobacteria (endotoxins) into peritoneal 

cavity and circulation (Senior et al. 2011), which may have a detrimental effect on the 

gastrointestinal motility (King and Gerring 1991). PLO was previously reported as a 

risk factor for POR in the same hospital population (French et al. 2002), while the 

association between IFEE and POR has not been previously reported. It is possible 

that the localised nature of the obstruction in these lesions and the rapid build-up of 

fluid and excessive distension of large portions of the small intestine place horses 

diagnosed with these lesions at greater risk of POR (French et al. 2002). The 

prevalence of these conditions among different hospital populations could have a 

marked effect on the prevalence of POR, and may partially explain the variation in the 

prevalence of POR between the two time periods of hospital admission examined in 

the current study. Significant two-way interactions were found between PLO or 

strangulating lesions and HR on admission, meaning that horses diagnosed with PLO 

or strangulating lesions at surgery but without tachycardia on admission were less 

likely to develop POR. These findings again highlight the importance of early 

diagnosis and referral of equine surgical colic patients prior to development of any 

cardiovascular compromise in order to minimise the risk of POR. Increasing body 

weight was also associated with increased risk of POR, a finding that has not been 

previously reported and the reason for which was unclear and needs further 

investigation.  

3.5.4.3 Risk factors for jugular thrombosis 

Low levels of TPP on admission, strangulating large colon volvulus, and tachycardia 

at 12 h postoperatively were identified as significant risk factors for jugular thrombosis 

in the current study. Protein-losing enteropathy and postoperative endotoxaemia are 
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likely to be associated with a hypercoagulable state with a greater propensity of these 

horses to develop catheter-associated complications (Monreal et al. 2000, Dolente et 

al. 2005). RL was also associated with greater risk of thrombus formation. It is 

plausible that horses that underwent a second surgery had a jugular vein catheter in 

place for a longer time, which has previously been reported to increase the likelihood 

of jugular thrombosis (Lankveld et al. 2001). 

The use of guaiacol glycerine ether (GGE) in the anaesthesia induction protocol was 

also a significant risk factor for jugular thrombosis postoperatively. This finding is in 

agreement with a previous experimental study that found evidence of jugular vein 

inflammation and thrombus formation in all horses that had general anaesthesia 

induced with GGE and thiopental sodium (Dickson et al. 1990). A previous study 

(French et al. 2002) performed in the same hospital did not find any significant 

association between GGE use for anaesthesia induction and thrombus formation. 

However, the current study might have had better statistical power to detect this 

negative effect of GGE as a result of its larger sample size. Identification of horses at 

greater risk of jugular thrombosis is important, as meticulous care can be directed to 

these animals including frequent ultrasonographic examination of the catheter site for 

any evidence of vein inflammation and removal of the catheter prior to the 

development of overt clinical signs of thrombophlebitis (Geraghty et al. 2009). 

3.5.4.4 Risk factors for incisional complications 

Horses that developed POC in the current study were at increased likelihood of 

purulent incisional discharge, a finding that is consistent with that of recent studies 

(Anderson et al. 2015, Isgren et al. 2015). POC may result in increased frequency and 

duration of recumbency (Coomer et al. 2007) and may increase the likelihood of 

physical contact between the floor and associated pathogens. Severe signs of POC such 

as rolling may also disrupt the healing process of the surgical incision or increase 

inflammation (Isgren et al. 2015). Horses that continued to show symptoms of 

endotoxaemia or systemic inflammatory response syndrome (SIRS), including 

tachycardia at 12 h postoperatively in the current study were at significantly greater 

risk of incisional hernia formation. Whilst inflammation is an integral part of the 

healing process of the surgical incision, an excessive inflammatory response induced 

by circulating endotoxins and cytokines may prolong healing and increase the 
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likelihood of  hernia formation (Karamercan et al. 2006). The findings from the current 

study can help clinicians to predict horses at high risk for these complications. 

3.5.4.5 Risk factors for postoperative colic  

In the present study, recurrent event analysis methods were used to model risk factors 

for POC. Verified risk factors included HR on admission, strangulating LCV, EFE, 

POR and RL. HR was negatively associated with the risk of POC in one of the models. 

HR may be a determinant of horses that had a short survival time and consequently 

these horses were less likely to experience frequent POC episodes. Strangulating LCV 

was previously reported to be associated with higher risk of POC in this hospital 

population (French et al. 2002), but without post-mortem data, the reasons for this 

remain unclear. To the author knowledge, a significant relationship between EFE and 

occurrence of recurrent POC episodes has not been previously reported. This finding 

may explain the greater risk of mortality associated with these lesions and the likely 

recurrence of this condition following initial treatment. In the current study, RL was 

frequently performed in response to POC and the relationship identified by the 

recurrent event analysis models may not indicate a causal relationship. However, RL 

was previously reported to increase the risk of POC (French et al. 2002).  

Limitations of the present study include the fact that these results originated from a 

single equine hospital in the UK and may not represent other hospital populations. 

Furthermore, combining data collected over different time periods with an 8-year gab 

is a potential source of bias, as case presentation and management can vary over time. 

However, highlighting these differences and their effect on the outcome of colic 

surgery was one of the main aims of the current study. Consistency in the results 

obtained from models performed on data collected during the recent admission years 

and those performed following combing the two datasets demonstrated the effect of 

this data combination process was minimal. This was also demonstrated by lack of 

significant effects of surgeon, anaesthetist and admission years on the results obtained 

from the survival analysis models. 

3.5.5 Conclusions 

The current study has identified a number of risk factors for mortality and morbidity 

following laparotomy that can be taken into consideration when deciding on treatment 
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options for colic patients. The study has also compared two time periods of hospital 

admission where some differences in intra- and postoperative care of surgical colic 

patients were identified. Although many of the risk factors identified cannot be 

modified, knowledge of them can identify horses in which additional therapeutic 

interventions may be justified and can allow a more accurate prognosis and an estimate 

of the likely cost of treatment to be provided immediately postoperatively. The study 

found that new interventions, including perioperative lidocaine treatment and use of 

an abdominal bandage to protect the surgical incision during recovery from 

anaesthesia and the early postoperative period did not result in noticeable 

improvements in rates of morbidity or mortality following laparotomy. Further 

investigation of these observations was justified and performed in CHAPTER 4. Early 

diagnosis and referral of equine surgical colic patients remains a key factor in 

maximising postoperative survival.  
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3.6 Appendix to Chapter 3 

Supplementary Table 3-1: Results of univariable Cox proportional hazards analysis of 

pre-, intra- and postoperative continuous variables (dataset A).   

Variable Coef. 

() 

SE HR 95% CI of 

HR 

LRT p-

value 

Age (year) 0.003 0.02 1.003 0.96–1.05 0.87 

Weight (kg) 0.0003 0.001 0.99 0.99–1.002 0.73 

Height (cm) 0.0022 0.01 0.99 0.99–1.02 0.76 

Time to referral (h) 0.012 0.005 1.012 1.003–1.02 0.02 

Pain score on admission (an owner 

perspective) on 0 to 10 scale 

0.007 0.07 1.007 0.99–1.17 0.92 

Pain score on admission (a clinician 

perspective) on 0 to 10 scale 

0.1 0.05 1.12 1.02–1.2 0.015 

Heart Rate (beats/min) 0.01 0.005 1.012 1.001–1.02 0.046 

Packed call volume (%) 0.04 0.01 1.04 1.013–1.06 0.04 

Total Protein (g/l) 0.03 0.01 1.03 1.008–1.06 0.01 

Blood lactate (mmol/l) 0.09 0.08 1.1 0.94–1.3 0.26 

Peritoneal total protein (g/l) 0.04 0.01 1.04 1.02–1.06 <0.001 

Peritoneal lactate (mmol/l) 0.13 0.04 1.14 1.06–1.2 0.002 

Resection length (metre) 0.15 0.06 1.16 1.04–1.3 0.018 

Duration of surgery (min) 0.006 0.003 1.006 1.001–1.01 0.03 

Heart rate at 12 h (beats/min) 0.019 0.006 1.02 1.006–1.03 0.008 

Heart rate at 36 h (beats/min) 0.03 0.006 1.029 1.016–1.04 <0.001 

Packed cell volume at 12 h (%) 0.03 0.015 1.03 1.004–1.07 0.04 

Packed cell volume at 36 h (%) 0.07 0.016 1.07 1.04–1.1 <0.001 

Total protein at 12 h (g/l) 0.002 0.01 1.002 0.97–1.03 0.9 

Total protein a 36 h (g/l) –0.001 0.01 0.99 0.97–1.02 0.9 

Coef = regression coefficient, SE. = standard error, HR = hazards ratio, CI = confidence interval, LRT 

= likelihood ratio test  
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Supplementary Table 3-2: Results of univariable Cox proportional hazards analysis of 

pre-, intra- and postoperative categorical variables (dataset A).   

Variable Categories Coef. 

() 

SE HR 95% CI of 

HR 

LRT p-

value 

Breed TB/TBx   Ref.     

WB/WBx –0.71 0.4 0.5 0.22–1.1  

Draft/Cob –0.26 0.3 0.8 0.43–1.4  

Pony –0.43 0.36 0.65 0.32–1.3  

Other –0.36 0.35 0.7 0.35–1.4 0.45 

Sex Female   Ref.     

Male 0.48 0.25 1.62 0.98–2.7 0.05 

Out of hours admission No   Ref.     

Yes –0.17 0.24 0.85 0.52–1.35 0.48 

Season of admission Spring   Ref.     

Summer 0.45 0.3 1.6 0.82–3.01  

Autumn –0.09 0.3 0.91 0.5–1.7  

Winter –0.15 0.3 0.9 0.45–1.6 0.26 

Coat condition on admission Clean   Ref.     

Unclean –0.1 0.28 0.9 0.5–1.6 0.7 

Capillary refill time Normal (1–2 

seconds) 

  Ref.     

Abnormal (>2 

seconds) 

0.2 0.27 1.2 0.7–2.1 0.47 

Reflux on admission No   Ref.     

Yes 0.66 0.29 1.9 1.1–3.4 0.03 

GGE as an anaesthetic induction 

agent 

No   Ref.     

Yes  0.18 0.37 1.2 0.6–2.5 0.64 

Lidocaine during anaesthesia No   Ref.     

Yes  0.071 0.23 1.1 0.7–1.7 0.76 

Gastric or small intestinal lesion No   Ref.     

Yes 0.33 0.24 1.4 0.9–2.2 0.15 

Strangulating lesion No   Ref.     

Yes 0.75 0.23 2.1 1.34–3.34 0.002 

Small intestinal anastomosis No   Ref.     

Side to side 0.8 0.4 2.3 1.05–5.1  

End to end 0.6 0.27 1.8 1.08–3.1 0.28 

Jejunocecal side-to-side anastomosis           No    Ref.     

Yes  0.8 0.37 2.2 1.07–4.65 0.05 

Resection No   Ref.     

Yes 0.6 0.24 1.8 1.15–2.9 0.013 

Enterotomy No   Ref.     

Yes –0.19 0.24 0.8 0.52–1.3 0.41 

Pedunculated lipoma No   Ref.     

Yes 0.11 0.3 1.1 0.6–2 0.7 
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Supplementary Table 3-2 continued 

Variable Categories Coef. 

() 

SE HR 95% CI of 

HR 

LRT p-

value 

Idiopathic focal eosinophilic enteritis No   Ref.     

Yes –0.5 0.43 0.61 0.26–1.4 0.21 

Epiploic foramen entrapment No    Ref.     

Yes  1.1 0.35 2.9 1.44–5.8 0.009 

Non-strangulating large colon 

displacement 

No   Ref.     

Yes –0.64 0.42 0.53 0.23–1.2 0.1 

Strangulating large colon volvulus  No   Ref.     

Yes  –0.06 0.4 0.94 0.41–2.2 0.88 

Non strangulating large colon 

volvulus 

No   Ref.     

Yes  –0.1 0.43 0.9 0.4–2.1 0.8 

Repeat laparotomy No   Ref.     

Yes  1.23 0.32 3.4 1.85–6.4 0.001 

Anaesthetic recovery score 1–2   Ref.     

3–5 –0.34 0.23 0.7 0.5–1.13 0.15 

Polymyxin B No   Ref.     

Yes 0.93 0.32 2.5 1.36–4.7 0.008 

Postoperative colic No   Ref.     

Yes 0.6 0.24 1.85 1.15–2.9 0.008 

Postoperative reflux No   Ref.     

Yes 2.45 0.24 2.5 1.5–3.9 <0.001 

Purulent discharge No   Ref.     

Yes  –0.04 0.25 0.96 0.58–1.6 0.86 

Incisional hernia No   Ref.     

Yes –1.3 1.02 0.27 0.04–2.02 0.12 

Lidocaine continuous rate infusion No   Ref.     

Yes 0.66 0.23 1.9 1.2–3.1 0.004 

TB = Thoroughbred, TBx = Thoroughbred cross, WB = Warmblood, WBx = Warmblood Cross, Surgery 

performed out of hours (surgery performed between the hours of 5pm – 9am Monday – Friday and at 

any time over the days of Saturday or Sunday, Season of admission (Spring (March – May), Summer 

(June – August), Autumn (September – November), Winter (December – February), coat condition 

(clean [clean clipped or clean], unclean [moderate or filthy]), Coef = regression coefficient, SE = 

standard error, HR = hazards ratio, CI = confidence interval, LRT = likelihood ratio test,  Ref. = 

reference category, GGE = Guaicol glyceryl ether  
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Supplementary Table 3-3: Risk factors for purulent incisional discharge in 255 horses that survived following laparotomy; continuous variables with a 

univariable association at p- value <0.25.  

Variable Normal surgical 

incision 186 (72.9%) 

Purulent incisional 

discharge 69 (27.1%) 

Regression 

coefficient 

Standard 

error 

Odds ratio 95 % CI of 

odds ratio 

Likelihood 

ratio test p-

value 

Hear rate (beats/min) 48 (41, 60) 48 (46, 66) 0.01 0.1 1.01 0.99–1.02 0.15 

Packed cell volume (%) 37 (34.5, 42.5) 40 (33, 47.5) 0.03 0.02 1.03 1.001–1.1 0.04 

Total plasma protein (g/l) 66 (60.5, 71) 68 (62, 74) 0.02 0.02 1.02 0.99–1.1 0.16 

Blood lactate (mmol/l) 1.8 (1.05, 2.7) 2.3 (1.5, 3.4) 0.29 0.1 1.34 1.08–1.7 0.03 

Time to referral (h) 11.15 (8.15, 18.5) 12 (8, 28.5) 0.01 0.01 1.012 0.99–1.02 0.11 

Heart rate 12 h postoperatively (beats/min) 48 (41, 61.5) 48 (46, 65) 0.013 0.01 1.01 0.99–1.03 0.19 

Packed cell volume 12 h postoperatively 

(%) 

37 (34.5, 41.5) 38 (35.5, 42.5) 0.026 0.02 1.03 0.98–1.07 0.22 

Total plasma protein 12 h postoperatively 

(g/l) 

60 (55, 66) 60 (54.5, 65) –0.03 0.02 0.97 0.94–1.01 0.1 

Heart rate 36 h postoperatively (beats/min) 40 (37, 44) 44 (36, 48) 0.018 0.01 1.02 0.99–1.04 0.12 

Respiratory rate 36 h postoperatively) 

 (breath/minute) 

12 (13, 17) 14 (12, 22) 0.026 0.02 1.03 0.99–1.06 0.11 

Rectal temperature 36 h 

 postoperatively) 

 (centred) 

37.6 (37.4, 37.9) 37.7 (37.3, 38.25) 0.43 0.3 1.54 0.86–2.74 0.15 

Rectal temperature 36 h postoperatively) 

(centred)2 

37.6 (37.4, 37.9) 37.7 (37.3, 38.25) 0.51 0.3 1.67 0.9–3.1 0.09 

Hospital stay (day) 7 (6.5, 9.5) 8 (7.5, 11.5) 0.18 0.05 1.2 1.01–1.3 <0.001 

Descriptive data are presented as median (interquartile range),  CI = confidence interval, Ref. = reference category  
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Supplementary Table 3-4: Risk factors for purulent incisional discharge in 255 horses that survived following laparotomy; categorical variables with a 

univariable association at p- value <0.25.  

Variable Normal incision 

186 (72.9%) 

Purulent discharge 

69 (27.1%) 

Regression 

coefficient 

Standard 

error 

Odds ratio 95 % CI of 

odds ratio 

Likelihood 

ratio test p-

value 

Season of admission Spring 45 (72.6) 17 (27.4)   Ref.     

Summer 40 (81.6) 9 (18.4) –0.52 0.47 0.6 0.24–1.48  

Autumn 60 (75) 20 (25) –0.13 0.38 0.88 0.42–1.87  

Winter 41 (64.1) 23 (35.94) 0.4 0.39 1.48 0.7–3.16 0.20 

Coat condition on admission Clean 89 (69) 40 (31)   Ref.     

Unclean 55 (78.6) 15 (21.4) –0.5 0.35 0.61 0.31–1.2 0.14 

Capillary refill time Normal (1-2 seconds) 123 (74.1) 43 (25.9)   Ref.     

Abnormal (>2 seconds) 34 (63) 20 (37) 0.52 0.33 1.7 0.88–3.23 0.12 

Reflux on admission No 135 (75.8) 43 (24.2)   Ref.     

Yes 22 (61.1) 14 (38.9) 0.7 0.38 2 0.94–4.24 0.08 

Non-strangulating large 

colon displacement 

No 160 (71.1) 65 (28.9)   Ref.     

Yes 26 (86.7) 4 (13.3) –0.97 056 0.38 0.13–1.13 0.06 

Repeat laparotomy No 176 (74) 62 (26.1)   Ref.     

Yes  10 (58.8) 7 (41.2) 0.69 0.51 2 0.7–5.4 0.19 

Abdominal incision closure Two layers  16 (55.2) 13 (44.8)   Ref.     

Three layers  155 (75.6) 50 (24.4) –0.92 0.41 0.4 0.18–0.88 0.026 

Linea alba suture material Polysorb on loop 147 (72.1) 57 (27.9)   Ref.     

Single stranded Polysorb 27 (81.8) 6 (18.2) –0.56 0.48 0.6 0.22–1.46 0.22 

Postoperative colic No 101 (78.3) 28 (21.7)   Ref.     

Yes 85 (67.5) 41 (32.5) 0.55 0.29 1.74 0.99–3.05 0.05 

Descriptive statistics are presented as numbers (percentages), CI = confidence interval, LRT = likelihood ratio test, Ref. = reference category 
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Supplementary Table 3-5: Risk factors for incisional hernia formation in 255 horses that survived following laparotomy; continuous variables with a 

univariable association at p- value <0.25.  

Variable Normal incision 179 

(89.1%) 

Incisional hernia 22 

(11%) 

Regression 

coefficient 

Standard 

error 

Odds ratio 95 % CI of 

odds ratio 

Likelihood 

ratio test p-

value 

Age on admission (years) 12 (8, 16) 13 (11, 20.5) 0.08 0.04 1.08 0.99–1.2 0.06 

Heart rate (beats/min) 48 (41, 56) 60 (48, 76) 0.03 0.01 1.03 1.01–1.06 0.004 

Rectal temperature (°C) 37.6 (37.1, 37.9) 37.9 (37.4, 38) 0.7 0.44 1.98 0.84–4.7 0.1 

Packed cell volume (%) 36 (33.5, 40) 41 (36.5, 46) 0.06 0.03 1.06 1.01–1.12 0.03 

Duration of surgery (min) 81.5 (66, 106.5) 90 (65, 140) 0.01 0.005 1.01 0.99–1.02 0.09 

Heart rate 12 h postoperatively (bpm) 44 (41, 52) 56 (48, 76) 0.05 0.14 1.05 1.02–1.08 <0.001 

Packed cell volume 12 h postoperatively 

(centred) (%) 

37 (34.5, 40) 39.5 (36, 46) 0.05 0.03 1.05 0.99–1.1 0.11 

Packed cell volume 12 h postoperatively 

(centred) 2 (%) 

37 (34.5, 40) 39.5 (36, 46) 0.002 0.001 1.002 0.99–1.005 0.31 

Total plasma protein 12 h postoperatively (g/l) 60 (55.5, 65) 60 (51.5, 64) −0.06 0.027 0.94 0.89–0.99 0.03 

Heart rate 36 h postoperatively (bpm) 40 (37, 44) 48 (42, 56) 0.057 0.018 1.05 1.02–1.09 0.001 

Packed cell volume 36 h postoperatively 

centred (%) 

33 (32, 39.5) 35.5 (31, 39) 0.007 0.04 1.01 0.94–1.08 0.84 

Packed cell volume 36 h postoperatively) 

(Centred) 2 (%) 

35 (32, 39.5) 35.5 (31, 39) 0.006 0.002 1.01 1.001–1.01 0.03 

Total plasma protein 36 h postoperatively (g/l) 64 (59, 69) 60 (53, 63) −0.07 0.02 0.94 0.89–0.98 0.005 

Hospital stay (days) 7 (6, 9.5) 9 (7.5, 12) 0.14 0.06 1.14 1.01–1.29 0.04 

Descriptive data are presented as median (interquartile range), CI = confidence interval  
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Supplementary Table 3-6: Risk factors for incisional hernia formation in 255 horses that survived following laparotomy; categorical variables with a 

univariable association at p- value < 0.25.  

Variable No hernia 

179 (89.1%) 

Hernia   22 

(11%) 

Regression 

coefficient 

Standard 

error 

Odds 

ratio 

95 % CI of 

odds ratio 

LRT p-

value 

Sex Female 75 (92.59) 6 (7.4)  Ref.     

Male 104 (86.7) 16 (13.3) 0.65 0.5 1.92 0.72–5.1 0.18 

Intestinal anastomosis  No 148 (91.4) 14 (8.6)  Ref.     

Side-to-side 4 (44.4) 5 (55.6) 2.6 0.72 13.2 3.2–54.9  

End-to-end 27 (90) 3 (10) 0.16 0.67 1.17 0.32–4.4 0.003 

Jejunocecal side-to-side anastomosis No 175 (91.2) 17 (88)  Ref.     

Yes  4 (44.4) 5 (55.6) 2.6 0.72 12.9 3.15–52.5 <0.001 

Resection No 143 (90.5) 15 (9.5)  Ref.     

Yes  36 (83.7) 7 (16.3) 0.62 0.49 1.85 0.7–4.9 0.23 

Pedunculated lipoma No 155 (90.6) 16 (9.4)  Ref.     

Yes 24 (80) 6 (20) 0.88 0.53 2.4 0.86–6.8 0.11 

Non-strangulating large colon 

displacement 

No  150 (87.7) 21 (12.3)  Ref.     

Yes  29 (96.7) 1 (3.3) −1.4 1.04 0.25 0.32–1.9 0.1 

Lidocaine during anaesthesia No  87 (93.6) 6 (6.4)  Ref.     

Yes  92 (85.2) 16 (14.8) 0.92 0.5 2.5 0.94–6.74 0.05 

Postoperative antimicrobials Penicillin 36 (97.3) 1 (2.7)  Ref.     

Penicillin /aminoglycoside 141 (88.1) 19 (11.9) 1.58 1.04 4.84 0.6–37.5  

Other 2 (50) 2 (50) 3.58 1.42 36.0 2.2–586.7 0.02 

Polymyxin B administered No 169 (89.9) 19 (10.1)  Ref.     

Yes  10 (76.9) 3 (23.1) 0.98 0.7 2.7 0.67–10.5 0.19 
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Supplementary Table 3-6 continued 

Variable No hernia 

179 (89.1%) 

Hernia   22 

(11%) 

Regression 

coefficient 

Standard 

error 

Odds 

ratio 

95 % CI of 

odds ratio 

LRT p-

value 

Purulent incisional discharge No 132 (92.3) 11 (7.7)  Ref.     

Yes  47 (81) 11 (19) 1.03 0.46 2.81 1.14–6.9 0.03 

Postoperative reflux No 158 (91.7) 14 (8.1)  Ref.     

Yes  21 (72.4) 8 (27.6) 1.46 0.5 4.3 1.6–11.5 0.005 

Lidocaine CRI  No 106 (93) 8 (7)  Ref.      

Yes  73 (83.9) 14 (16.1) 0.93 0.47 2.5 1.01–6.4 0.04 

Descriptive statistics are presented as numbers (percentages), CI = confidence interval, LRT = likelihood ratio test, Ref. = reference category, CRI = continuous rate infusison 
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Supplementary Table 3-7: Risk factors for postoperative reflux (POR) in 255 horses that survived following laparotomy; continuous variables with a 

univariable p- value <0.25.  

Variable Absence of POR 202 

(79.2%) 

POR 53 (20.8%)  Regression 

coefficient 

Standard 

error 

Odds 

ratio 

95 % CI of 

odds ratio 

LRT p-

value 

Age (year) 12 (8.5, 16) 14 (9, 17) 0.04 0.03 1.04 0.9 –1.1 0.12 

Weight (kg) 531 (455.5, 597) 550 (480, 604) 0.002 0.001 1 0.99–1.01 0.07 

Height (cm) 155.4 (144.8, 165.1) 162.6 (152.9, 165.1) 0.015 0.01 1.02 0.99–1.04 0.15 

Heart rate (breaths/min) 48 (41, 59) 60 (45, 80) 0.025 0.01 1.025 1.0 –1.04 0.001 

Respiratory rate (breaths/min) 20 (12.5, 29) 20 (17, 32) 0.02 0.01 1.02 0.99–1.04 0.16 

Packed cell volume (%) 37 (33, 42.5) 40 (34.5, 47) 0.043 0.2 1.04 1.01–1.08 0.01 

Total plasma protein (g/l) 66 (60.5, 71.5) 70 (64, 76) 0.04 0.01 1.04 1.01–1.08 0.01 

Blood lactate (mmol/l) 1.9 (1, 2.95) 2 (1, 3.55) 0.14 0.11 1.15 0.92–1.43 0.23 

Pain score (owner perspective) (0–10 scale) 8 (6.5, 8.5) 7.5 (6, 8.75) −0.12 0.1 0.89 0.75–1.06 0.20 

Duration of surgery (min) 80 (66, 105) 105 (90, 137) 0.012 0.004 1.01 1.003–1.02 0.003 

Heart rate 12 h postoperatively (breaths/min) 48 (40, 57) 52 (48, 70) 0.04 0.011 1.04 1.02–1.06 <0.001 

Respiratory rate 12 h postoperatively (breaths/min) 16 (12, 22) 20 (12, 26) 0.021 0.012 1.02 0.99–1.05 0.10 

Packed cell volume 12 h postoperatively (%) 37 (34.5, 40) 40 (36, 74) 0.09 0.02 1.09 1.04–1.14 <0.001 

Heart rate 36 h postoperatively (centred) (breaths/min) 40 (36, 45) 44 (40, 56) 0.04 0.012 1.04 1.02 – 1.06 0.001 

Heart rate 36 h postoperatively (centred)2 (breaths/min) 40 (36, 45) 44 (40, 56) 0.0002 0.0004 1.00 0.99–1.001 0.69 

Rectal temperature 36 h postoperatively  37.6 (37.4, 37.9) 37.8 (37.4, 38.25) 0.73 0.34 2.1 1.07–4.01 0.03 

Packed cell volume 36 h postoperatively (%) 35 (32.5, 39.5) 39.5 (34, 45) 0.1 0.02 1.1 1.05–1.15 <0.001 

Hospital stay (day) 7 (6.5, 9) 8 (6.5, 10) 0.07 0.04 1.07 0.99–1.15 0.06 

Descriptive data are presented as median (interquartile range). CI = confidence interval, LRT = likelihood ratio test Ref. = reference category  
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Supplementary Table 3-8: Risk factors for postoperative reflux (POR) in 255 horses that survived following laparotomy; categorical variables with a 

univariable p-value <0.25.  

Variable No POR 202 

(79.2%) 

POR 53 (20.8%) Regression 

coefficient 

Standard 

error 

Odds 

ratio 

95 % CI of 

odds ratio 

LRT p-

value 

Sex Female 80 (83.3) 16 (16.7)   Ref.     

Male 122 (76.7) 37 (23.3) 0.42 0.33 1.5 0.79–2.91 0.20 

Capillary refill time  Normal (1–2 seconds) 135 (81.3) 31 (18.7)   Ref.     

Abnormal (>2 seconds) 37 (68.5) 17 (31.5) 0.69 0.35 2.0 0.9–4.01 0.05 

Reflux on admission No 145 (81.5) 33 (18.5)   Ref.     

Yes 23 (63.9) 13 (36.1) 0.91 0.4 1.5 1.14–5.41 0.025 

Gastric or small intestinal lesion No 108 (95.6) 5 (4.4)   Ref.     

Yes 94 (66.2) 48 (33.8) 2.4 0.49 11.03 4.2–28.9 <0.001 

Strangulating lesion No 158 (85.9) 26 (14.1)   Ref.     

Yes 44 (62) 27 (38) 1.32 0.32 3.73 1.98–7.02 <0.001 

Small intestinal anastomosis No 167 (85.2) 29 (14.8)   Ref.     

Side to side 11 (78.6) 3 (21.4) 0.45 0.68 1.6 0.41–6.0  

End to end 24 (53.3) 21 (46.7) 1.6 0.36 5.0 2.5–10.2 <0.001 

Resection of the intestine No 163 (85.3) 28 (14.7)   Ref.     

Yes 39 (60.9) 25 (39.1) 1.32 0.33 3.73 1.96–7.1 <0.001 

Pedunculated lipoma No 179 (82.9) 37 (17.1)   Ref.     

Yes 23 (59) 16 (41) 1.21 0.37 3.37 1.62–7 0.001 

Idiopathic focal eosinophilic enteritis No 184 (81.4) 42 (18.6)   Ref.     

Yes 18 (62.1) 11 (37.9) 0.98 0.42 2.68 1.78–6.1 0.02 

Non-strangulating large colon 

displacement 

No 173 (76.9) 52 (23.1)   Ref.     

Yes 29 (96.7) 1 (3.3) –2.17 1.03 0.11 0.015–0.86 0.003 
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Supplementary Table 3-8 continued 

Variable No POR 202 

(79.2%) 

POR 53 (20.8%) Regression 

coefficient 

Standard 

error 

Odds 

ratio 

95 % CI of 

odds ratio 

LRT p-

value 

Lidocaine during anaesthesia No 98 (85.2) 17 (17.8)   Ref.     

Yes 104 (74.3) 36 (25.7) 0.69 0.33 2 1.05–3.8 0.03 

Anaesthetic recovery score 1–2 110 (79.7) 28 (20.3)   Ref.     

3–5 87 (77.7) 25 (22.3) 0.12 0.31 1.13 0.61–2.1 0.7 

Postoperative colic No 107 (83) 22 (17)   Ref.     

Yes 95 (75.4) 31 (24.6) 0.46 0.31 1.59 0.86–2.9 0.14 

Lidocaine continuous rate infusion No 126 (98.4) 2 (1.6)   Ref.     

Yes 76 (59.8) 51 (40.2) 3.74 0.74 42.27 10.01–178.6 <0.001 
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Supplementary Table 3-9: Results of univariable analysis of variables identified to be associated with recurrent postoperative colic episodes. The 

analysis was performed using the stratified counting process method. 

Variable  Regression 

coefficient 

Standard 

error 

Robust 

standard 

error 

Hazard 

ratio 

Upper 95% 

confidence 

interval 

Lower 95% 

confidence 

interval 

Wald test 

p-value 

Continuous variables         

Age (year)  0.01 0.012 0.013 1.01 0.98 1.04 0.55 

Weight (kg)  0.001 0.001 0.001 1.001 0.99 1.002 0.28 

Height (cm)  0.003 0.0017 0.0017 1.003 0.99 1.006 0.15 

Packed cell volume on admission (%)  0.002 0.008 0.009 1.002 0.99 0.02 0.8 

Heart rate on admission (bpm)  −0.01 0.005 0.004 0.98 0.98 0.99 0.02 

Total plasma protein on admission (g/l)  −0.002 0.007 0.008 0.99 0.98 1.01 0.83 

Systemic lactate (mm/l)  0.015 0.05 0.04 0.98 0.91 1.07 0.73 

Surgery duration (min)  0.002 0.0018 0.0017 1.001 0.99 1.01 0.41 

Categorical variables         

Small intestinal lesion No  Ref.       

 Yes −0.08 0.13 0.13 0.92 0.72 1.19 0.54 

Strangulating lesion No  Ref.       

 Yes  0.16 0.15 0.14 1.17 0.99 1.55 0.27 

Intestinal resection No  Ref.        

 Yes  0.13 0.15 0.15 1.13 0.85 1.5 0.4 

Type of anastomosis technique None  Ref.        

 End-to-end 0.03 0.17 0.18 1.035 0.73 1.46 0.85 

 Side-to-side 0.37 0.26 0.25 1.45 0.89 2.39 0.14 

Enterotomy No  Ref.       

 Yes  −0.03 0.14 0.14 0.97 0.73 1.28 0.82 

Idiopathic focal eosinophilic enteritis lesion No  Ref.        

 Yes  −0.12 0.21 0.22 0.89 0.58 1.35 0.58 
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Supplementary Table 3-9 continued 

Variable  Regression 

coefficient 

Standard 

error 

Robust 

standard 

error 

Hazard 

ratio 

Upper 95% 

confidence 

interval 

Lower 95% 

confidence 

interval 

Wald test 

p-value 

Pedunculated lipoma obstruction  No   Ref.       

 Yes −0.23 0.19 0.18 0.79 0.55 1.14 0.21 

Epiploic foramen entrapment No   Ref.        

 Yes  0.52 0.26 0.28 1.7 0.96 2.93 0.07 

Non-strangulating large colon displacement No  Ref.        

 Yes −0.16 0.26 0.23 0.86 0.55 1.34 0.5 

Strangulating large colon volvulus (≥ 360°) No  Ref.        

 Yes  0.7 0.18 0.24 1.99 1.24 3.2 0.004 

Postoperative reflux No   Ref.       

 Yes  0.3 0.15 0.15 1.35 1.00 1.84 0.05 

Repeat laparotomy No  Ref.        

 Yes  0.8 0.2 0.2 2.22 1.51 2.27 >0.001 

Ref. = reference category 
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Supplementary Table 3-10: Results of unadjusted univariable logistic regression analysis 

of variable associated with various postoperative complications in the combined Datasets 

at a univariable p-value <0.25.  

  

Variable Coef. 

() 

SE OR 95 % CI LRT p-

value 

Purulent incisional discharge 

Packed cell volume on admission (%) 0.021 0.01 1.02 0.99–1.05 0.07 

Heart rate at 12 h postoperatively (beats/min) 0.01 0.01 1.01 0.99–1.02 0.11 

Heart rate at 36 h postoperatively (beats/min) 0.01 0.01 1.01 0.99–1.02 0.16 

Postoperative colic                                         No    Ref.     

Yes 0.6 0.2 1.8 1.24–2.7 0.002 

Repeat laparotomy                                         No    Ref.     

Yes 0.53 0.33 1.7 0.9–3.3 0.11 

Thiopental administered as an anaesthetic 

induction agent                                              No 

    

   Ref. 

    

Yes 0.4 0.3 1.5 0.82–2.63 0.2 

Severe incisional oedema                              No    Ref.     

Yes 2.16 0.4 8.7 4.03–18.6 <0.001 

Postoperative reflux 

Age (years) 0.07 0.02 1.07 1.03–1.2 <0.001 

Weight (kg) 0.003 0.001 1.00 1.001–1.005 0.003 

Heart rate on admission (beats/min) 0.02 0.01 1.02 1.01–1.03 <0.001 

Packed cell volume on admission  0.05 0.01 1.05 1.03–1.08 <0.001 

Total plasma protein on admission (g/l) 0.04 0.01 1.04 1.01–1.06 0.003 

Duration of surgery ( min)  0.012 0.003 1.01 1.01–1.02 <0.001 

Length of resected intestine (metre) 0.18 0.05 1.2 1.1–1.3 <0.001 

Sex                                                           Female    Ref.     

Male 0.5 0.26 1.63 0.98–2.7 0.05 

Small intestinal lesion                                    No    Ref.     

Yes 2.23 0.4 9.3 4.4–19.6 <0.001 

Intestinal resection                                         No    Ref.     

Yes 1.2 0.24 3.2 2.01–5.1 <0.001 

Idiopathic focal eosinophilic enteritis            No    Ref.     

Yes 0.84 0.36 2.3 1.14–4.7 0.03 

Large colon displacement                              No    Ref.     

Yes –1.7 0.73 0.19 0.04–0.78 0.003 

Large colon volvulus ≥ 360°                          No    Ref.     

Yes –0.76 0.54 0.47 0.16–1.3 0.12 

Large colon volvulus < 360°                          No    Ref.     

Yes –1.17 0.7 0.31 0.07–1.3 0.06 

Pedunculated lipoma obstruction                   No    Ref.     

Yes 1.4 0.26 4.01 2.4–6.7 <0.001 

Anastomosis type                                      None    Ref.     

Side-to-side 0.7 0.36 2 0.99–4.1  

End-to-end 1.4 0.26 3.9 2.3–6.6 <0.001 

Repeat laparotomy                                         No    Ref.     

Yes 1.14 0.34 3.14 1.6–6.12 <0.002 
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Supplementary Table 3-10 continued 

Variable Coef. 

() 

SE OR 95 % CI LRT p-

value 

Jugular vein thrombosis 

Packed cell volume on admission (%) 0.03 0.02 1.03 0.99–1.07 0.12 

Heart rate on admission  0.012 0.01 1.00 0.99–1.03 0.13 

Total plasma protein on admission (g/l) –0.035 0.015 0.97 0.94–0.99 0.03 

Heart rate at 12 h postoperatively 0.036 0.01 1.04 1.02–1.06 <0.001 

Heart rate at 36 h postoperatively 0.03 0.01 1.03 1.01–1.05 0.004 

GGE as an anaesthesia induction agent         No    Ref.     

Yes 1.1 0.41 3.01 1.4–6.7 0.013 

Jejunocecal side-to-side anastomosis             No    Ref.     

Yes 0.6 0.42 1.8 0.8–4.1 0.18 

Large colon displacement                              No    Ref.     

Yes –1.61 1.02 0.2 0.03–1.5 0.04 

Large colon volvulus ≥ 360°                          No    Ref.     

Yes 0.8 0.4 2.3 0.93–5.3 0.09 

Lidocaine continuous rate infusion                No    Ref.      

Yes –0.53 0.42 0.6 0.25–1.4 0.19 

Postoperative diarrhoea                                  No    Ref.     

Yes 1.02 0.45 2.8 1.15–6.7 0.04 

Postoperative diarrhoea 

Age (years) –0.06 0.03 0.94 0.89–0.99 0.04 

Packed cell volume on admission (%) 0.05 0.017 1.06 1.02–1.1 0.002 

Heart rate on admission (beats/min) 0.01 0.007 1.01 0.99–1.03 0.2 

Heart rate at 12 h postoperatively (beats/min) 0.013 0.01 1.01 0.99–1.03 0.22 

Heart rate at 36 h postoperatively (beats/min) 0.014 0.01 1.01 0.99–1.04 0.2 

Length of resected intestine (metres) –0.17 0.12 0.8 0.66–1.07 0.11 

GGE as an anaesthesia induction agent         No    Ref.     

Yes 0.6 0.5 1.8 0.7–4.5 0.23 

Thiopental administered as an anaesthetic 

induction agent                                               No 

 

   Ref. 

    

Yes 0.62 0.4 1.86 0.78–4.4 0.2 

Large colon volvulus ≥ 360°                          No    Ref.     

Yes 0.64 0.47 1.9 0.76–4.8 0.2 

Small intestinal lesion                                    No    Ref.     

Yes –0.48 0.33 0.62 0.33–1.2 0.14 

Lidocaine continuous rate infusion               No    Ref.     

Yes 0.6 0.35 1.8 0.93.5 0.1 

Repeat laparotomy 

Packed cell volume on admission (%) –0.03 0.02 0.97 0.93–1.01 0.18 

Heart rate on admission (beats/min) –0.013 0.01 0.99 0.97–1.01 0.17 

Duration of surgery (min) 0.006 0.004 1.01 0.99–1.01 0.1 

Heart rate at 36 h postoperatively (beats/min) 0.03 0.01 1.03 1.01–1.05 0.005 

Postoperative reflux                                       No    Ref.     

Yes 1.14 0.34 3.14 1.61–6.13 0.002 

Purulent incisional discharge                         No    Ref.     

Yes 0.54 0.33 1.7 0.9–3.3 0.11 
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Supplementary Table 3-10 continued 

Variable Coef. 

() 

SE OR 95 % CI LRT p-

value 

Postoperative colic                                         No  Ref.     

Yes 2.1 0.45 8.05 3.3–19.3 <0.001 

Coef = regression coefficient, SE. = standard error, OR = odds ratio, and CI =confidence interval, Ref. 

= reference category, GGE = Guaicol glyceryl ether  
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Supplementary Figure 3-1: Plots of P-spline smoothers 

of continuous pre-, intra- and postoperative variables 

investigated for association with the risk of reduced 

probability of survival following colic surgery (Dataset 

A). . p-vlues <0.05 indicates a significant non-linear 

association with the risk of postoperative mortality. PCV = 

packed cell volume, HR = heart rate, TP = total protein, bpm = 

beats per minute    

 



 

166 

 

Supplementary Figure 3-2: Plots of P-spline smoothers of continuous pre- and 

intraoperative variables investigated for association with the risk of reduced probability 

of survival following colic surgery (Dataset A and B). The plots show the fitted curves with 95% 

confidence intervals (dashed line) and the rug plots along the x-axes represent the number of data 

Points. Dotted horizontal lines are at log hazard of zero. p-value for non-linear effects are given. p 

<0.05 indicates a significant non-linear association with the risk of postoperative mortality.TPP = total 

plasam protein, PCV = packed cell volume, HR = heart rate, bpm = beats per minute   
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EFFECT OF PERIOPERATIVE LIDOCAINE TREATMENT 

ON SURVIVAL AND POSTOPERATIVE ILEUS 

FOLLOWING LAPAROTOMY FOR TREATMENT OF 

SMALL INTESTINAL LESIONS 
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improved the outcome in horses following surgical management of small intestinal 

lesions in a UK hospital population?', BMC Veterinary Research, 12(1), 1-11. 

  



 

168 

4.1 Summary 

Perioperative lidocaine treatment is commonly used in horses that undergo surgical 

treatment of colic, to prevent or treat postoperative ileus (POI) and reduce the effects 

of intestinal ischaemia-reperfusion injury. However, its clinical efficacy has not been 

evaluated in a large population of horses undergoing small intestinal surgery. The aim 

of the current study was to evaluate whether systemic lidocaine administration reduced 

prevalence, volume and duration of postoperative reflux and improved rates of survival 

following surgical treatment of small intestinal lesions. Data were collected as a part 

of two prospective studies investigating postoperative survival of surgical colic 

patients admitted to a UK equine referral hospital during the periods 2004–2006 and 

2012–2014. Kaplan-Meier plots of cumulative probability of survival and the log-rank 

test were used to compare survival between horses that did or did not receive lidocaine. 

The Wilcoxon rank-sum test was used to compare total reflux volume and duration of 

reflux between the groups. A multivariable Cox proportional hazards model was used 

to identify pre- and intraoperative risk factors for non-survival. Risk factors for POI 

were also examined using a muntivariable logistic regression model.  

Data from 318 horses were included in the final analysis. The overall prevalence of 

postoperative reflux was 24.5%. This was significantly higher (34.8%) in horses 

admitted in 2012–2014 compared to the 2004–2006 cohort (16.7%). Perioperative 

lidocaine treatment had no effect on total reflux volume, duration of reflux or rates of 

postoperative survival nor was it a risk factor associated with altered postoperative 

survival. Variables identified to be associated with increased risk of postoperative 

mortality included packed cell volume (PCV) on admission (hazard ratio [HR] 1.03 

95%, 95% confidence interval [CI] 1.004–1.06, p-value = 0.024), heart rate on 

admission (HR 1.014, 95% CI 1.004–1.024, p-value =0.008) and duration of surgery 

(HR 1.007, 95% CI 1.002–1.01, p-value = 0.008). Risk factors identified for POR 

included packed cell volume on admission, period of hospital admission, diagnosis of 

a pedunculated lipoma obstruction, pelvic flexure enterotomy, side to side 

jejunocaecal anastomosis and duration of surgery. 

In conclusion, there was no evidence to suggest that lidocaine therapy had an effect on 

the prevalence of postoperative reflux, total reflux volume and duration of reflux nor 
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did it have any effect on postoperative survival in horses undergoing surgical 

management of small intestinal disease for treatment of colic. There is a need for a 

well-designed multicentre prospective randomised controlled trial to fully investigate 

the efficacy of lidocaine across different hospital populations.  

4.2 Introduction 

Postoperative ileus (POI) is a frequent complication in horses that have undergone 

small intestinal surgery for management of colic and it increases the risk of 

postoperative mortality (CHAPTER 3). In horses at high risk of POI or where POI 

develops postoperatively, prokinetic drugs are frequently used. Lidocaine, 

erythromycin, metoclopramide, cisapride, mosapride, and bethanechol are agents that 

have been evaluated as prokinetic drugs in horses through clinical (Geest et al. 1991, 

Gerring et al. 1991, van der Velden and Klein 1993, Cohen et al. 1995a, Dart et al. 

1996, Brianceau et al. 2002, Malone et al. 2006) or experimental (both in vitro and in 

vivo) studies (Nieto et al. 2000, Milligan et al. 2007, Cook et al. 2008, Cook et al. 

2009, Okamura et al. 2009).  

Lidocaine is a local anaesthetic agent, which has antiarrhythmic, analgesic and 

prokinetic properties when administered systemically in humans (Harrison et al. 1963, 

Traut et al. 2008, Kranke et al. 2015). Lidocaine has also been used as an adjunct to 

general anaesthesia in humans to reduce pain induced by propofol injection (Terada et 

al. 2014), to reduce laryngospasm (Mihara et al. 2014), to prevent opioid-induced 

coughing (Sun et al. 2014), and for its opioid and inhalation anaesthetic sparing effects 

(Lauwick et al. 2008). Several studies have also evaluated its effects in horses using 

in vitro and in vivo models. Systemically administered lidocaine has been found to 

have anti-inflammatory properties such as reduction of mucosal COX-2 expression 

and neutrophil count in ischaemic-injured equine intestine or amelioration of the 

negative effects of flunixin meglumine on recovery of injured mucosa (Cook et al. 

2008, Cook et al. 2009). Lidocaine therapy has been proposed as a treatment option 

for horses with inflammatory conditions of the gastrointestinal tract including POI and 

recovery from ischaemic injury (Cook and Blikslager 2008) and the authors of the 

latter study highlighted the need for further trials to evaluate its clinical effectiveness.  
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Studies that have investigated the prokinetic properties of lidocaine have reported 

conflicting results. A study that compared the effects of mosapride, cisapride, 

metoclopramide and lidocaine on jejunal motility in adult Thoroughbred horses found 

improved jejunal motility in response to cisapride, mosapride and metoclopramide but 

not with lidocaine treatment (Okamura et al. 2009). Additionally, lidocaine 

administration in normal horses that underwent laparotomy did not result in increased 

jejunal motility (Milligan et al. 2007) and in a separate study was also associated with 

prolonged faecal transit time and reduced faecal output in normal horses (Rusiecki et 

al. 2008). More recent in vitro studies reported positive effects of lidocaine on the 

contractility of smooth muscle isolated from equine jejunum in ischaemia and 

reperfusion injury models (Guschlbauer et al. 2011, Tappenbeck et al. 2013a, 

Tappenbeck et al. 2013b). The effect was found not to be specific to lidocaine and 

smooth muscle contractility was induced with other agents including mexiletine, 

bupivacaine, tetracaine and procaine (Tappenbeck et al. 2013a). Overall, limited 

evidence has been found to support the use of perioperative lidocaine as a therapy for 

POI (Salem et al. 2016). Despite this, lidocaine therapy is frequently used in horses 

undergoing surgical treatment of colic. A recent survey of European Equine Internal 

Medicine and Surgery Diplomates reported that lidocaine was used intraoperatively in 

50% of cases and postoperatively in 67% to prevent POI and was the drug of choice 

for 79% of respondents in the management of  POI in horses (Lefebvre et al. 2015). 

In the study hospital, intravenous lidocaine has become more frequently used in the 

perioperative management of horses undergoing surgical management of small 

intestinal lesions for treatment of colic, and in particular horses at increased risk of 

POI. Work presented in CHAPTER 3 demonstrated the importance of POI and the fact 

that lidocaine administration did not appear to have any effect on rates of POI. The 

work presented in this chapter aimed to further explore the evidence for use of 

perioperative lidocaine in horses undergoing surgical management of colic. 

Specifically, the aim of the current study was to investigate whether routine use of 

lidocaine in this population of horses had had any effect on the prevalence and duration 

of postoperative reflux and total reflux volume in horses, and to determine whether it 

has altered rates of postoperative survival or was a risk factor for altered postoperative 

survival.  
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4.3 Materials and methods 

The current study was approved by the University of Liverpool Veterinary Research 

Ethics Committee (RETH000363, VREC207). Owners provided informed consent to 

be included in the colic survival studies.  

4.3.1 Study population  

The study population consisted of 2 cohorts of horses that underwent surgical 

treatment of colic due to a primary small intestinal lesion at the PLEH, University of 

Liverpool. Horses were recruited onto the study if they underwent exploratory 

laparotomy for treatment of colic, were diagnosed with a small intestinal lesion at 

surgery and stood in the recovery box following general anaesthesia. The first cohort 

were horses admitted in October 2004 – November 2006, when lidocaine was only 

used intermittently in colic patients, and the second cohort was admitted in October 

2012 – November 2014 after lidocaine use had become implemented more routinely 

in horses undergoing small intestinal surgery for treatment of colic based on studies 

published between the two time periods advocating its use (Malone et al. 2006, Cook 

and Blikslager 2008, Torfs et al. 2009). Routine surgical and postoperative 

management of colic patients during this time remained otherwise unchanged. Briefly, 

this consisted of intravenous flunixin meglumine administration for a minimum of 72 

hours (1.1 mg/kg bwt q. 12 h), and antimicrobial therapy with procaine penicillin (12 

mg/kg bwt i.m. q. 12 h) or procaine penicillin and gentamicin (6.6 mg/kg bwt i.v. q. 

24 h) for 3–5 days based on the surgical procedure performed (e.g. enterotomy, 

resection and anastomosis) and clinician preference. In this group of horses that had 

primary small intestinal lesions, all received intravenous fluid therapy (lactated 

Ringer’s solution) for at least the first 24 hours postoperatively (unless they were able 

to tolerate oral fluids prior to this), and until oral fluid therapy could be initiated. 

Intravenous fluids were administered according to maintenance requirements (2 ml/kg 

bwt/h) together with additional fluid losses (e.g. net reflux volume) and were 

supplemented with calcium and potassium where required. Nasogastric intubation was 

performed at 2–4 hourly intervals once postoperative reflux developed. This continued 

until reflux ceased and oral water and feed were then gradually reintroduced over 3–4 

days. Where reflux persisted, repeat laparotomy was undertaken or horses were 
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euthanased based on lack of response to treatment and/or owner finances. Monitoring 

of small intestinal motility and diameter was performed ultrasonographically in some 

horses. Lidocaine therapy was usually administered during anaesthesia and 

immediately following placement in the stable following recovery from anaesthesia 

for most horses in the 2012–14 cohort unless clinician preference or lack of client 

finances dictated otherwise. 

4.3.2 Data collection and follow-up 

Preoperative data were collected in a specifically designed colic admission form, 

which included questions about signalment, use, current management practices and 

any recent management changes, and results of clinical and clinicopathological 

examinations (General appendix 4). Postoperatively, clinical parameters including the 

net volume of reflux obtained and medications administered were recorded in 

specifically designed hospital forms. For both cohorts, survival was monitored 

following hospital discharge by telephone questionnaires administered with the horse 

owner/carer. This was performed every 3 months following discharge for the first 12 

months and then at 6 monthly intervals. The questionnaires were administered as a part 

of two separate prospective studies investigating postoperative survival following 

colic surgery (CHAPTER 3). All data were entered onto a Microsoft access or a 

Microsoft SQL Server database for the 2004–2006 and 2012–2014 cohorts, 

respectively. 

Administration of lidocaine intra- or postoperatively was recorded based on 

examination of the anaesthetic and postoperative monitoring sheets. The standard dose 

used at the hospital was a 1.3 mg/kg bolus given over 15 minutes followed by a 0.05 

mg/kg bwt/minute continuous rate infusion (CRI). Due to the fact that it is difficult to 

confirm true POI and to differentiate it from other causes of small intestinal obstruction 

e.g. mechanical obstruction that may occur postoperatively (Freeman 2008, Merritt 

and Blikslager 2008), the term postoperative reflux (POR) (Stewart et al. 2014, 

Gazzerro et al. 2015) was used in the current study. This was defined as a net 

nasogastric reflux of ≥2 litres on at least two consecutive occasions within 24 hours 

postoperatively (French et al. 2002). Due to the fact that pain was not assessed using 

a single, consistent scoring system, we could not assess the effect of lidocaine on 

postoperative pain and this was not one of the aims of the current study.  



 

173 

4.3.3 Data analysis 

4.3.3.1 Descriptive data analysis 

Survival time was calculated as a continuous variable starting from the date of surgery 

until the date of death or censoring. Horses were censored if they were lost to follow 

up or were alive at the last interview date. Survival time was used to construct Kaplan-

Meier plots of cumulative probability of survival and the log-rank test was used to 

compare survival between different surgical diagnosis categories and between horses 

that did or did not receive lidocaine CRI intra- or postoperatively. A chi-square test of 

independence was used to compare frequencies of common surgical diagnosis 

categories and surgical procedures performed such as intestinal resection and 

anastomosis or types of anastomosis performed, use of prokinetic therapy and 

prevalence of POR between the two cohorts. The Wilcoxon rank-sum test was used to 

compare the number of days that the horses were classified as having POR and total 

reflux volume between horses that received or did not receive lidocaine CRI intra- or 

postoperatively. Horses diagnosed with equine grass sickness (EGS) were excluded 

from statistical analyses (Proudman et al. 2002b). 

4.3.3.2 Modelling risk factors for non-survival 

4.3.3.2.1 Univariable analysis 

Explanatory variables were screened for univariable association with time to death or 

censoring using univariable Cox proportional hazards models. Variables that were 

found significant at a likelihood ratio test (LRT) p-value <0.25 were considered for 

inclusion into a multivariable model. Variables containing ≥30% missing data were 

excluded from the analysis and categorical variables with few observations in some 

categories were re-categorised into fewer, biologically plausible categories. Pearson’s 

correlation coefficient was used to test for collinearity between explanatory variables. 

If variables were highly correlated (r ≥ 0.7) (Sauerbrei et al. 2007) or were considered 

to be measuring the same exposure, the variable that resulted in a greater reduction in 

residual deviance was selected (Proudman et al. 2005a). The functional form of the 

relationships between continuous predictor variables and survival time was explored 

using penalized regression models (Therneau and Grambsch 2000). The results from 

these models were examined graphically and variables that demonstrated a significant 

non-linear association with survival were fitted as P-spline smoothers, otherwise a 

linear fit was chosen. Data pre-processing and re-categorisation were performed using 
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Epi Info7 software (Centre for Disease Control, Atlanta, Georgia, USA). Survival 

analysis was performed using the 'survival' statistical package (version 2.38.1) 

(Therneau 2015) in R software environment (version 3.2.2) (R Core Team 2014). A 

critical probability of 0.05 was used for all analyses. 

4.3.3.2.2 Multivariable analysis 

A multivariable Cox proportional hazards model considering only variables measured 

pre- and intraoperatively was built using a forward stepwise selection procedure. 

Variables were added sequentially into the model and were retained if they 

significantly improved model fit. This was indicated by a LRT p value <0.05 and a 

reduction in Akaike information criterion by at least 2 (AIC >2) when nested models 

were compared. Eliminated variables were then forced back into the final model to 

assess for confounding and two-way interactions between variables remaining in this 

model were evaluated for statistical significance. The proportional hazard (PH) 

assumption was evaluated by plotting complementary log−log survival curves and 

scaled Schoenfeld residuals for variables remaining in the model. This was also 

assessed statistically using the Therneau-Grambsch non-proportionality test 

(Grambsch and Therneau 1994) as implemented by the ‘survival::cox.zph’ function in 

R. Scaled changes in regression coefficients associated with the exclusion of 

individual data points (delta-betas) were plotted in order to identify influential 

observations. The model was re-run following removal of any influential data point (–

0.4< delta-betas >0.4) to evaluate their leverage on parameter estimates. Poorly fitted 

data points were also evaluated in a deviance residual plot. A data point was considered 

outlying if the corresponding deviance residual value is outside the range of (-2.5–2.5) 

(Fitrianto and Jiin 2013). The effect of surgeon and of anaesthetist on the probability 

of survival was tested in the final model by including each of these variables as a frailty 

term (random effect) in the final model.  

4.3.3.3 Modelling risk factors for POR 

POR was modelled as a dichotomous (yes/no) outcome variable using logistic 

regression analysis. Univariable analysis was performed as described previously 

where variables with a univariable Wald p-value ≤0.25 were considered for inclusion 

into a multivariable logistic regression model. The same correlation (r) cut-off value 

was used to identify highly correlated variables and the functional form of the 
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relationships between continuous explanatory variables and the outcome variable was 

examined using generalised additive models (GAMs) (Hastie and Tibshirani 1990). 

Variables that demonstrated a significant non-linear relation with the risk of POI were 

evaluated as a second-degree polynomial term. To reduce the effect of collinearity, 

continuous variables were centred by subtracting the mean of the variable from all 

recorded observations (Kleinbaum et al. 1988) prior to producing higher order terms. 

A multivariable model was built using a forward stepwise selection approach whereby 

variables were added in succession and were retained if their inclusion resulted in a 

significant improvement in model fit (LRT p <0.05). The final model was tested by 

forcing back all excluded variables one-at-a-time to ensure that no significant or 

confounding variables had been excluded. Two-way interaction terms were evaluated 

in the final model and model fit was evaluated using the Hosmer–Lemeshow goodness 

of fit test statistic using 10 groups divided by deciles of fitted values. Model stability 

was assessed by examination of the standardised delta-betas as detailed previously. 

Logistic regression analysis was performed using R software (version 3.2.2) (R Core 

Team 2014). Statistical significance was set at p ≤0.05. 

4.4 Results 

4.4.1 Results of descriptive analysis 

Of 342 horses that underwent laparotomy for treatment of a primary small intestinal 

lesion, 318 were recruited onto the study (24 horses were excluded due to a diagnosis 

of EGS). The follow-up periods were the same for both study cohorts with all 

interviews concluded approximately 3 months following the last recruitment date. This 

resulted in 272.6 horse years of recorded survival time. The number of horses in each 

study cohort and the frequencies of the most common surgical diagnosis categories 

and anastomoses types if small intestinal resection was performed are shown in Table 

4-1. There was a significant increase in the number of horses diagnosed with idiopathic 

focal eosinophilic enteritis (IFEE) lesions in the 2012–2014 cohort compared to the 

2004–2006 cohort (19.7% vs 7.2%). Surgical management of these lesions also varied 

where 78.6 % (11/14) of horses diagnosed with IFEE lesions in 2004–2006 admission 

years had intestinal resection and anastomosis during surgery compared with none in 

2012–2014 admission years. There was a significant reduction in the frequency of 
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horses in which intestinal resection and anastomosis was performed, particularly the 

frequency of side-to-side jejunocaecal anastomosis in recent admission years.  

Table 4-1: Results of descriptive data analyses comparing the two study cohorts  

Diagnosis / types of small intestinal 

anastomosis / prokinetic drugs / 

postoperative reflux 

2004–2006 

admission 

years 

2012–2014 

admission 

years 

χ2 p-

value 

Total 

Horses diagnosed with small intestinal lesions 195 (60.6) 147 (55.7) 0.23 342 (58.4) 

Common diagnosis categories: 

Pedunculated lipoma obstruction 52 (25.7) 39 (26.5) 0.98 91 (26.6) 

Idiopathic focal eosinophilic enteritis 14 (7.2) 29 (19.7) 0.001 43 (12.6) 

Epiploic foramen entrapment 29 (14.9) 14 (9.52) 0.14 43 (12.6) 

Ileal impaction 11(3.2) 13 (3.8) 0.7 24 (7) 

Equine grass sickness (EGS) 15 (7.7) 9 (6.1) 0.6 24 (7) 

Small intestinal resection and anastomosis: 

Horses undergoing intestinal resection and 

anastomosis (EGS cases excluded) 

115 (63.9) 56 (41.8) <0.001 171 (54.5) 

Side-to-side jejunocaecal anastomosis 42 (24.3) 12 (9) 0.001 54 (17.2) 

Side-to-side ileocecal anastomosis 3 (1.7) 0 (0.0) - 3 (0.96) 

Side-to-side jejunojejunal anastomosis 4 (2.2) 0 (0.0) - 4 (1.3) 

End-to-end jejunoileal anastomosis 9 (5) 15 (11.2) 0.04 24 (7.6) 

End-to-end jejunojejunal anastomosis 57 (31.7) 29 (21.6) 0.049 86 (27.4) 

Prokinetic drugs used (EGS cases excluded): 

Lidocaine CRI intraoperatively 25 (16.1) 86 (62.3) <0.001 111 (37.9) 

Lidocaine CRI postoperatively 7 (4) 102 (73.9) <0.001 109 (34.8) 

Metoclopramide 1 (0.6) 9 (6.5) - 10 (3.2) 

Erythromycin 0 (0.0) 7 (5.07) - 7 (2.2) 

Lidocaine CRI plus Metoclopramide 0 (0.0) 8 (5.8) - 8 (2.5) 

     

Postoperative reflux (EGS cases excluded) 30 (16.7) 48 (34.8) <0.001 78 (24.5) 

The table presents results of descriptive data analyses comparing frequencies of small intestinal lesions, 

common diagnosis categories, types of small intestinal anastomosis performed, prokinetic drugs 

administered intra or postoperatively, and postoperative reflux between the two study cohorts. Chi-

square (χ2) test p-values comparing these frequencies and total frequencies are shown. Data are 

presented as numbers (%). 

Cumulative probabilities of survival of horses in the five most frequent diagnosis 

categories are shown in Figure 4-1a. IFEE and ileal impaction cases had a fairly stable 

survival at around 0.8 throughout the study period. This was in contrast to epiploic 

foramen entrapment (EFE) cases, which demonstrated a rapid decline in postoperative 

survival resulting in a median survival time of 370 days. The log-rank test of the 

probability of survival between these small intestinal lesions was significant at p-value 

= 0.038. Cumulative probability of survival did not differ significantly between horses 

in the two study cohorts (log-rank test p-value = 0.79) (Figure 4-1b)  
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Figure 4-1: Kaplan-Meier plots comparing commonly identified small intestinal lesions 

(A) and the study cohorts (B).  Kaplan-Meier plots of cumulative probability of survival and the 

log-rank test were used to compare survival between the five most frequent surgical diagnosis 

categories and between horses that belong to each of the admission periods (2004–2006 and 2012–

2014 admission years). The curves are marked at each of censoring time (tick marks on the curves).  

The log-rank test p-values and number of horses in each category are shown. EFE = epiploic foramen 

entrapment, IFEE = idiopathic focal eosinophilic enteritis, PLO = pedunculated lipoma obstruction   
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4.4.2 Effect of lidocaine therapy 

The prevalence of POR in all horses recruited onto the study was 24.5%. This was 

significantly higher in horses admitted in 2012–2014 (34.8%) compared to horses 

admitted in 2004–2006 (16.7%) (Table 4-1). POR resulted in a significant reduction 

in the long-term probability of survival and this effect was evident throughout the 

follow-up period (Figure 4-2a). There was no statistical evidence that intraoperative 

lidocaine administration had any effect on long-term postoperative survival (log-rank 

test p-value = 0.72) (Figure 4-2b). Because postoperative lidocaine treatment was not 

assigned randomly and horses were administered this medication if they were 

considered to be at high risk of developing POR or occasionally once horses had 

developed POR, the data were stratified and the effect of lidocaine CRI on probability 

of survival was compared in horses that did or did not develop POR separately. Such 

comparison did not reveal any significant improvement in the probability of survival 

in lidocaine-treated horses (Figure 4-2c and d). The median duration of POR and of 

total reflux volume did not differ significantly between horses that were or were not 

administered intraoperative (Wilcoxon rank-sum p-value = 0.75 and 0.86, 

respectively) or postoperative lidocaine therapy (Wilcoxon rank-sum p-value = 0.15 

and 0.14, respectively) (Figure 4-3).  
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Figure 4-2: Kaplan-Meier plots illustrating the effect of POR and of lidocaine therapy 

on postoperative survival.  Kaplan-Meier plots of cumulative probability of survival and the log-

rank test were used to compare survival between horses that developed or did not develop postoperative 

reflux (A) and horses that received or did not receive lidocaine CRI intraoperatively (B). Following 

stratifying the data by postoperative reflux, the effect of postoperative lidocaine therapy was assessed 

in horses that developed (C) or did not develop postoperative reflux (D). The number of horses in each 

category and the log-rank test p-values are shown.  
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Figure 4-3: Boxplots demonstrating the effects of lidocaine therapy on the duration of 

POR and total reflux volume. Duration of postoperative reflux (POR) and total reflux volume were 

compared between horses that were administered lidocaine continuous rate infusion postoperatively (A 

and B) or intraoperatively (C and D). The box represents the 25th and 75th percentiles of the data, the 

horizontal line across the middle of the box represents the median and the dot is the mean. Post-op = 

postoperatively, Intra-op = intraoperatively 

4.4.3 Risk factors for postoperative survival 

Results of univariable analysis of continuous and categorical variables are available in 

supplementary materials (Supplementary Table 4-1 and Supplementary Table 4-2). 

The functional form of the relationships examined by penalised regression models was 

non-linear for the variable heart rate on admission and therefore this variable was 

evaluated as a penalised smoothed term in the multivariable model (Figure 4-4). A 

final multivariable proportional hazards model is shown in Table 4-2. Variables 

identified to be associated with increased risk of postoperative mortality included 

packed cell volume (PCV) on admission, heart rate on admission and duration of 

surgery. There was a significant multiplicative interaction between duration of surgery 

and EFE (hazard ratio 1.013, 95% confidence interval 1.002–1.03, p-value = 0.027), 

meaning that the hazard ratio comparing horses with or without EFE depends on the 

duration of surgery. The random effects of surgeon and of anaesthetist tested in the 

final model were not significant (p-value = 0.98). 
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The proportional hazards assumption was satisfied in the final multivariable model 

(global p-value from the Therneau-Grambsch non-proportionality test = 0.94). A 

single influential data point was identified for the variable PCV on admission 

(Supplementary Figure 4-1). The observations had a censored survival time, yet it was 

from a horse that had a PCV of 74% on admission. Removal of this influential 

observation and re-running the model resulted in 33% increase in regression 

coefficient of this variable. The observation was found to be accurately recorded, so it 

was retained in the model. Four poorly fitting data points were identified on a deviance 

residual plot (Supplementary Figure 4-2).They had deviance residual values of >2.5 

and the values were positive which meant observed death happened before the model 

was able to predict it. These observations were from horses that had a PCV on 

admission of ≤40% and surgery duration of ≤105 minutes, yet they had a survival time 

of 1 day.  

Table 4-2: Multivariable Cox proportional hazards model of variables associated with 

the risk of reduced survival  

Variable 

  

Coefficient Standard 

error 

Hazard 

ratio 

95% CI of 

hazard ratio 

p-

value 

PCV on admission (%) 0.032 0.014 1.033 1.004–1.06 0.024 

Heart rate on admission (beats/min) 

"the linear effect" 

0.014 0.005 1.014 1.004–1.024 0.008 

Duration of surgery (min) 0.0066 0.0025 1.007 1.002–1.01 0.008 

EFE                                             No    Ref. 
   

  

Yes –0.66 0.77 0.52 0.1–1.35 0.39 

Surgery duration × EFE 0.013 0.006 1.013 1.002–1.03 0.027 

The data are from 318 horses that survived following laparotomy for treatment of small intestinal 

lesions;only 302 horses were included in the model duet to missing data for some variables. The model 

is adjusted for the non-linear relationship between heart rate on admission and probability of survival. 

PCV = packed cell volume, CI = confidence interval;EFE = epiploic foramen entrapment, Ref. = 

reference category 

4.4.4 Risk factors for POR 

Results of univariable analysis of continuous and categorical variables investigated for 

association with the risk of POR are available in Supplementary Table 4-3 and 

Supplementary Table 4-4. The functional form of the relationship between surgery 

duration and the log odds of POR was non-linear and therefore this variable was 

assessed as a second degree polynomial term in the multivariable model (Figure 4-5). 

Risk factors for POR were also evaluated in a second multivariable model that did not 

consider the surgery duration variable for model building. This was performed to allow 
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exploring the effect of other intraoperative variables such as intestinal resection and 

pelvic flexure enterotomy which are inherently correlated with surgery duration. 

Results from these models are given in Table 4-3 and Table 4-4. There was no evidence 

of lack of fit in both models as indicated by The Hosmer-Lemeshow test, in addition 

none of the models contained influential data points. 

 

Figure 4-4: Plots of P-spline smoothers of continuous pre- and intraoperative variables. 
Penalised regression models were used to investigate the functional form of the relationships between 

the log hazard of postoperative death and continuous variables measured pre and intraoperatively. The 

plots show the fitted curves with 95% confidence intervals (dashed lines) and the rug plots along the x-

axes represent the number of data points. Dotted horizontal lines are at log hazard of zero. The p-values 

are from chi-square tests for non-linearity where a significant p-value (p >0.05) indicates a non-linear 

association. TP = total protein, PCV = packed cell volume 
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Table 4-3: Multivariable logistic regression analysis model of variables associated with 

the risk of POR.  

Variables Categories Coefficient Standard 

error 

Odds 

ratio 

95% CI of 

the OR 

p-

value 

PCV on admission (%) - 0.049 0.017 1.05 1.02–1.09 0.004 

Surgery duration 

(centred)2 

- −0.0003 9.7×10−5 0.997 0.99–0.99 0.002 

Surgery duration 

(centred) 

- 0.016 0.006 1.02 1.004–1.03 0.01 

Pedunculated lipoma 

obstruction 

No     Ref. 
   

  

Yes 0.77 0.33 2.2 1.14–4.15 0.02 

Admission year 2012–2014     Ref. 
   

  

2004–2006 −0.94 0.33 0.4 0.2–0.73 0.004 

Pelvic flexure 

enterotomy 

No     Ref. 
   

  

Yes 0.71 0.41 2.04 0.9–4.6 0.08 

Small intestinal 

anastomosis 

None     Ref. 
   

  

End-to-end −0.36 0.54 0.7 0.24–1.99 0.51 

Side-to-side 0.312 0.43 1.4 0.6–3.2 0.47 

Data were collected from 318 horses that survived following laparotomy for treatment of small 

intestinal lesions. In this model, surgery duration was included as a second degree polynomial term.  

Number of observations in the final model is 303. The Hosmer-Lemeshow test statistic (χ2= 6.7, p-value 

= 0.68) suggested that the model was a good fit. CI = confidence interval, PCV = packed cell volume 

Table 4-4: Multivariable logistic regression model of variables associated with the risk 

of POR (duration of surgery excluded)  

Variables  Categories Coefficient Standard 

error 

Odds 

ratio 

95% CI of 

the OR 

p-

value 

PCV on admission (%) - 0.051 0.016 1.05 1.02–1.1 0.002 

pedunculated lipoma 

obstruction  

No    Ref. 
   

  

Yes 0.75 0.32 2.11 1.13–3.96 0.02 

Admission year 2012–2014    Ref. 
   

  

2004–2006 −1.002 0.31 0.37 0.2–0.66 0.001 

Pelvic flexure 

enterotomy  

No    Ref. 
   

  

Yes 0.93 0.38 2.53 1.2–5.35 0.01 

Small intestinal 

anastomosis 

   

None    Ref. 
   

  

End-to-end 0.12 0.47 1.12 0.44–2.78 0.8 

Side-to-side 0.81 0.34 2.23 1.14–4.42 0.02 

Data were collected from 318 horses that survived following laparotomy for treatment of small 

intestinal lesions. In this model, surgery duration was excluded for the model building process. Number 

of observations in the final model is 305. The Hosmer-Lemeshow test statistic (χ2= 10.4, p-value = 

0.24) suggested that the model was a good fit. CI = confidence interval, PCV = packed cell volume  
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Figure 4-5: Generalised additive models plots of continuous pre- and intraoperative 

variables. Generalised Additive Models were used to demonstrate the functional form of the 

relationships between continuous pre and intraoperative variables and risk of POR in 318 horses that 

recovered following laparotomy for treatment of small intestinal lesions. The plots show the fitted curves 

with 95% confidence intervals (dashed lines) and the rug plots along the x-axes represent the number 

of data points. Dotted horizontal lines are at log odds of zero. PCV = packed cell volume   
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4.5 Discussion 

The current study found no significant effect of intra- or postoperative lidocaine 

therapy on the duration of POR or total reflux volume in horses that underwent 

laparotomy for treatment of small intestinal lesions. Lidocaine administration also had 

no significant effect on postoperative survival, consistent with the findings of Malone 

et al. (2006). Lidocaine is currently commonly administered postoperatively in horses 

that have undergone surgical management of colic based on its perceived prokinetic 

properties (Lefebvre et al. 2015). These findings are important and demonstrate the 

need for further evaluation of the efficacy of lidocaine treatment in horses undergoing 

surgical management of colic related to small intestinal disease, particularly in horses 

at high risk of or that have developed POR, in a randomised controlled trial.  

The prevalence of POR in the current study is comparable to previously reported rates 

of 9–33% (Blikslager et al. 1994, Proudman et al. 2002a, Cohen et al. 2004, Torfs et 

al. 2009). The frequency of intra- or postoperative lidocaine treatment was 

significantly greater in horses that underwent surgical treatment of small intestinal 

lesions in 2012–2014 cohort, but the prevalence of POR doubled compared with the 

2004–2006 admission years (34.8% vs 16.7%), which was unexpected. The frequency 

of horses that were recovered from surgery that had undergone intestinal resection and 

anastomosis, particularly side-to-side jejunocaecal anastomoses was also significantly 

reduced in the 2012–2014 admission group. This is likely to be due to awareness of 

the effects of intestinal resection and anastomosis and of side-to-side jejunocaecal 

anastomosis on reduced postoperative survival, leading to some owners choosing to 

have horses euthanased on the operating table rather than continue with treatment or 

in equivocal cases, surgeons choosing not to resect potentially viable small intestine 

(Freeman et al. 2000, van den Boom and van der Velden 2001, Garcia-Seco et al. 

2005, Proudman et al. 2007). It is not possible to determine why the prevalence of 

POR was increased in the 2012–2014 surgical cohort who routinely received 

perioperative lidocaine therapy, nor to attribute it directly to lidocaine use, as this was 

not a randomised study. However, surgeons being more likely to leave small intestine 

that would undergo ischaemia-reperfusion injury may have resulted in increased 

prevalence of POR in the 2012–2014 cohort. The prevalence of IFEE lesions did differ 

between the two study periods which could have resulted in bias. Further exploration 
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of the data using univariable and multivariable models with POR as the outcome 

demonstrated that the variable IFEE was not significantly associated with POR (p-

value = 0.58) and inclusion of IFEE cases were therefore considered unlikely to have 

a significant impact on the study. In addition, whether resection was performed or not 

in IFEE cases was considered unlikely to alter the likelihood of postoperative 

mechanical obstruction occurring (and subsequent development of POR), as these are 

thickened lesions that cause acute colic due to simple obstruction at the site and any 

physical thickening of intestine at the site of IFEE lesions left in situ (i.e. not resected) 

is comparable to that of an anastomosis.  

In humans, systematic reviews and meta-analysis of randomised clinical trials have 

investigated the prokinetic and analgesic properties of lidocaine. Following open 

abdominal or laparoscopic surgery in adult humans, lidocaine has been found to be 

associated with significant reductions in postoperative pain scores (Sun et al. 2012, 

Kranke et al. 2015, Ventham et al. 2015). However, the evidence for prokinetic 

efficacy is variable. Evidence of reduced time to first flatus, time to first bowel 

movement or likelihood of POI was found to be of low quality (Kranke et al. 2015). 

Comparison of the efficacy of 15 systemically acting prokinetic drugs for treatment of 

POI versus placebo in another systematic review reported that only lidocaine and 

neostigmine have an effect on gastrointestinal recovery in the form of reduction of 

time to first flatus and to first bowel movement (Traut et al. 2008). Lidocaine treatment 

was also reported to be associated with reduced duration of hospital stay and of ileus 

following abdominal surgery in another systematic review (Marret et al. 2008). 

The prokinetic properties of lidocaine have been evaluated previously in equine 

surgical colic patients in two separate randomised clinical trials (Brianceau et al. 2002, 

Malone et al. 2006). In one of these trials most of the horses were diagnosed with large 

intestinal lesions at surgery (20/28) and only two horses developed POI (one control, 

one treatment) and therefore the prokinetic properties of lidocaine could not be 

assessed (Brianceau et al. 2002). In the study by Malone et al. (2006), lidocaine 

administration to horses that developed nasogastric reflux resulted in significant 

reduction in number of horses refluxing at 30 hours post-treatment and reduced 

duration of hospital stay compared to a saline group. The study, however, did not 

report any differences in survival to hospital discharge or any difference in the level 
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of postoperative pain between groups. Limitations of the latter study include the fact 

that the study was performed on a small number of horses and included horses 

diagnosed with proximal duodenitis-jejunitis (DPJ) treated medically (8 DPJ and 24 

POI horses), which are lesions with different pathobiology and relevance when 

considering lidocaine use in horses that have undergone small intestinal surgery 

(Salem et al. 2016). A prophylactic effect of lidocaine in horses with POI was reported 

in a study by Torfs et al. (2009). In the latter study, lidocaine was frequently 

administered concurrently with other prokinetic drugs such as metoclopramide and 

this was not taken into account in the analysis of the data. Therefore, the evidence for 

the use of perioperative lidocaine to improve intestinal motility in horses at high risk 

of developing POI remains of low quality (Salem et al. 2016) and supports the need 

for further investigation. 

We acknowledge that one of the key limitations to this study is the fact that horses 

were not randomly assigned to lidocaine treatment. Lidocaine was instead assessed as 

an intervention, as this was the only major change in management of horses 

undergoing surgical treatment of small intestinal lesions causing colic in the study 

hospital between the two study periods. Other factors that may have differed between 

the two time periods and may have had a potential effect include the effect of surgeon 

and anaesthetist, but they were assessed in the model and were not significantly 

associated with the surgical outcome. It is also important to note that economic factors 

may influence the decision to perform surgery or to recover horses following general 

anaesthesia (Reeves et al. 1989a, Christophersen et al. 2014) and consequently this 

may introduce bias into survival models. The costs of treatment, including lidocaine 

therapy, may have been a limiting factor for some owners, particularly when 

postoperative reflux persisted for a number of days with no evidence of clinical 

improvement. It is therefore possible that with longer duration of therapy some of these 

horses may have survived. We did not specifically investigate whether insurance cover 

had an effect on the surgical outcome. However, we have previously found this to have 

no effect on survival of horses recovered following surgery (unpublished hospital data) 

and the estimated costs of treatment are the same regardless of whether the horse is 

insured or not. It is also important to note that the effect of lidocaine on postoperative 

pain could not be assessed due to lack of consistent scoring in pain. This was not one 

of the key aims of the present study, but the analgesic effects of lidocaine should also 
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be taken into consideration in future prospective trials evaluating its use in horses 

following intestinal surgery for colic.  

In the current study, horses that underwent surgery for treatment of ileal impaction had 

the greatest probability of survival, which is consistent with previous studies 

(Proudman et al. 2002a). IFEE lesions were also associated with high rates of 

postoperative survival with a relatively stable probability of survival at around 0.8 

throughout the follow-up period. In contrast, EFE had a poor prognosis for survival 

with a median survival time of 370 days, which is again consistent with previous 

studies (Proudman et al. 2002b, Proudman et al. 2002a, Proudman et al. 2005b, Archer 

et al. 2011). In the current study, PCV and heart rate measured on admission and 

prolonged surgery duration were significantly and positively associated with 

postoperative mortality. PCV and heart rate can be markers for the degree of 

dehydration and systemic inflammatory response syndrome (SIRS)/endotoxaemia on 

admission (Proudman et al. 2005a). This emphasises the importance of early diagnosis 

and treatment of equine surgical colic patients before development of marked 

physiological derangements/SIRS in order to maximise the probability of survival 

following laparotomy.  

Risk factors identified to be associated with the risk of POR in horses underwent 

laparotomy for treatment of small intestinal lesions included the admission period, 

PCV on admission, pedunculated lipoma obstruction (PLO), pelvic flexure enterotomy 

(PFE), intestinal resection and anastomosis and duration of surgery. PCV on admission 

has been previously identified as a risk factor for POR (Blikslager et al. 1994, Roussel 

et al. 2001, Cohen et al. 2004) and can be a marker for the degree of endotoxaemia 

and duration of illness on admission. PLO was previously reported as a risk factor for 

POR in the same hospital population (French et al. 2002). It was thought that such 

association may have been due to greater distension of the small intestine in horses 

affected with PLO (French et al. 2002). PFE was reported in one study (Roussel et al. 

2001) to be associated with reduced risk of POR, which contradicts the findings of the 

current study. PFE is frequently performed in horses affected with simple colonic 

obstruction and distension colic (primary large intestine lesions) and occasionally 

when the large colon is impacted concurrently with other small intestinal lesions, 

which is the case in the current study. Secondary impaction of the large colon with 
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subsequent enterotomy could be a marker for a prolonged illness and delayed referral. 

The study by Roussel et al. (2001) included horses diagnosed with primary large 

intestinal lesions and consequently pelvic flexure enterotomy might have been a 

marker for a primary large intestine disease, which was previously found to be 

protective against POR in a number of studies (Cohen et al. 2004, Torfs et al. 2009).  

In the current study, there was no evidence to suggest that lidocaine therapy had an 

effect on the frequency of POR, duration of reflux, nor was it a risk factor for or 

associated with altered rates of postoperative survival. Despite the frequent use of 

lidocaine as a prokinetic agent in horses that develop or are at high risk of POI, the 

evidence for this still remains limited. Lidocaine therapy can add significantly to 

treatment costs (approximately, 678£ for 3 days of continuous treatment in a 500 kg 

horse) making it important to fully evaluate the efficacy and cost-benefits of this drug. 

There is a need for a prospective, multicentre randomised clinical trial of lidocaine in 

horses with small intestinal lesions that has sufficient statistical power with well-

defined inclusion criteria. There should also be a well-defined set of outcome measures 

including accurate measurement of POR duration and total reflux volume and use of 

objective and validated measures of postoperative pain, postoperative survival and 

complications.   
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4.6 Appendix to Chapter 4 

Supplementary Table 4-1: Continuous variables investigated for association with the risk of postoperative death.  

Variable Median (interquartile 

range) 

Coefficient Standard 

error 

Hazard 

ratio 

95% confidence interval 

of the hazard ratio 

LRT p- 

value 

% of 

missing 

data 

Age (years) 13 (9, 17) 0.0002 0.016 1 0.99–1.03 0.99 0.9 

Weight (kg) 508.5 (434.5, 578.5) 0.001 0.001 1.001 0.99–1.002 0.51 1.9 

Time to referral (h) 12.5 (8, 20.8) 0.014 0.007 1.014 1.001–1.028 0.03 19.5 

Heart Rate (bpm)  52 (44, 70) 0.022 0.004 1.02 1.014–1.03 <0.001 2.8 

Packed call volume (%) 39 (34, 44) 0.05 0.01 1.05 1.03–1.07 <0.001 3.1 

Total Protein (g/l) 68 (62, 75) 0.025 0.01 1.025 1.006–1.045 0.01 4.4 

Resection length (metres) 0.61 (0, 2.4) 0.1 0.04 1.12 1.04–1.2 0.005 0.63 

Duration of surgery (min) 90 (65, 125) 0.01 0.002 1.01 1.007–1.015 <0.001 0.63 

Heart rate at 12 h postoperatively (bpm) 52 (44, 64) 0.03 0.006 1.03 1.02–1.04 <0.001 6.3 

Heart rate at 36 h postoperatively (bpm)  44 (36, 48) 0.036 0.05 1.04 1.03–1.05 <0.001 10.4 

Data were collected from 318 horses that survived following general anaesthesia for treatment of small intestinal lesions and investigated for association with the risk of 

postoperative death using univariable Cox proportional hazards model. Descriptive data are presented as median (interquartile range). LRT = likelihood ratio test, bpm = 

beats per minute 
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Supplementary Table 4-2: Categorical variables investigated for association with the risk of postoperative death  

Variable Category Descriptive 

data 

No. (%) 

Coefficient Standard 

error 

Hazard 

ratio 

95% confidence 

interval of the 

hazard ratio 

LRT p-

value 

% of 

missing 

data 

Animal breed TB / TBX  86 (29.7)    Ref.     9.12 

WB / WBX  26 (9.0) 0.24 0.36 1.27 0.63–2.57   

Draft / Cob 71 (24.57) 0.14 0.38 1.15 0.66–1.99   

Pony 50 (17.30) −0.15 0.33 0.86 0.45–1.65   

Other 56 (19.38) 0.036 0.3 1.04 0.58–1.87 0.88  

Sex Female 108 (34.0)    Ref.      0.0 

Male 210 (66.04) 0.4 0.22 1.5 0.97–2.3 0.06  

Surgery performed out of hours  No 111 (35.016)    Ref.     0.31 

Yes 206 (65.0) −0.18 0.2 0.8 0.6–1.24 0.37  

Season of admission  Spring 88 (27.67)    Ref.     0.0 

Summer 77 (24.21) −0.05 0.27 0.95 0.55–1.63   

Autumn 92 (28.93) −0.12 0.26 0.88 0.53–1.5   

Winter 61 (19.18) −0.07 0.28 0.93 0.53–1.6 0.97  

Reflux on admission No 184 (75.41)    Ref.     23.3 

Yes 60 (24.60) 0.44 0.24 1.55 0.97–2.5 0.07  

Guaiacol glycerine ether for anaesthesia 

induction  

No 288 (90.57)    Ref.     0.0 

Yes  30 (9.43) −0.4 0.4 0.67 0.3–1.5 0.28  

Thiopentone for anaesthesia induction No 279 (87.74)    Ref.      

Yes 39 (12.26) −0.026 0.3 0.97 0.53–1.78 0.93  

Ketamine-based anaesthesia induction No 34 (10.7)    Ref.      

Yes 284 (39.31) 0.05 0.3 1.05 0.55–2.02 0.88  
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Supplementary Table 4-2 continued 

Variable Category Descriptive 

data 

No. (%) 

Coefficient Standard 

error 

Hazard 

ratio 

95% confidence 

interval of the 

hazard ratio 

LRT p-

value 

% of 

missing 

data 

Anaesthetic inhalation agent Sevoflurane 65 (21.52)    Ref.     5.03 

Halothane 11 (3.64) −0.33 0.61 0.7 0.22–2.4   

Isoflurane 226 (74.83) −0.19 0.23 0.83 0.52–1.31 0.68  

Lidocaine during anaesthesia No 182 (62.12)    Ref.     7.86 

Yes  111 (37.88) −0.08 0.2 0.92 0.6–1.4 0.72  

Small intestinal anastomosis No 147 (46.23)    Ref.     0.0 

All side to side 

anastomoses 

61 (19.18) 0.63 0.25 1.9 1.14–3.1   

All end to end 

anastomoses 

110 (34.6) 0.47 0.23 1.6 1.02–2.5 0.02  

Side to side small intestine anastomosis No  257 (80.82)    Ref.     0.0 

Yes  61 (19.18) 0.4 0.2 1.5 0.97–2.3 0.08  

Resection No 150 (47.17)    Ref.     0.0 

Yes 168 (52.83) 0.6 0.2 1.77 1.2–2.6 0.004  

Pelvic flexure enterotomy No 267 (84.76)    Ref.     0.94 

Yes 48 (15.24) 0.47 0.24 1.6 0.99–2.6 0.06  

Pedunculated lipoma obstruction No 227 (71.38)    Ref.     0.0 

Yes 91 (28.62) 0.03 0.2 1.03 0.68–1.6 0.88  

Idiopathic focal eosinophilic enteritis No 275 (86.48)    Ref.      0.0 

Yes 43 (13.52) −0.61 0.35 0.55 0.28–1.08 0.06  

Epiploic foramen entrapment No  275 (86.48)    Ref.       

Yes  43 (13.52) 0.59 0.24 1.8 1.12–2.9 0.02 0.0 

Repeat laparotomy No 289 (90.88)    Ref.       

 Yes  29 (9.12) 1 0.25 2.7 1.65–4.5 <0.001  
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Supplementary Table 4-2 continued 

Variable Category Descriptive 

data 

No. (%) 

Coefficient Standard 

error 

Hazard 

ratio 

95% confidence 

interval of the 

hazard ratio 

LRT p-

value 

% of 

missing 

data 

Postoperative reflux No 240 (75.47)    Ref.     0.0 

Yes 78 (24.52) 0.87 0.2 2.4 1.62–3.6 <0.001  

Postoperative colic No 168 (52.83)    Ref.     0.0 

Yes 150 (47.17) 0.5 0.2 1.65 1.1–2.4 0.01  

Diarrhoea No 299 (94.03)    Ref.     0.0 

Yes 19 (5.97) 0.014 0.4 1.014 0.47–2.18 0.97  

Purulent incisional discharge No 234 (73.58)    Ref.      0.0 

Yes  84 (26.42) −0.052 0.24 0.56 0.37–0.96 0.026  

Postoperative lidocaine treatment No 204 (65.18)    Ref.     1.6 

Yes 109 (34.82) 0.37 0.19 1.45 0.97–2.13 0.06  

Postoperative lidocaine plus metoclopramide  No 305 (97.44)    Ref.     1.6 

Yes 8 (2.56) 1.66 0.37 5.24 2.52–10.91 <0.001  

Admission years 2012–2014 138 (43.4)    Ref.     0.0 

2004–2006 180 (56.6) −0.053 0.19 0.95 0.65–1.39 0.79  

TB/TBX = Thoroughbred/Thoroughbred cross, WB/WBX =   Warmblood/Warmblood Cross, Ref. = reference category, season of admission classified as spring (March – May), 

summer (June – August), autumn (September – November), winter (December –February), surgery performed out of hours was defined as surgery performed between the hours 

of 5pm – 9am Monday – Friday and at any time over the days of Saturday or Sunday.  
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Supplementary Table 4-3: Continuous variables investigated for association with the risk of postoperative reflux (POR)  

Variable Horses without POR 

240 (75.4) 

Horses with POP 78 

(24.5) 

Regression 

coefficient 

Standard 

error 

Odds ratio 95 % CI of odds 

ratio 

Wald p value 

Age (year) 13 (8, 17) 14 (10,19) 0.04 0.02 1.05 1.001–1.09 0.045 

weight (kg) 501 (417, 572) 549 (476.2, 597.8) 0.003 0.001 1.003 1.001–1.005 0.01 

Hear rate (bpm) 52 (44, 64) 60 (48, 80) 0.02 0.006 1.02 1.007–1.03 0.002 

Packed cell volume (%) 38 (33.25, 43) 42 (36, 48) 0.051 0.015 1.052 1.02–1.085 0.001 

Total plasma protein (g/l) 68 (62, 72) 70 (64, 76) 0.027 0.012 1.027 1.002–1.05 0.035 

Time to referral (h) 12 (8, 19.9) 12.75 (10, 22) −0.0002 0.009 0.99 0.98–1.016 0.98 

Duration of surgery (minutes) 85 (60.5, 115) 105 (86.25, 130)      

Duration of surgery (centred) - - 0.008 0.003 1.008 1.002–1.01 0.01 

Duration of surgery (centred)2 - - −0.001 0.001 0.99 0.99–0.99 0.07 

Resection length (metre) 0.15 (0, 2.44) 0.91 (0, 2.44) 0.053 0.053 1.054 0.95–1.17 0.32 

Heart rate at 12 h postoperatively (bpm) 48 (44, 60) 61.17 (48, 76) 0.03 0.008 1.03 1.015–1.05 0.002 

Heart rate at 36 h postoperatively (bpm) 40 (36, 48) 48 (42, 60) 0.037 0.009 1.04 1.02–1.06 <0.001 

Data were collected from 318 horses that survived following general anaesthesia for treatment of small intestinal lesions and investigated for association with the risk of 

postoperative reflux using univariable logistic regression models. Descriptive data are presented as median (interquartile range). The variable duration of surgery was not 

linearly associated with the log odds of POR and therefore was analysed as a second degree polynomial term. bpm = beats per minute   
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Supplementary Table 4-4: Categorical variables investigated for association with the risk of postoperative reflux (POR)  

Variable Category No  POR 240 

(75.4) 

POR 78 

(24.5) 

Regression 

coefficient 

Standard 

error 

Odds 

ratio 

95 % CI of odds 

ratio 

Wald p value 

Sex Female 87 (81) 21 (19)   Ref.     

Male 153 (73) 57 (27) 0.43 0.29 1.54 0.89–2.76 0.15 

Out of hours admission No 83 (75) 28 (25)   Ref.     

Yes 156 (76) 50 (24) −0.05 0.27 0.95 0.56–1.63 0.85 

Season of admission Spring 66 (75) 22 (25)   Ref.     

Summer 56 (73) 21 (27) 0.12 0.25 1.23 0.56–2.26 0.74 

Autumn 76 (83) 16 (17) −0.46 0.36 0.63 0.3–1.3 0.4 

Winter 42 (69) 19 (31) 0.31 0.37 1.36 0.65–2.81 0.5 

Reflux on admission No 144 (78) 40 (22)   Ref.     

Yes 38 (63) 22 (37) 0.73 0.32 2.1 1.1–3.9 0.002 

Small intestinal anastomosis No 116 (79) 31 (21)   Ref.     

Side to side 50 (82) 11 (18) −0.19 0.39 0.82 0.37–1.73 0.6 

End to end 74 (67) 36 (33) 0.6 0.29 1.82 1.04–3.2 0.04 

Side-to-side anastomosis No 190 (74) 67 (26)   Ref.     

Yes 50 (82) 11 (18) −0.47 0.36 0.62 0.29–1.23 0.19 

Resection No 119 (79) 31 (21)   Ref.     

Yes  121 (72) 47 (28) 0.4 0.26 1.5 0.89–2.52 0.13 

Pelvic flexure enterotomy No 209 (78) 58 (22)   Ref.     

Yes 29 (60) 19 (40) 0.86 0.33 2.36 1.22–4.5 0.01 

Pedunculated lipoma No 181 (80) 46 (20)   Ref.     

 Yes 59 (65) 32 (35) 0.76 0.27 2.13 1.24–3.65 0.006 

Idiopathic focal eosinophilic 

enteritis 

No 209 (76) 66 (24)   Ref.     

Yes 31 (72) 12 (28) 0.2 0.37 1.22 0.57–2.46 0.58 
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Supplementary Table 4-4 continued 

Variable Category No  POR 240 

(75.4) 

POR 78 

(24.5) 

Regression 

coefficient 

Standard 

erro 

Odds 

ratio 

95 % CI of odds 

ratio 

Wald p value 

Epiploic foramen entrapment No 203 (74) 72 (26)   Ref.     

Yes  37 (86) 6 (14) −0.78 0.46 0.45 0.17–1.05 0.09 

Intraoperative lidocaine No  143 (79) 39 (21)  Ref.     

Yes  75 (68) 36 (32) 0.57 0.27 1.76 1.03–3 0.04 

Lidocaine postoperatively  No 179 (88) 25 (12)   Ref.     

Yes  57 (52) 52 (48) 1.87 0.28 6.5 3.76–11.6 <0.001 

Admission year 2012–2014 90 (65) 48 (35)   Ref.     

2004–2006 150 (83) 30 (17) −0.98 0.27 0.38 0.22–0.63 <0.001 

Data were collected from 318 horses that survived following general anaesthesia for treatment of small intestinal lesions and investigated for association with the risk of 

postoperative reflux using univariable logistic regression model. TB/TBX = Thoroughbred/Thoroughbred cross, WB/WBX =   Warmblood/Warmblood Cross, Ref. = reference 

category, season of admission classified as Spring (March – May), Summer (June – August), Autumn (September – November), Winter (December –February), surgery 

performed out of hours was defined as surgery performed between the hours of 5pm – 9am Monday – Friday and at any time over the days of Saturday or Sunday. Descriptive 

data were provided as number (percentage
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Supplementary Figure 4-1: Delta-betas plot of variables retained in the final Cox 

proportional hazards model.  A single influential data point was evident for the variable packed 

cell volume (PCV) on admission.  
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Supplementary Figure 4-2: Complementary log−log Kaplan-Meier survival curve for 

epiploic foramen entrapment (EFE) and a deviance residual plot.  The complementary 

log−log Kaplan-Meier survival curve of EFE on a logarithmic scale (A) suggests that the proportional 

hazards assumption is satisfied for this variable (Therneau-Grambsch non-proportionality test p-value 

= 0.24). A deviance residual plot from the final multivariable Cox proportional hazards model (A) 

demonstrates four outlying data points (deviance residuals >2.5). 
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5.1 Summary 

Previous studies have reported that different DNA extraction techniques from human 

faecal samples or different sample handling techniques can result in variations in the 

DNA yields and in the structure of microbial communities being studied. The aim of 

the current study was to investigate the effect of two methods of faecal sample 

handling prior to DNA extraction on the microbial community profile of horse faeces 

and to investigate if these microbial communities were distributed homogeneously 

within the test samples. Faecal samples were collected from 7 horses 2 weeks after 

foaling and were processed with or without homogenization in a liquid medium prior 

to DNA extraction and creation of 16S rRNA amplicon libraries. Furthermore, a faecal 

sample was collected from a single horse and the DNA was extracted from either single 

or multiple faecal balls with or without prior homogenisation to test how homogenous 

a microbial profile was within a sample. The Ion Torrent PMG next-generation 

sequencing (NGS) technology was used to sequence these amplicon libraries and the 

resulting sequence data were analysed using the QIIME and Bioconductor statistical 

packages in R. Additionally, the effect of bead beating on the DNA yield obtained 

from horse faeces was investigated through performing 12 DNA extractions, with a 

bead beating step incorporated into 6 of these extractions. The study identified 

significant effects of sample handling on the microbial community profile and on the 

quantities of the DNA obtained. Differences in microbial composition were also found 

in subsamples obtained from a single faecal sample.  
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5.2 Introduction 

The advent of next-generation sequencing (NGS) techniques has provided 

unprecedented insights into complex microbial communities including the gut 

microbiota. Unlike other molecular techniques where only known bacterial groups are 

detected using pre-designated oligonucleotide probes, sequencing provides an open-

ended view of microbial communities and, as a result, many new taxa have been 

identified (Wylie et al. 2012). Despite the improved sensitivity of these PCR-based 

NGS techniques and their potential to detect unculturable organisms and those of low 

abundance, they have inherent shortcomings and biases. Each physical, chemical and 

biological step starting from sampling to obtaining the 16S rRNA amplicon libraries 

can be a potential source of bias. For example, rigorous processing that is required to 

lyse Gram-positive bacteria (due to a thicker cell wall) may lead to excessive 

fragmentation of the Gram-negative bacterial genome (which has a thinner cell wall) 

with subsequent formation of more chimaera DNA fragments (von Wintzingerode et 

al. 1997). Different DNA extraction methods or different sample handling techniques 

have also been shown to result in extraction of different quantities of DNA in addition 

to variation in phylotype abundance and composition of microbial communities 

(Martin-Laurent et al. 2001, Li et al. 2003, Feinstein et al. 2009, Cabrol et al. 2010, 

Wu et al. 2010, Davis et al. 2012, Gorzelak et al. 2015). NGS of DNA isolated from 

subsamples taken 1cm apart from the same stool sample in humans resulted in a 

consistent relative abundance of major taxa (those of a relative abundance greater than 

1%). However, 35% of low abundance taxa were not detected in the second replicate 

(Wu et al. 2010). The same study also demonstrated that recovery of the phylum 

Firmicutes was improved and that of the Bacteroidetes was reduced when bead beating 

in hot phenol was incorporated into the extraction process. Quantitative PCR analysis 

of DNA isolated from five subsamples of a single stool sample also revealed greater 

variation in microbial community composition compared with homogenisation of 

samples by grinding in liquid nitrogen prior to DNA extraction (Gorzelak et al. 2015). 

The authors of the latter study suggested that reduction of within sample variability 

can be achieved by freezing samples within 15 minutes of collection and by 

homogenising frozen stool samples prior to DNA extraction. These findings are 

important because associating variations in microbial community composition to an 
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underlying disease or physiological status without consideration of the effect of sample 

processing may result in spurious or misleading results.  

Similar optimisation studies of DNA extraction from the horse faeces are lacking. The 

high daily faecal output of the horse, estimated to be 4.62 ± 1.69 kg/100 kg body 

weight (Williams et al. 2015), can make a collection of a representative sample 

difficult. Furthermore, due to the high fibre content of the horse faeces, 

homogenisation as described by Gorzelak et al. (2015), can be impractical. Several 

sample handling techniques prior to DNA extraction have been described in equine 

faecal microbiota studies. These have included: direct DNA extraction from frozen 

samples (Willing et al. 2009, Gronvold et al. 2010, Costa et al. 2012, Daly et al. 2012, 

Dougal et al. 2012, Blackmore et al. 2013), thawing of frozen samples and mixing 

them with a sterile spatula (Dougal et al. 2013, Schoster et al. 2013), homogenisation 

with water in a stomacher (Shepherd et al. 2012, Faubladier et al. 2013), or washing 

samples several times in phosphate buffered saline (Endo et al. 2009).  

The aims of the current study were to test whether the horse faecal microbiota 

distribute homogeneously within a sample, to compare the effect of two methods of 

sample processing prior to DNA extraction on microbiota composition, and to explore 

the effect of bead beating on the quantity of DNA extracted. 

5.3 Materials and methods 

5.3.1 Experiment I: Test for homogenous distribution of the horse 

faecal microbiota  

A single faecal sample was used for this experiment. Freshly voided faecal balls were 

collected from one of the teaching horses maintained by the Philip Leverhulme Equine 

Hospital (PLEH), University of Liverpool. The DNA was extracted immediately 

following the collection of the sample. Individual as well as multiple faecal balls were 

used to prepare four sets of sub-samples. In the first set, five DNA extractions were 

undertaken from five different locations of a single faecal ball using 200 mg of faecal 

material from each (samples labelled S1 – S5). The remaining portion of this faecal 

ball was mixed using a sterile spatula and 10 g of this mixture was homogenised with 

20 ml of ultrapure water in a stomacher (STOMACHER® 80 Biomaster) at high speed 
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for 10 minutes. The homogenate was then subjected to centrifugation at 14600 × g at 

4 ºC for 15 minutes. The supernatant was discarded and DNA was extracted in 

quadruplicate using 200 mg from the solid phase (samples labelled SH1 –SH4). Five 

other faecal balls were then used for DNA extraction using 200 mg from each (samples 

labelled M1 – M5). The same faecal balls were then mixed using a sterile spatula and 

10 g of the mixture were subjected to homogenisation in a stomacher, centrifugation 

and DNA extraction as detailed above (samples labelled MH1 – MH4). All DNA 

extractions were performed using the QIAamp DNA Stool Mini Kit (QIAGEN, UK) 

as per the manufacturer’s recommendations. Two minutes of bead beating using sterile 

3 mm tungsten carbide beads (QIAGEN, UK) in a QIAGEN TissueLyser II (QIAGEN, 

UK) at a frequency of 30 Hz and initial incubation at 95 ºC instead of 70°C were 

incorporated in the extraction protocol. Successful extraction was verified through gel 

electrophoresis of 10l of the DNA extract in 0.8% agarose in 1x TAE (Tris-acetate-

EDTA) buffer gels stained with peqGREEN (PEQLAB, UK) against 0.5g of Lambda 

DNA/HindIII marker (ThermoFisher, UK) and visualised in a gel doc. Extracted DNA 

was then stored at −20 ºC until needed. 

5.3.2 Experiment II: Effect of sample homogenisation prior to DNA 

extraction on faecal microbiota composition  

Faecal samples were collected from 7 broodmares 2 weeks post foaling. The samples 

were collected as a part of a longitudinal study investigating temporal stability of the 

horse faecal microbiota during the periparturient period (CHAPTER 6). Samples 

(approximately 200 g each) were collected from the ground directly following 

defecation into zipped plastic bags. The bags were moved to a fridge at the stud farm 

and once all samples were collected, the samples were moved to a –80 °C freezer 

where they were stored for 3 months. Before DNA extraction, the samples were 

allowed to thaw at room temperature, were mixed with a sterile spatula, and the total 

community DNA was extracted from approximately 200 mg of faecal material per 

sample. Another set of DNA extractions was performed from the same samples 

following homogenisation in a stomacher as described above. DNA extraction was 

performed using the QIAamp DNA Stool Mini Kit (QIAGEN, UK) with bead beating 

as previously described.  
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5.3.3 Experiment III: Effect of bead beating on DNA yield  

DNA was extracted in duplicate from 6 faecal samples collected from hospitalised 

horses at the PLEH using QIAamp DNA Stool Mini Kit (QIAGEN, UK) with or 

without a bead beating step. Bead beating was performed in a QIAGEN TissueLyser 

II using 3 mm tungsten carbide beads for two minutes. DNA yields were compared 

between the two methods (bead beating vs no beat beating) through gel electrophoresis 

of 10l of isolated DNA in 0.8% agarose in 1x TAE buffer gel stained with 

peqGREEN (PEQLAB, UK) against 0.5g of Lambda DNA/HindIII marker 

(ThermoFisher, UK). A 20 cm long gel was run at 4 V/cm in 1X TAE buffer for 1 h 

and visualised inn a gel documentation system.  

5.3.4 16S rRNA gene amplification and amplicon sequencing 

Bacterial DNA isolated from samples in Experiment I and II were amplified using the 

universal eubacterial 8F (5'-AGAGTTTGATCCTGGCTCAG-3') and 334R (5'-

TGCCTCCCGTAGGAGTCTG-3') forward and reverse primer set targeting the V1–

V2 hypervariable regions of the 16S rRNA gene. The forward primer was linked to 

the Ion 'A' adapter sequence (5'-CCATCTCATCCCTGCGTGTCTCCGACTCAG-3') 

and a sample-specific oligonucleotide barcode sequence, while the reverse primer was 

linked to the Ion 'P1' sequence (5'- 

CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT-3'). Samples 

were amplified in triplicates of 50 l polymerase chain reaction (PCR) mixture 

containing 10 l of genomic DNA initially diluted 1:10 in nuclease free water (Sigma-

Aldrich, UK), 10 l 5X Q5 reaction buffer, 10l 5X Q5  high GC enhancer, 200 M 

dNTPs, 0.5 M of each of the forward and reverse primers, one unit Q5®High-Fidelity 

DNA polymerase (New England Biolabs, UK) and nuclease free water to 50l. 

Thermal cycling conditions in Mastercycler® pro consisted of initial denaturation at 

98 ºC for 5 minutes followed by 20 cycles of denaturation (98 ºC for 20 seconds), 

annealing (53 ºC for 30 seconds) and extension (72 ºC for 40 second) then a final 

extension at 72 ºC for 5 minutes. Triplicates of each amplification reaction were mixed 

into a single volume of 150 l and successful amplification was verified through gel 

electrophoresis. Quantification of PCR products was performed by comparison of 

fluorescence intensities with those of known molecular weight standards 

(HyperLadder™ 1kb marker, Bioline, UK) using GeneTools analysis software 
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(Syngene, UK). Amplicon mixtures were then created from equimolar ratios of 

amplicon libraries and were purified using the E.Z.N.A® Cycle-Pure Kit (OMEGA 

bio-tek, USA) as per the manufacturer's protocol. 

Amplicon mixtures were resolved on 1.5% agarose in 1x TAE buffer gels stained with 

ethidium bromide and the desired bands were excised on a blue-light transilluminator.  

Retrieval of amplicons from the agarose gel matrix was achieved via spin columns 

developed at the University of Leicester. Apertures of approximately 1 mm were 

introduced into the base of 0.5 ml microcentrifuge tubes, packed to the transition of 

the conical section with polymer filtration wool. Adapted 0.5 ml tubes were then 

mounted inside 1.5 ml microcentrifuge tubes and excised gel fragments were loaded 

above the filtration wool. Tubes were twice subjected to centrifugation at 9000 x g for 

2 minutes providing eluates for purification with the E.Z.N.A.® Cycle-Pure Kit. Pooled 

amplicons were then subjected to final quality control on the Agilent 2100 

BioAnalyser (Agilent Technologies, USA) with a proprietary high sensitivity DNA kit 

as per the manufacturer's protocol and were submitted for sequencing utilising the Ion 

Torrent PGM (Life Technologies, UK) sequencing facility at the Department of 

Genetics, University of Leicester. Samples in Experiment I and II were processed in 

two separate sequencing runs. 

5.3.5 Data analysis  

5.3.5.1 Sequence filtering, OTU clustering and chimaera removal 

Sequence data were processed using the Quantitative Insights into Microbial Ecology 

pipeline (QIIME, version 1.8.0) (Caporaso et al. 2010b). Sequences from different 

samples were demultiplexed according to their barcode sequences, and low-quality 

sequences were filtered. Sequences were then clustered open-reference into 

operational taxonomic units (OTUs) at 97% identity threshold using the seed-based 

UCLUST algorithm (version 1.2.22q) (Edgar 2010). A representative sequence from 

each OTU cluster were then aligned to the GreenGenes core set (version 13.8) 

(DeSantis et al. 2006) using PyNAST (version 1.2.2) (Caporaso et al. 2010a). 

Taxonomic assignments of OTU representatives were performed using the UCLUST-

based consensus taxonomy assigner. Chimeric sequences were identified in the 

representative sequences using ChimeraSlayer (Haas et al. 2011) and a final OTU table 

was created, excluding identified chimeras. Gaps and hypervariable regions were 
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removed from representative sequences using the Lane mask filter before creating an 

approximately-maximum-likelihood phylogenetic tree using FastTree (Price et al. 

2010).  

5.3.5.2 Statistical analysis 

Further downstream analyses were performed in R software environment (version 

3.2.2) (R Core Team 2014) using the following statistical packages:'vegan' (Oksanen 

et al. 2015), 'metagenomeSeq' (Paulson et al.), 'DESeq2' (Love et al. 2014) and 

'phyloseq'  (McMurdie and Holmes 2013).  

The OTU count data were subjected to independent filtering (non-specific) to increase 

the statistical power (Bourgon et al. 2010), whereby OTUs were retained if they were 

detected in more than 4 samples (present in approximately 75% of the samples) 

(DiGiulio et al. 2015b), or were represented by at least 20 reads (Proudman et al. 

2015). The read count table was then normalised using the cumulative sum scaling 

method (CSS) as implemented in the ‘metagenomeSeq’ statistical package. The 

method involves scaling of all count data by a data driven scaling factor in order to 

avoid bias that may be introduced by preferential amplification of certain reads 

(Paulson et al. 2013). In addition, the read count table was log2 transformed, with one 

added to all read counts to avoid undefined log. Apart from alpha diversity analyses, 

all downstream analyses were performed on the normalised, log2 transformed count 

data.  

Alpha diversity analysis involved calculation of Chao1 (Chao 1984) and observed 

species measures of species richness and Shannon (Shannon 1948) and Simpson 

(Simpson 1949) diversity indices for population diversity from the non-normalised, 

non-filtered data and were examined graphically using the ‘phyloseq’ statistical 

package. Statistical comparisons of the results between samples extracted with or 

without homogenisation and a single versus multiple faecal balls extraction were 

performed using the Wilcoxon signed-rank test. To test for consistency of the results, 

alpha diversity analysis was also performed in QIIME using the script 

‘alpha_rarefaction.py’ with which the OTU table was rarefied (subsampled) without 

replacement to a minimum sequence depth before calculation of alpha diversity 

indices.  



 

207 

The normalised data were clustered hierarchically following calculation of a Bray–

Curtis (Bray and Curtis 1957) and a weighted-UniFrac (Lozupone et al. 2007) 

dissimilarity matrix based on the average linkage agglomerative clustering method 

(UPGMA). Principal coordinate analysis (PCoA), was performed on a Bray–Curtis 

and a weighted-UniFrac dissimilarity matrix calculated from the CSS normalised OTU 

table. Permutational multivariate analysis of variance (PERMANOVA) was used to 

compare Bray–Curtis and weighted-UniFrac dissimilarity metrics, taking into account 

the paired design of the study through the use of horse identity as a blocking variable 

via the strata argument in the ‘vegan::adonis’ function in R. That is, permutations were 

performed within each horse. In order to explore the consistency of the results when a 

different data normalisation technique was applied, ordination analysis was repeated 

on OTU tables normalised by rarefying to a minimum sequence depth with or without 

prior filtration of low-abundance taxa. 

The test for differential abundance was performed by comparing relative proportions 

of OTUs following agglomeration by different taxonomic ranks (Ardissone et al. 

2014) using the Wilcoxon signed-rank test followed by Benjamini–Hochberg 

adjustment for false discovery rate (Benjamini and Hochberg 1995). This was 

performed on filtered OTU tables which were normalised by rarefying to a minimum 

read count. Testing for differential abundance at the OTU level (without 

agglomeration) was performed using the DESeq2 statistical package (Love et al. 

2014). DESeq2 uses a Negative Binomial Wald Test that better reflects the over-

dispersion of OTU counts between biological replicates. The method has been shown 

to be efficient in analysing microbiome data (McMurdie and Holmes 2014). A multi-

factor design was used in order to account for the paired design of the current study. 

Both filtered and non-filtered OTU tables were used in order to explore the effect of 

filtration on the test detection power. OTUs were considered significantly 

differentially abundant between classes if their adjusted p-value was below 0.1.  
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5.4 Results 

5.4.1 Effect of bead beating on the DNA yield   

Incorporating a bead beating step in the DNA extraction protocol considerably 

improved the amounts of the DNA retrieved (Figure 5-1). 

 

Figure 5-1: Gel electrophoresis of 

DNA extracted with (bb), or 

without (No-bb) bead beating 

from horse faeces. Samples are 

paired by adjacent lanes. The DNA was 

extracted using the QIAamp DNA Mini 

Kit and the bead beating step was 

performed using 3mm tungsten carbide 

beads in the QIAGEN TissueLyser II at 

a frequency of 30 Hz for 2 minutes. 

 

5.4.2 Effect of homogenisation on the DNA yield  

Homogenisation of samples prior to DNA extraction resulted in a noticeable reduction 

in the amount of the DNA isolated when evaluated by gel electrophoresis (Figure 5-2). 

Furthermore, this technique resulted in more steps of sample handling and almost 

tripled the extraction time.  

Figure 5-2: Effect of sample 

homogenisation on the amount of 

the DNA extracted from horse 

faeces. Samples are paired by adjacent 

lanes. DNA was extracted using the 

QIAamp DNA Stool Mini Kit with bead 

beating using 3mm tungsten carbide 

beads in the QIAGEN TissueLyser II at a 

frequency of 30 Hz for 2 minutes. N-H = 

non-homogenised, H = homogenised.  

 

5.4.3 Effect of filtration on OTU count 

Sequencing of PCR-amplified 16S rRNA genes from 18 samples in Experiment I 

resulted in a total read count of 357,749, which were annotated to 8384 OTUs. Each 
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sample had at least 9,428 reads and there was a mean of 19,875 reads per sample. 

Filtration of low abundance taxa resulted in a massive reduction in the total OTU count 

to 1,559 (18.6% of the original OTUs count). However, the total number of reads left 

was still high at 329,572 (92.1% of the original read count). In this filtered OTU table, 

15 bacterial phyla were identified, but only 6 of them were identified at a relative 

abundance of 1% or more. These included Firmicutes, Bacteroidetes, Fibrobacteres, 

Proteobacteria, Spirochaetes and Tenericutes (Figure 5-3). Samples from Experiment 

II contributed 14 amplicon libraries that resulted in a 479,698 total read count and 

15,959 OTUs. Filtration of the OTU table resulted in a reduction in the total read count 

to 420,128 and of the OTU count to 2,500. Table 1 gives information about the number 

of reads and observations (OTUs) following removal of OTUs represented by single 

(singletons) or double (doubletons) reads in the two datasets.  

 

Figure 5-3: Relative abundance of filtered and CSS normalised OTU count table at the 

phylum level from samples in Experiment I (A) and II (B). M, MH, S, SH refer to DNA 

extraction from multiple, multiple homogenised, single and single homogenised faecal balls. H1 – H7 

refer to horse one to horse 7 from which samples in experiment II were collected. The asterisk indicates 

the sample was subjected to homogenisation prior to DNA extraction.    
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Table 5-1: Total read count and number of observations in the 2 datasets (Experiment I 

and II)  

Dataset Original data Singletons 

removed 

Doubletons 

removed 

OTUs 

shared in 

50% of 

samples  

OTUs 

shared in 

all 

samples 
Total 

reads 

OTU 

count 

Total 

reads 

OTU 

count 

Total 

reads 

OTU 

count 

Experiment I 357,749 8,384 355,128 5,763 352,860 4,269 1,748 344 

Experiment II 479,698 15,959 474,583 10,844 469,371 8,238 2,383 256 

Data are presented for original OTU count and following removal of singletons and doubletons. The 

table also provides the number of OTUs shared between 50% of samples and those present in all 

samples.  

5.4.4 Alpha diversity analysis   

In terms of alpha diversity measures, no significant differences were found between 

the grouping information in Experiment I or II, that is, single vs. multiple faecal balls 

extraction and homogenisation vs non-homogenisation. (Figure 5-4) Performing alpha 

diversity analysis in QIIME gave rise to similar non-significant results (Figure 5-5).  

 

Figure 5-4: Alpha diversity of faecal microbiota calculated on raw count data without 

rarefaction from samples in experiment I (A) and II (B). Observed species, Chao1, Simpson 

and Shannon estimates of alpha diversity are plotted by methods of sample processing. Bars on Chao1 

diversity index represent 95% confidence interval. Data points are coloured by sample processing (A) 

and by horse (B). Hom = homogenised, Non-Hom = non-homogenised  
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Figure 5-5: Rarefaction curves from Chao1 species richness estimator. The OTU table was 

randomly subsampled to the minimum sequence depth without replacement before calculation of alpha 

diversity indices. The curves are colour-coded to denote samples processed by different handling 

techniques. Hom = homogenised, Non-Hom = non-homogenised 

5.4.5 Cluster and ordination   

Samples in Experiment I were clustered by the method of sample processing while 

those in Experiment II were clustered by individual horses, rather than by methods of 

sample processing prior to DNA extraction (Figure 5-6). PCoA of a Bray–Curtis 

dissimilarity matrix (non-phylogenetic) calculated from samples in Experiment II 

showed clustering of the data within individual horses. In addition, running the same 

analysis on a weighted-UniFrac dissimilarity matrix (phylogenetic) displayed some 

clustering between methods of sample processing prior to extraction, that is 
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homogenisation vs. no-homogenisation. Some clustering of the samples was also 

evident in Experiment I (Figure 5-7). 

PERMANOVA performed using ‘vegan::adonis’ function showed a significant effect 

of homogenisation of samples in Experiment II (p-value = 0.02, R2 = 0.06 for Bray–

Curtis and p -value = 0.02 and R2 = 0.17 for weighted-UniFrac) and of DNA extraction 

from single vs. multiple faecal balls in Experiment I (p-value = 0.03, R2 = 0.22 for 

Bray–Curtis and p-value = 0.002, R2 = 0.32 for weighted-UniFrac) on beta diversity. 

Repeating cluster and ordination analysis using rarefying (random subsampling to a 

minimum sequence depth), as a different method of data normalisation with or without 

filtration of low abundance taxa gave rise to similar results (data not shown). 

5.4.6 Differential abundance  

The Wilcoxon-signed-rank test identified some differentially abundant taxa 

(agglomerated by phylum taxonomic rank) between the two methods of sample 

processing in Experiment II, but none remained significant following adjustment for 

multiple comparison testing. There was a tendency of increased recovery of 

Firmicutes, Actinobacteria, TM7 and Proteobacteria by homogenisation while 

Bacteroidetes and Verrucomicrobia were more abundant in non-homogenised samples 

(Figure 5-8). Several differentially abundant taxa were identified by negative binomial 

model analysis in Experiment II data (Figure 5-9). The number of significant tests (p-

value adjusted <0.1) were 257 and 208 from filtered and non-filtered OTU tables 

respectively.  
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Figure 5-6: Agglomerative hierarchical cluster analysis performed on a Bray–Curtis (top 

panel) and a weighted-UniFrac (bottom panel) dissimilarity metrics calculated from 

filtered and CSS normalised OTU tables. The samples are labelled by methods of sample 

processing. There is some clustering in the data from the experiment I (A) while samples in Experiment 

II (B) showed no clear clustering especially in the tree built with The Bray-Curtis metric.   
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Figure 5-7: Results of principal coordinate analysis performed on a Bray–Curtis (top 

panel) and a weighted-UniFrac (bottom panel) dissimilarity metrics calculated from 

filtered and CSS normalised OTU tables constructed from Experiment I (A) and II (B).  
The data points are identified by horse  (B) and by sample processing (A, B). Some clustering by sample 

processing is evident in both data sets, especially with the weighted-UniFrac dissimilarity matrix.   
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Figure 5-8: Boxplots of differentially abundant taxa at phylum level in the data generated 

from Experiment II.  The plots were generated from filtered and rarefied OTU table.  

 

Figure 5-9: Results of negative binomial model analysis (DESeq2) performed on filtered 

OTU table from Experiment II. Log2 fold change compares non-homogenised to homogenised 

samples.   
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5.5 Discussion 

The current study has investigated the effect of two handling techniques of faecal 

samples collected from horses prior to DNA extraction on the DNA yield and on the 

microbial community profile examined by NGS technology. Bead beating resulted in 

a noticeable increase in the DNA yield from horse faeces. The influence of bead 

beating on the microbial community structure was not investigated in the current study. 

However, previously published studies reported variations in both community 

composition and DNA quantity following different extraction methods (Martin-

Laurent et al. 2001, Feinstein et al. 2009, Cabrol et al. 2010, Davis et al. 2012). A 

recent study that investigated microbial community composition of infants’ faeces 

using a 16S rRNA gene sequencing methodology reported that successful detection of 

Bifidobacteria (the most abundant genera in infants’ faeces) was greatly dependent on 

the extraction method where failure to include beat beating in the DNA extraction 

technique resulted in complete absence of the bacterium during subsequent sequence 

data analysis (Walker et al. 2015). In the study reported here, a QIAGEN TissueLyser 

II and 3 mm tungsten carbide beads were used for the bead beating step, which was 

previously found comparable to the Mini Beadbeater 8 in terms of quantity of the DNA 

isolated and of the number of bands in denaturing gradient gel electrophoresis (Smith 

et al. 2011). 

Homogenisation as described in the current study resulted in a considerable reduction 

in the quantity of the DNA isolated. Homogenisation might have helped to release 

fibre adherent bacteria in samples. However, at the same time, this may have resulted 

in loss of many of these bacteria in the discarded supernatant. Although a negative 

control was not included in the sequencing run, a recent study reported that 

contamination was a predominant feature of sequencing data from low biomass 

samples (Tanner et al. 1998, Salter et al. 2014) and this can be a likely problem if 

homogenisation is performed due to a reduction in the amount of DNA isolated.  

Independent filtering has been reported to increase the statistical power for detection 

of differentially abundant taxa (increased sensitivity) through reduction of the number 

of pairwise comparisons (Bourgon et al. 2010). In addition, it has also been  reported 

to improve beta diversity comparison (Bokulich et al. 2013). The current study 
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investigated the effect of filtration on beta diversity analysis and on testing for 

differential abundance. No effect of filtration on differential abundance testing was 

evident when the data was agglomerated by taxonomic ranks before testing. However, 

the number of significantly differentially abundant taxa was increased when the OTU 

table was subjected to independent filtering prior to negative binomial model analysis, 

which corroborates with other studies (Bourgon et al. 2010). It is plausible that whilst 

agglomeration of the data by taxonomic ranks provides a good visual representation 

of differential abundance, it reduces the statistical power to detect significant 

differences, and testing at the OTU level should not be overlooked. 

A unique feature of the horse gut microbiota that was previously reported (Proudman 

et al. 2015) and that is also evident in the current study compared with humans is the 

greater number of low abundance OTUs. This might suggest that filtration of low 

abundance taxa is even more crucial in the analysis of horse faecal microbiome data. 

The authors of the latter study suggested that these numerous low abundance taxa may 

be environmental bacteria ingested in considerable numbers with plant fibres and soil 

contamination that travel down along the horse gut and consequently with faeces.  

Alpha diversity is a measure of within sample species variety and has two components: 

richness (a measure of the number of species in a sample) and evenness (a measure of 

similarity of species abundance in a sample). Reduction in biodiversity is often used 

to indicate disturbances in microbial communities in relation to an ongoing disease 

process (Turnbaugh et al. 2009, Elli et al. 2010, de Weerth et al. 2013). The aim of the 

current study was to test if direct evaluation of alpha diversity without rarefication as 

implemented in ‘phyloseq’ statistical package resulted in estimates that are close to 

those obtained when rarefication analysis is performed, which has been demonstrated 

by these results. Beta diversity, on the other hand, involves splitting biodiversity 

among samples, e.g. the number of OTUs shared between two samples. This can be 

qualitative and uses presence/absence information to compare community structure, 

or it can be quantitative and takes into account the relative abundance of OTUs. 

Examples of qualitative metrics are Jaccard and unweighted-UniFrac dissimilarity 

metrics, and examples of quantitative metrics are Bray–Curtis and weighted-UniFrac 

dissimilarity metrics (Lozupone et al. 2007). Methods used for sample handling 

investigated in the current study had a significant impact on beta diversity with an 
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effect size of up to 32% in case of single vs multiple faecal balls DNA extraction. Such 

results were consistent with different methods of normalisation and with, or without 

independent filtering of the data. These findings are also consistent with human studies 

(N. A. Kennedy et al. 2014, Walker et al. 2015).  

A number of differentially abundant OTUs were identified by the negative binomial 

analysis model between samples processed with or without homogenisation. The 

model runs on non-normalised data as variance stabilising transformation of the data 

is performed as a part of the model fitting. One key issue with these data normalisation 

techniques, including CSS, is that they cannot be used with presence/absence metrics, 

such as binary Jaccard or unweighted-UniFrac. Data normalisation by rarefying to the 

minimum sequence depth also resulted in similar differential abundance and 

ordination results confirming this approach can be a valid option to data normalisation, 

especially when there are large differences in library size among samples (Weiss et al. 

2015). 

For samples in Experiment I, the multi-factor design of a model matrix (to account for 

paired design) in DESeq2 could not be created and therefore a negative binomial 

model was not used to test for differential abundance in this dataset (Love et al. 2014).  

In the current study, there was a tendency for increased recovery of Firmicutes and 

decreased recovery of Bacteroidetes by homogenisation. The Firmicutes to 

Bacteroidetes ratio has been frequently used as a biomarker for differences in 

microbial community profiles and dysbiosis in human microbiome studies (Bervoets 

et al. 2013, Chung et al. 2015, Ling et al. 2015). The impact of sample processing on 

this ratio has been previously documented (Wu et al. 2010, Bahl et al. 2012) and 

therefore caution should be taken when comparing results between studies where 

different sample processing methods were used.  

In conclusion, the study reported here has identified a significant effect of the type of 

sample processing prior to DNA extraction on the microbial community structure of 

horse faeces. In addition, microbial communities have been shown to vary between 

subsamples taken from the same sample. Various normalisation techniques used in the 

current study resulted in consistent results. Filtration of low abundance OTUs was 

found to increase the statistical power to detect differentially abundant taxa. 

Homogenisation as described in the present study, was found to have a negative impact 
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on the DNA yield and was time-consuming. Based on these findings, horse faeces 

should be thoroughly mixed before both sampling and DNA extraction instead of 

homogenisation in a liquid medium, and low abundance taxa should be filtered prior 

to beta diversity and differential abundance analysis.   
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6.1 Summary 

Change in management including diet have been reported to be associated with 

increased risk of colic. Additionally, seasonal patterns of colic identified in some 

studies have been attributed to seasonal changes in management. Shifts in gut 

microbiota composition in response to dietary and turnout changes have been proposed 

as an underlying reason for these observed risk associations. Although this hypothesis 

has been partially justified in recent studies that investigated changes in horse faecal 

microbiota composition associated with dietary shifts, it is currently unknown whether 

the horse faecal microbiota is stable during consistent management at pasture. The aim 

of the current study was to investigate temporal variation in faecal microbiota in a 

population of horses managed at pasture year-round without any stabling regimen. 

Faecal samples were collected every 14 days from a group of 7 horses for 52 weeks. 

The DNA was extracted from these samples and was used to create 16S rRNA gene 

amplicon libraries by PCR amplification of the V1–V2 variable regions of the bacterial 

16S rRNA gene. The libraries were sequenced using the Ion Torrent PGM next-

generation sequencing technology and the sequence data were processed using the 

QIIME pipeline followed by statistical analyses in R software environment using add-

on Bioconductor statistical packages. The horse faecal microbiota was dominated by 

members of the phylum Firmicutes and Bacteroidetes throughout the study. Significant 

effects of timing of sample collection, type of feed (grass vs grass & haylage) and 

ambient weather conditions on the composition of the horse faecal microbiota were 

identified. A clear cyclical pattern of change in composition of these microbial 

populations was also prominent. These results suggest that the horse faecal microbiota 

is in a continuous state of adaptation and change in response to environmental factors. 

The development of colic in relation to change in management may not be simply due 

to shifts in gut microbiota composition, but rather reduction in the adaptive capacity 

of the horse gut microbiota. This hypothesis, however, needs further investigation in a 

study that compares temporal variation in gut microbiota composition in horses that 

did or did not develop clinical signs of colic.   
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6.2 Introduction 

Colic is an important health problem of managed horse populations and is ranked 

highly as a health issue of great concern to horse owners (Mellor et al. 2001). It has 

been reported as either the most common or the second most common cause of death 

or euthanasia in managed horse populations (Kaneene et al. 1997b, Tinker et al. 1997a, 

Ireland et al. 2011). Multiple epidemiological studies have investigated risk factors for 

colic at both horse and management level and have identified a number of modifiable 

and non-modifiable risk factors. Knowledge of factors that can be modified can be 

used to devise preventive strategies to reduce the incidence of colic (Archer and 

Proudman 2006). Some of the consistently reported risk factors for colic include 

change in management including feeding practices such as feeding a new batch of hay, 

a change in type of hay, a change in type and amount of concentrate, decreased access 

to pasture and increased time spent stabled (Cohen et al. 1995b, Cohen and Peloso 

1996, Tinker et al. 1997b, Cohen et al. 1999). It has been hypothesised that these 

dietary changes may disrupt the colonic microflora, which may induce changes in 

colonic pH and volatile fatty acid production, predisposing horses to intestinal 

dysfunction (colic) (Cohen et al. 1999, Hudson et al. 2001). 

An apparent increase in the incidence of colic in the spring and autumn months in the 

UK was observed in a first opinion practice over a 2-year period (Proudman 1992) and 

a similar pattern was reported in Thoroughbred horses in training (Hillyer et al. 2001). 

Two prospective cohort studies conducted over a 12-month period in the USA also 

reported increased incidence of colic during the months of December, March and 

August (Tinker et al. 1997a) and in spring compared with summer or autumn (Traub-

Dargatz et al. 2001). Significant seasonal patterns have also been identified for some 

specific types of colic including epiploic foramen entrapment, large colon impaction, 

large colon displacement/volvulus (Archer et al. 2006) and idiopathic focal 

eosinophilic enteritis (Archer et al. 2014). Furthermore, seasonal patterns of colic 

occurrence have been identified in a working horse population in Egypt (CHAPTER 

2). It has been suggested that these seasonal patterns of colic incidence may be related 

to management including changes in feeding practices (Hillyer et al. 2001, Archer and 

Proudman 2006). It is plausible therefore that changes in gut microbial populations in 
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response to changes in diet, patterns of turnout and weather may play a role in these 

observed seasonal patterns of colic. 

The microbial communities in the horse large intestine, known as intestinal microbiota 

(Morgan and Huttenhower 2012, Tremaroli and Backhed 2012), have a major role in 

the normal digestive physiology of the horse. Horses are hindgut fermenters where 

digestion of plant fibres depends on anaerobic microbial fermentation in the caecum 

and large colon. Volatile fatty acids (VFA), notably acetate, propionate and butyrate, 

which are the main end products of these fermentation processes, supply 

approximately 75–80% of the absorbed energy from hay and 20–30% of the total 

energy requirements of the horse (Bergman 1990, Vermorel and Martin-Rosset 1997). 

Other primary functions of the horse hindgut are the ability to store and absorb large 

amounts of fluid, a volume which is approximately equivalent to the horse total 

extracellular fluid volume, active absorption of minerals such as sodium, chloride, 

potassium and phosphate as well as synthesis of B vitamins (Hintz et al. 1978). Having 

adapted to high fibre, low energy diets, challenging these microbial populations with 

diets containing large amounts of readily hydrolysable carbohydrates (hCHO), 

generally in the form of grains, has been reported to result in rapid build-up of lactic 

acid, lower the pH of the caecal and colonic contents and to alter the hindgut microbial 

population (Goodson et al. 1988, Clarke et al. 1990, Medina et al. 2002, Daly et al. 

2012). Dysbiosis or dysbacteriosis, defined as an imbalance among different microbial 

species in the gut, has been reported to be associated with many disease processes in 

both animals and humans such as colitis, simple colonic obstruction and distension 

colic, postpartum colic, laminitis, obesity and inflammatory bowel disease (Turnbaugh 

et al. 2009, Elli et al. 2010, Costa et al. 2012, Daly et al. 2012, Steelman et al. 2012, 

de Weerth et al. 2013, Parekh et al. 2015, Weese et al. 2015)  

There is a growing body of evidence to suggest that perturbation of horse hindgut 

microbial communities in response to diet change (Fernandes et al. 2014), feeding a 

high-concentrate diet (Daly et al. 2012, Moreau et al. 2014), changes in access to 

pasture (van den Berg et al. 2013) and transportation (Faubladier et al. 2013) may play 

a role in the relationship between these known risk factors and colic risk. Currently, it 

is unknown whether temporal stability is a primary feature of these microbial 

populations. A single study has investigated temporal stability of faecal microbiota of 
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ponies fed a commercial diet using a culture-independent technique, namely terminal 

restriction fragment length polymorphism (TRFLP) (Blackmore et al. 2013). The 

study collected 10 faecal samples from each of 6 ponies fed a commercial diet over a 

72-hour period and the same sampling strategy was then repeated after 11 weeks. The 

latter study reported significant inter-horse variation during the two study periods. This 

inter-individual variation is widely acknowledged in both human and animal 

microbiome studies (Arumugam et al. 2011, Wu et al. 2011, Proudman et al. 2015) 

and should be carefully considered in similar studies to avoid masking of any other 

test hypotheses (Wu et al. 2010). The statistical methods used in the study performed 

by Blackmore et al. (2013) were unable to differentiate between this strong individual 

horse effect and any temporal trend in the data. Furthermore, the technique used to 

study these microbial populations is not without limitations, as TRFLP is known for 

its inability to compare species richness and population diversity between 

communities (Dunbar et al. 2000).   

In the current study, a next generation sequencing methodology was used to examine 

faecal microbiota of a population of horses managed at pasture over a 52-week period. 

The main objective of the study was to determine if temporal stability is an integral 

feature of the horse gut microbiota in horses that are kept at pasture using statistical 

methods that can differentiate between temporal and individual horse effects. A 

secondary aim was to investigate if weather conditions such as rainfall and ambient 

temperature had any effect on these microbial populations. 

6.3 Materials and methods 

The study was conducted with the approval of the University of Liverpool Veterinary 

Research Ethics Committee (VREC207) and informed consent was obtained from the 

owner of the horses.  

6.3.1 Horses 

The study population consisted of 7 horses that were managed together on the same 

grass paddock year-round (i.e. these horses were not stabled). The horses included 4 

Warmbloods (3 females and a gelding), a Thoroughbred female and two female Welsh 
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ponies. Their ages ranged from 3 to 10 years (Table 6-1). The horses were healthy and 

had no history of any changes in diet, turnout, transportation, medical problems nor 

had any medications been administered in the 30-day period prior to the start of sample 

collection. Similarly, none of the horses had a history of colic in the previous 12 

months nor had undergone any form of abdominal surgery. The horses were not in 

direct contact with any other horses, did not exhibit any stereotypic behaviours and 

were looked after by two carers. They had free access to grass and water without any 

hard feed or supplements being introduced. During the months of the year when grass 

become scarce, the horses received supplementary haylage and the timing of 

introduction and conclusion of this was recorded. Horses 6 and 7 received an additional 

diet of Course Mix (concentrate feed) during the first three sampling time points only. 

During the first visit, a horse identification chart was completed and a digital image 

was taken of each horse to ensure they were accurately identified at each visit.  

Table 6-1: Summary of the demographics of the horses, results of faecal worm egg count 

and total number of samples collected from each horse.  

Horse  Age 

(year)  

Breed   Sex  First WEC (eggs/g) Second WEC  (eggs/g) No. of 

samples 

collected WEC  Infection 

intensity 

WEC Infection 

intensity 

1 4 Warmblood Gelding  325 Moderate  1125 High  28 

2 10 Warmblood Female  0 Zero 0 Zero 28 

3 6 Thoroughbred  Female  825 High  800 High 28 

4 4 Welsh Pony Female  475 High  250 Moderate  28 

5 5 Welsh Pony Female  2000 High  200 Moderate 28 

6 3 Warmblood Gelding 300 Moderate  - - 5 

7 3 Warmblood Female  575 High  725 High 27 

WEC = worm egg count 

6.3.2 Sample collection 

Horses were sampled every 14 days between 14 April 2014 and 14 April 2015, 

contributing 27 sampling time points (sampling time points were labelled as T1–T27) 

(Figure 6-1). Samples (about 200 g each) were collected from the ground immediately 

following observed defecation from each specific horse and these were placed into 

sealable plastic bags. The bags were transferred within 2–6 hours to a −80 ºC freezer. 

To ensure consistency of the time of the day when samples were collected, the start of 

each visit to the field was fixed at 0900 hours. Only 6 horses contributed samples at 

all sampling time points, as horse number 6 was euthanased after T4 due to a skin 



 

226 

injury to the lower forelimb. Samples that were collected at T15 were mistakenly left 

in the fridge for a week prior to freezing and therefore were excluded from the study. 

Table 6-2 summarises dates of sample collection, feeds available for the horses at each 

sampling time point and any management changes that occurred e.g. administration of 

anthelmintic.  

6.3.3 Parasite testing 

The horses were tested for gastrointestinal parasite burdens twice during the study 

period. The first faecal worm egg count testing was concurrent with T1 while the 

second test was concurrent with T21. The results of the worm egg count are given in 

Table 6-1. Infection intensity was classified based on the number of eggs/g of faeces 

into zero/low infection (<100 eggs/g), moderate infection (100–400 eggs/g) and high 

infection intensity (>400 eggs/g). The horses had been administered an anthelmintic 

preparation containing moxedectin and praziquantel 10 days before T4. In order to 

explore the effect of such treatment on the horse faecal microbiota composition and to 

account for any possibility that this would skew our results, faecal samples were 

collected 3 days post dosing (samples labelled T4*) and processed the same way as 

the rest of the samples.  

 

Figure 6-1: A schematic diagram of the sampling strategy used in the current study.  
Samples marked with an asterisk were collected to investigate the effect of anthelmintic treatment on 

the horse faecal microbiota 
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Table 6-2: Summary of dates of sample collection, the feeds the horses were receiving at 

each sampling time point, and notes of any changes in routine management of the horses 

and any drugs administered.  

Sampling 

time points 

Date Feeds Notes 

T1 14/04/2014 Grass and haylage Horses 6 and 7 were receiving a diet of Course 

Mix 

T2 28/04/2014 Grass and haylage Horses 6 and 7 were receiving a diet of Course 

Mix 

T3 12/05/2014 Grass and haylage Horses 6 and 7 were receiving a diet of Course 

Mix 

T4* 19/05/2014 Grass and haylage An anthelmintic was administered 3 days before 

this sampling date. Horse 7 was not sampled 

T4 26/05/2014 Grass and haylage - 

T5 08/06/2014 Grass Horse 6 was euthanased because of a lower limb 

injury, haylage was removed 2 weeks before T5 

for all horses 

T6 24/06/2014 Grass - 

T7 06/07/2014 Grass - 

T8 22/07/2014 Grass - 

T9 05/08/2014 Grass - 

T10 19/08/2014 Grass - 

T11 02/09/2014 Grass - 

T12 16/09/2014 Grass - 

T13 30/09/2014 Grass - 

T14 14/10/2014 Grass - 

T15 28/10/2014 Grass Samples were excluded, as they had been left in a 

refrigerator for a week prior to freezing 

T16 11/11/2014 Grass - 

T17 25/11/2014 Grass - 

T18 09/12/2014 Grass - 

T19 23/12/2014 Grass - 

T20 06/01/2015 Grass and haylage - 

T21 20/01/2015 Grass and haylage - 

T22 03/02/2015 Grass and haylage - 

T23 17/02/2015 Grass and haylage - 

T24 03/03/2015 Grass and haylage - 

T25 17/03/2015 Grass and haylage - 

T26 31/03/2015 Grass and haylage - 

T27 14/04/2015 Grass and haylage - 

6.3.4 Meteorological data 

Meteorological data collected included lowest, average and highest temperature; 

rainfall; and highest and average wind speed. These were recorded at each of the 

sampling time points. These data were collected from a local weather station (National 

Centre for Atmospheric Science 2015). This station was not functioning during the 
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first 4 sampling dates and therefore a second nearest weather station to the sampling 

site was used instead (WU WEATHER UNDERGROUND 2015) 

6.3.5 DNA extraction 

Frozen faecal samples were allowed to thaw overnight at room temperature and then 

were homogenised using a sterile spatula prior to DNA extraction. The DNA was 

extracted from approximately 200 mg of faecal material per sample using the QIAamp 

DNA Stool Mini Kit (QIAGEN, UK) as per the manufacturer’s instructions. In order 

to maximise bacterial cell lysis, samples were bead beaten after the InhibitEX buffer 

was added using sterile 3 mm tungsten carbide beads in a QIAGEN TissueLyser II 

(QIAGEN, UK) at a frequency of 30 Hz for 2 minutes. Samples were also initially 

incubated at 95°C instead of 70°C for the same purpose. Successful extraction was 

verified by gel electrophoresis of 10 l of the DNA extract in 0.8% agarose, 1X TAE 

(Tris-acetate-EDTA) buffer gel stained with peqGREEN (PeQlab VWR, UK) against 

0.5 g of Lambda DNA/HindIII marker (Life Technologies, UK) and visualised on a 

gel doc. Extracted DNA was stored at –20°C for batch PCR amplification of 16S 

ribosomal ribonucleic acid (rRNA) gene. The median time between sample collection 

and DNA extraction was 109 days (range 47–184 days; interquartile range 83, 136.5 

days). 

6.3.6 Creation of amplicon libraries and sequencing 

The universal eubacterial 8F and 334R forward and reverse primer set were used to 

amplify the V1–V2 hypervariable regions of the bacterial 16S rRNA gene. The 

forward primer (5’-CCATCTCATCCCTGCGTGTCTCCGACTCAG|BarcodeX| 

Barcode Adapter|AGAGTTTGATCCTGGCTCAG-3’) consisted of the 30 nucleotide 

Ion adapter 'A' sequence (sequence in bold), 10–12 nucleotide sample-specific 

oligonucleotide barcode sequence (Ion Xpress barcodes; Life Technologies), 3 

nucleotide linker sequence and the 20 nucleotide 8F primer (sequence in italics), while 

the reverse primer (5’- 

CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT|TGCCTCC

CGTAGGAGTCTG -3’) consisted of the Ion 'P1' sequence (sequence in bold) and the 

19 nucleotide 334R primer (sequence in italics).  
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Samples were amplified in triplicates of 50 l PCR reactions as this was previously 

reported to reduce PCR amplification bias (Polz and Cavanaugh 1998, K. Kennedy et 

al. 2014). Each PCR reaction mixture consisted of 10 l of genomic DNA initially 

diluted 1:10 in nuclease-free water (Sigma-Aldrich, UK), 10 l 5X Q5 reaction buffer, 

10l 5X Q5 high GC enhancer, 200 M dNTPs, 0.5 M of each of forward and 

reverse primers, one unit Q5®High-Fidelity DNA polymerase (New England Biolabs, 

UK) and nuclease free water up to 50l. Thermal cycling conditions in T100 Thermal 

Cycler (Bio-Rad, UK) consisted of initial denaturation at 98°C for 5 min followed by 

25 cycles of denaturation (98 C for 20 sec), annealing (53 °C for 30 sec) and extension 

(72 °C for 40 second), then a final extension at 72 °C for 5 min. Triplicate PCR 

products were pooled into a single volume of 150 l and successful amplification was 

verified by gel electrophoresis of 5l of amplified products against 5l of GneRuler 

100bp DNA marker (Life Technologies, UK) on a 1.5% agarose in 1X TAE (tris-

acetate-EDATA) buffer gels stained with peqGREEN. The gels were then visualized 

in a gel-doc where the expected band size was 400 bp.  

Quantification, purification, final quality control checks and sequencing of the 16S 

rRNA gene amplicon libraries were performed in the Genetics Department, University 

of Leicester. The DNA was quantified by resolving 5l from each of the amplicon 

libraries on 1.5% agarose in 1X TAE buffer gel stained with ethidium bromide and 

their fluorescence intensities were compared to those of known molecular weight 

standards (HyperLadder 1kb marker; Bioline, UK) using the GeneTools analysis 

software (Syngene, UK). Equimolar ratios of a maximum of 56 samples were then 

mixed to create 3 amplicon mixtures. Pooled amplicon mixtures were then purified 

using the E.ZNA® Cycle-Pure Kit (OMEGA bio-tek, USA) following the 

manufacturer’s instructions. Purified amplicon mixtures were resolved on 1.5% 

agarose in 1X TAE buffer gel stained with ethidium bromide and the desired bands 

were excised on a blue-light transilluminator. Retrieval of amplicons from the agarose 

gel matrix was achieved via spin columns developed at the University of Leicester. 

Apertures of approximately 1 mm were introduced into the base of 0.5 ml 

microcentrifuge tubes, packed to the transition of the conical section with polymer 

filtration wool. Adapted 0.5 ml tubes were then mounted inside 1.5 ml microcentrifuge 

tubes and excised gel fragments were loaded above the filtration wool. Tubes were 
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twice subjected to centrifugation at 9000 × g for 2 minutes providing eluates for 

purification with the E.Z.N.A® Cycle-Pure Kit. Pooled amplicon libraries were then 

subjected to final quality control on the Agilent 2100 BioAnalyser (Agilent 

Technologies, USA) with a proprietary high sensitivity DNA kit as per the 

manufacturer’s instructions and were submitted for sequencing using the Ion Torrent 

Personal Genome Machine (PGM) sequencing technology (Life Technologies, UK).  

6.3.7 Data analysis 

6.3.7.1 Sequence filtering, OTU clustering and chimera removal 

The data generated from sequencing of 16S rRNA gene amplicons were processed 

using the Quantitative Insights into Microbial Ecology pipeline (QIIME, version 1.9.1, 

http://qiime.org/) (Caporaso et al. 2010b). Sequences from different samples were 

demultiplexed according to their barcode sequences using the ‘split_libraries.py’ 

QIIME script. Quality filtration parameters of this step included a minimum quality 

score of 20, truncation of low quality sequences at the first base if a 20 bp sliding 

window was found, a maximum barcode error of zero, a maximum primer mismatch 

of 2, a maximum length of homopolymer of 5, a maximum number of ambiguous bases 

of 2, a minimum and a maximum read length or 200 bp and 500 bp, respectively. From 

a total of 14,724,893 input sequences, this filtration step resulted in 4,741,263 quality 

sequences (32.2 % of the initial sequence count). Chimeric sequences were then 

identified using the UCHIME algorithm (Edgar et al. 2011). The algorithm performs 

both de novo (abundance-based) and reference based chimaera detection. The software 

was informed by the Greengenes (version 13.8) reference database (DeSantis et al. 

2006). 

Sequences were then clustered open-reference into operational taxonomic units 

(OTUs) at a 97% identity threshold using the USEARCH (version 6.1.544) (Edgar 

2010). A representative sequence from each OTU was aligned to Greengenes core set 

(version 13.8) (DeSantis et al. 2006) using PyNast (Caporaso et al. 2010a). Taxonomic 

assignments of OTU representatives were made using the Ribosomal Database Project 

(RDP) classifier (version 2.2) (Wang et al. 2007) informed with the Greengenes 

reference database at an 80% confidence limit. Representative sequences were then 

filtered to remove gaps and hypervariable regions using the Lane mask before creating 

http://qiime.org/
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an approximately-maximum-likelihood phylogenetic tree using FastTree (Price et al. 

2010). 

6.3.7.2 Statistical analysis 

Statistical analyses were performed on R software environment (version 3.2.5) (R Core 

Team 2014) using the following add-on statistical packages 'phyloseq' (McMurdie and 

Holmes 2013), 'ggplot2' (Wickham 2009), 'nlme' (Pinheiro et al. 2015), 'vegan' 

(Oksanen et al. 2015), 'cluster' (Maechler et al. 2016) and 'DESeq2' (Love et al. 2014)  

6.3.7.2.1 Data filtration and normalisation 

Alpha diversity analysis was performed on a non-filtered, non-normalised OTU table, 

whereas the data were filtered and normalised prior to other analyses. Data filtration 

involved excluding OTUs that were present in less than 10 samples (approximately 

5% of the samples) or were represented by less than 20 reads from the total sequences. 

Data filtration has been previously reported to improve diversity analysis (Bokulich et 

al. 2013) and statistical power to detect differentially abundant OTUs (Bourgon et al. 

2010). Data normalisation was implemented by random subsampling (rarefying) to a 

minimum sequence depth of 9824 reads without replacement to take into account 

unequal sequencing depths among samples.  

To explore the relative abundance of different bacterial groups of the horse faecal 

microbiota at different sampling time points, the data were condensed at different 

taxonomic ranks and the mean relative abundance of these bacterial groups were 

presented in the form of area plots and tables. Samples collected before and following 

the anthelmintic treatment (T3 and T4*) were compared for community diversity using 

the Wilcoxon-signed rank test and for community structure using permutational 

multivariate analysis of variance (PMANOVA) following calculation of Weighted-

UniFrac, Bray–Curtis and Jensen–Shannon divergence dissimilarity metrics. 

Significant differences in community structure were identified and therefore the 

sample T4* was excluded from any downstream analysis.  

6.3.7.2.2 Cluster and ordination analysis 

The data were clustered using Principal Coordinates analysis (PCoA) eigenvectors of 

a Bray–Curtis dissimilarity matrix derived from the normalised OTU table. The most 

important eigenvectors were chosen and clustered using the partitioning around 
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medoids algorithm (cluster::pam function in R) (DiGiulio et al. 2015b). The number 

of clusters (K = 3) was estimated using the gap statistic. Using these 3 clusters, 

nonmetric multidimensional scaling ordination of a Bray–Curtis distance was 

performed. Weather data including the highest, average and lowest temperature; the 

highest and average wind speed; and rainfall were compared between the identified 

clusters  using a Kruskal–Wallis rank sum test followed by Dunn’s post hoc test  (Dunn 

1961) and Benjamini Hochberg adjustment for false discovery rate (Benjamini and 

Hochberg 1995). The results of this analysis are presented in boxplots. 

Constrained ordination analysis was performed using distance-based redundancy 

analysis (db-RDA). The model was build using the vegan::ordiR2step function in R. 

This function performs automatic forward stepwise selection of explanatory variables 

using the two stopping criteria suggested by Blanchet et al. (2008). The function tries 

to maximise the adjusted R2 at every step, and the procedure stops when the adjusted 

R2 starts to decrease, or the adjusted R2 of the full model is exceeded, or the selected 

permutation significance level (p-value = 0.05) is exceeded. Explanatory variables 

available for the model building included time of sample collection; the highest, 

average and lowest ambient temperature; highest and average wind speed; and rainfall 

as continuous variables; and season of sample collection, horse identity and type of 

feed as categorical variables. Season of sample collection was classified as spring 

(March – May), summer (June – August), autumn (September – November) and winter 

(December – February), while feed was classified as haylage, and grass plus haylage. 

Variation in the data due to individual horse effect was excluded from model building 

through the use of the argument ‘Condition’ in the capscale::vegan function.  

6.3.7.2.3 Alpha diversity analysis 

Four diversity measures were calculated including observed species and Chao1 index 

(Chao 1984) for species richness (a measure of the number of species within a 

community) and Shannon (Shannon 1948) and Simpson (Simpson 1949) diversity 

indices for population diversity (a measure of both species richness and similarity of 

species abundance within a community). The change of these estimates over time was 

first explored using boxplots and loess regression curves and was then modelled using 

linear mixed-effects (LME) modelling procedures. A random intercept and slope 

model was built for each measure where sampling time was included as a fixed effect 
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variable and where the horse was included as a random effect. The models were built 

using the maximum likelihood method which allowed exploration of the effect of 

incorporating higher order terms of time into models using Akaike information 

criterion (AIC) (Sakamoto et al. 1986). Higher order terms that resulted in a reduction 

of AIC by at least 2 were considered significant.  

The effect of weather data on alpha diversity measures was also investigated using 

LME modelling procedures. Due to high correlation between weather data, six models 

were built for each of the diversity measures, and each included different combinations 

of weather data variables. The model that best fitted the data was chosen based on the 

AIC value. This was followed by adding other explanatory variables (season of sample 

collection and type of feed [haylage vs grass & haylage]) into the chosen model where 

the improvement in model fit was tested using the AIC value. Interaction and higher 

order terms were also tested in the final model.  

6.3.7.2.4 Beta diversity analysis 

Community stability over time was investigated by calculating three dissimilarity 

metrics (Weighted UniFrac, Bray–Curtis, and Jensen–Shannon divergence) as sample 

to sample distances (distances between consecutive time points) within each horse. 

The trend of change over time was first explored using boxplots and loess regression 

curves followed by fitting random intercept and slope LME models. Within each 

model the sampling time points were included as a fixed-effect variable and the horse 

as a random effect. The number of higher order terms that best fitted the data was 

identified by comparing models with different higher order terms using AIC. 

Predication plots from final models with 95% confidence limits were created. The 

effect of weather data on calculated distances was also investigated as was described 

for the alpha diversity measures.  

6.3.7.2.5 Differential abundance analysis 

Differentially abundant OTUs that were associated with variables of interest including: 

feed, highest temperature, rainfall and season (these variables were determined based 

on the results of cluster and diversity analysis) were identified using negative binomial 

(NB) models. The models were built suing the DESeq::DESeq2 function in R. Before 

fitting models, the data were further filtered to remove OTUs that were present in less 

than 25% of the samples. Variance stabilising transformation of the data was executed 
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as a part of model fitting and therefore the data were not rarefied in advance. A separate 

model was run for each of these variables and the number of differentially abundant 

OTUs (adjusted p-value of <0.01) were arranged in a Venn diagram. These OTUs were 

further explored using heat maps and bar plots of species abundance. Pairwise 

comparison of different seasons was also performed and the results were also arranged 

in a heat map. In all pairwise comparisons of the variable season, summer was used as 

a reference category. Clustering in the heat maps was determined using the average 

linkage agglomerative clustering method (UPGMA) following calculation of a 

correlation matrix among OTUs.  

6.4 Results 

A total of 166 faecal samples were collected during the study period. These generated 

4,304,569 high quality, non-chimeric sequences that were annotated to 58,544 OTUs 

(singletons excluded). The distribution of the number of reads across samples was as 

follows: a minimum of 10,220 reads, a maximum of 62,200 reads, a median of 24,180 

reads, and an interquartile range of 20,830–29,960 reads. Filtration of low abundant 

taxa resulted in exclusion of 201,757 sequences (4.7% of the original total read count) 

and 46,211 OTUs, leaving 12,333 OTUs for further downstream analyses. 

The relative abundance of different bacterial groups, condensed to the phylum 

taxonomic level, at all sampling time points is given in Figure 6-2 and Supplementary 

Table 6-1. The communities were dominated by members of the Firmicutes and 

Bacteroidetes phyla with a total of 6 bacterial phyla identified at a relative abundance 

of ≥1%. These included Bacteroidetes, Firmicutes, Fibrobacteres, Spirochaetes, 

Verrucomicrobia and Proteobacteria. Taxa that belonged to an unknown phylum 

represented 2.4 % of the community. A prominent pattern of change of relative 

abundance of different bacterial phyla was identified (Figure 6-2). Some bacterial 

phyla such as Bacteroidetes and Proteobacteria showed relatively stable relative 

abundance throughout the study period, whereas others including Firmicutes, 

Fibrobacteres, Spirochaetes and Verrucomicrobia showed a biphasic change over time. 

The increase in the relative abundance of Fibrobacteres and Spirochaetes was 

accompanied by a decrease in the relative abundance of Firmicutes and 
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Verrucomicrobia and vice versa. This pattern of change in relative abundance over 

time was consistent among all horses included in the study (Supplementary Figure 

6-1). A total of 27 bacterial classes were identified in the data based on the RDP 

classifier. Classes that were present at ≥1% included Bacteroidia, Clostridia, 

Fibrobacteria, Spirochaetes, Verruco-5, Erysipelotrichi and Alphaproteobacteria. Of 

the total OTUs identified in the dataset, 81.23% and 96.1% were not assigned to genus 

and species taxonomic levels, respectively. 

 

Figure 6-2: An area plot of the relative abundance of identified OTUs collapsed to the 

phylum taxonomic level at different sampling time points 

6.4.1 Cluster and ordination analysis results 

The gap statistic suggested that there were 3 clusters in the data. Ordination analysis 

using nonmetric multidimensional scaling of a Bray–Curtis dissimilarity matrix 

derived from the OTU table is shown in Figure 6-3. The figure highlights the three 

clusters in the data. Weather data apart from rainfall differed significantly among these 

clusters (Figure 6-4). 

The variables retained in the final model of db-RDA included season of sample 

collection, type of feed (grass vs grass & haylage); and lowest and highest ambient 

temperature. The amount of variation in the data explained by this model was 13% 

(adjusted R2 = 0.13). Figure 6-5 and Figure 6-6 show the results obtained from this 

model. Figure 6-5 displays centroids for factor constraints (coordinated of categories 



 

236 

of factor variables), while Figure 6-6 displays biplot scores for constraining variables 

(coordinates of the tips of the vectors representing the explanatory variables).  

 

 

 

Figure 6-3: Nonmetric 

multidimensional scaling of 

a Bray–Curtis dissimilarity 

matrix derived from the 

normalised OTU table. The 

sampling time points were 

coloured by the identified 

clusters in the data.  

 

 

 

 

 

 

 

Figure 6-4: Boxplots comparing weather data variables among the three clusters 

identified in the data.  Clusters with different letters are significantly different at an adjusted p-

value <0.05  
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Figure 6-5: Ordination plot of the first two axes from the distance-based redundancy 

analysis.  The plot displays centroids of factor constraints and the dots represent samples collected 

during the study period.   

 

Figure 6-6: Ordination plot of the first two axes from the distance-based redundancy 

analysis. The plot displays biplot scores of constraining variables and the dots represent samples 

collected during the study period.    
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6.4.2 Results of alpha diversity analysis 

A non-linear trend of change over time was prominent in exploratory boxplots and 

loess regression plots (Supplementary Figure 6-2 and Supplementary Figure 6-3). 

Testing of various different higher order terms of time within the LME models showed 

that a significant non-linear trend (cubic polynomial) was evident only for the Shannon 

diversity index. Table 6-3 presents the results of LME modelling of four diversity 

measures and Figure 6-7 shows the prediction plots from the final models. Of the 

environmental variables tested, only the highest ambient temperature was significantly 

associated with alpha diversity (Table 6-3). 

6.4.3 Results of beta diversity analysis 

Distances between consecutive sampling time points showed a clear non-linear trend 

of change over time (Supplementary Figure 6-4 and Supplementary Figure 6-5). 

Modelling these distances using LME modelling showed that the trend of change was 

best described with a fifth degree polynomial term of sampling time point. Prediction 

plots from these models are given in Figure 6-8. The association between various 

environmental variables and calculated distances was also investigated using LME 

models and the results of the final models are presented in Table 6-4. The highest 

ambient temperature and rainfall were significantly associated with the Bray–Curtis, 

the Jensen–Shannon divergence and the Weighted UniFrac dissimilarity matrcs.  
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Table 6-3: Results of linear mixed effects modelling of alpha diversity measures 

Variable Value Std.Error DF t-value p value 

Regression of alpha diversity measurements against time only: 

Observed species      

Intercept 4272.72 231.26 152 18.48 1.07 × 10−40 

Time 45.89 11.67 152 3.93 <0.001 

Chao1 index 

Intercept 8250.9 395.85 152 20.84 2.04 × 10−46 

Time 108.36 20.75 152 5.22 5.74 × 10−7 

Shannon diversity index  

Intercept 6.92 0.09 150 76.99 1.76 10−122 

Time 0.33 0.63 150 0.52 0.61 

Time^2 −1.01 0.42 150 −2.39 0.02 

Time^3 1.098 0.63 150 1.73 0.085 

Simpson diversity index  

Intercept 0.99 0.00 152 420.23 6.80 × 10−235 

Time 0.0001 0.00 152 0.93 0.36 

Regression of alpha diversity measures against other explanatory variables: 

Observed species      

Intercept 5482.32 221.38 152 24.76 3.21 × 10−55 

Highest temperature −39.42 12.47 152 −3.16 0.002 

Chao1 index 

Intercept 11236.68 406.56 152 27.64 3.71 × 10−61 

Highest temperature −101.275 23.67 152 −4.28 3.32 × 10−5 

Shannon diversity index 

Intercept 6.72 0.11 152 63.43 2.89 × 10−111 

Lowest temperature 0.02 0.007 152 3.22 0.002 
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Figure 6-7: Plots of alpha diversity measures (Observed, Chao1, Shannon, and Simpson) 

against sampling time points. Blue lines are the regression lines from the linear mixed-effects 

models and the shades are the 95% confidence limits of the prediction. The models included time as a 

fixed effect variable and horse as a random effect. 

  



 

241 

Table 6-4: Results of linear mixed effects modelling of beta diversity measures. 

Variable Value Std.Error DF t-value p-value 

LME modelling of beta-diversity measurements against time: 

Bray–Curtis      

Intercept 0.56 0.01 141 90.63 7.17 × 10−127 

Time −0.45 0.09 141 −5.30 4.35 × 10−7 

Time^2 0.17 0.10 141 1.66 0.1 

Time^3 −0.18 0.01 141 −1.81 0.07 

Time^4 0.28 0.10 141 2.70 0.008 

Time^5 0.37 0.08 141 4.82 3.69 × 10−6 

Jensen–Shannon      

Intercept 0.28 0.005 141 57.78 4.74 × 10−100 

Time −0.33 0.06 141 −5.51 1.64 × 10−07 

Time^2 0.13 0.08 141 1.64 0.10 

Time^3 −0.13 0.08 141 −1.58 0.12 

Time^4 0.20 0.08 141 2.38 0.02 

Time^5 0.26 0.06 141 4.13 6.19 × 10−5 

Weighted UniFrac      

Intercept 0.22 0.006 141 38.42 1.42 × 10−76 

Time −0.28 0.06 141 −4.63 8.35 × 10−6 

Time^2 0.13 0.08 141 1.65 0.10 

Time^3 −0.06 0.05 141 −1.20 0.23 

Time^4 0.22 0.08 141 2.66 0.01 

Time^5 0.20 0.06 141 3.57 4.8 × 10−4 

Regression of alpha diversity measures against other explanatory variables: 

Bray–Curtis      

Intercept 0.48 0.02 144 27.08 2.30 × 10−58 

Highest temperature 0.004 0.001 144 4.12 6.42 × 10−5 

Rain rate 0.01 0.004 144 3.62 4.07 × 10−4 

Jensen–Shannon divergence      

Intercept 0.22 0.013 144 16.39 9.88 × 10−35 

Highest temperature 0.003 0.001 144 4.04 8.78 × 10−5 

Rain rate 0.009 0.003 144 3.4 8.84 × 10−4 

Weighted UniFrac      

Intercept 0.17 0.01 144 13.62 1.16 × 10−27 

Highest temperature 0.003 0.001 144 3.73 2.75 × 10−4 

Rain rate 0.008 0.002 144 3.06 0.003 

As a measure of stability of the community over the course of sample collection, 3 dissimilarity metrics 

between consecutive sampling time points within each horse were calculated and regressed against 

time and environmental variables. 
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Figure 6-8: Regression of distances 

between consecutive sampling time 

points against time. Red lines are the 

regression lines from the linear mixed-

effects models and the shaded areas are 

the 95% confidence limits of the 

prediction. Time was included as a fifth 

degree polynomial term. 

 

 

 

 

 

 

6.4.4 Differential abundance analysis 

The number of OTUs associated with each of the variables tested in NB models are 

given in Figure 6-9. Large number of theses outs are shared between the tested 

variables, which indicated high correlation between these variables. Heat maps and 

bar plots of OTUs that were significantly associated with the tested variables are given 

in Figure 6-10 – Figure 6-14. The arrangement of OTUs in the heat maps suggested a 

clear seasonal pattern of change in the horse faecal microbiota.  
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Figure 6-9: A Venn diagram from 

differential abundance analysis 

models showing the number of 

OTUs that were significantly 

associated with each of tested 

variables. 

 

 

 

 

Figure 6-10: A heat map and bar plots of OTUs that were found significantly associated 

with the variable highest temperature. The bar plots A and B represent OTUs that were positively 

or negatively associated with temperature, respectively.  
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Figure 6-11: A heat map and bar plots of OTUs that were found significantly associated 

with the variable feed. The bar plots A and B represent OTUs that had either positive or negative 

log2 fold change, respectively.  



 

245 

 

Figure 6-12: A heat map of OTUs significantly associated with season of sample 

collection.   
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Figure 6-13: Bar plots representing OTUs that had positive or negative log2 fold change 

at each of season pairwise comparisons. The top panel shows results from a model comparing 

spring vs summer, the middle panel compares autumn vs summer while the bottom panel compares 

winter vs summer.  
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Figure 6-14: A heat map of OTUs associated with the variable rainfall.   
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6.5 Discussion 

This the first study to investigate faecal microbiota of horses over an extended period 

of longitudinal sample collection. The study found that the horse faecal microbiota is 

highly dynamic and respond distinctly to both management and weather changes. 

Furthermore, a clear cyclical pattern was observed for these microbial populations and 

this did not result in any clinical abnormalities in the horses being studied. These 

findings suggest that attributing the association between change in management and 

colic to shifts in gut microbiota composition needs further investigation. 

The current study found that the faecal microbiota of the horses under investigation 

was in a continuous process of adaptation and change in association with changes in 

dietary management and ambient weather conditions. Several studies have reported 

changes in the faecal microbiota of horses receiving different diets (O' Donnell et al. 

2013, Dougal et al. 2014, Fernandes et al. 2014, Proudman et al. 2015), which are in 

agreement with the current study. This dynamic adaptation of the gut microbiota was 

also observed in humans (Parfrey and Knight 2012). A study that compared gut 

microbiota of human subjects between summer and winter months reported significant 

seasonal differences in alpha diversity and in the relative abundance of a number of 

bacterial taxa (Davenport et al. 2014). The authors of the latter study attributed these 

seasonal variations in gut microbiota to dietary differences during the study period. 

Similar seasonal shifts in gut microbiota composition in response to seasonal dietary 

variation have also been reported for other animal species such as wild Mexican black 

howler monkeys (Amato et al. 2015) and wild mice (Maurice et al. 2015). Based on 

these results, it is plausible that intestinal dysfunction/colic may develop either as a 

result of lack of adaptation of gut microbiota in some horses or due to major shifts in 

gut microbiota in response to severe and sudden management changes as those 

reported for horses that developed laminitis in concentrate overload models 

(Milinovich et al. 2007, Milinovich et al. 2008, Moreau et al. 2014).  

In the current study, it was not possible to determine how fast the gut microbiota may 

adapt to a new diet because of the longer time between the sampling occasions and the 

gradual change in diet (e.g. natural gradual decrease in the amount of grass available 

to the horses). Previous studies reported that the composition of the horse gut 
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microbiota can shift in response to new diets within 4–6 days (van den Berg et al. 

2013, Fernandes et al. 2014). This rapid adaptation of gut microbiota to different diets 

has also been demonstrated in humans. Alterations in faecal microbiota structure in 

response to dietary transition to an animal-based diet was identified from only 1 day 

after the diet reached the distal gut (approximately 2 days following the diet change) 

with reversion to the baseline structure 2 days after the animal-based diet had ended 

(David et al. 2014). It has also been shown that dietary variations among animal 

species including humans and horses is not only associated with compositional 

differences in gut microbiota, but also functional differences – in other words, there is 

a strong relationship between the microbial community composition and function 

(Muegge et al. 2011). Compositional adaption of the gut microbiota has been reported 

to be rapid; however, functional adaptation may take longer periods of time. A study 

that investigated the fermentation capacity of the pig gut microbiota following a 

dietary shift reported that a 19-day period was not enough to achieve a full adaptation 

to a new diet (Sappok et al. 2015). Similar studies in horses, however, are lacking and 

this is an area that merits further investigation utilising shotgun metagenomics 

sequencing techniques which will enable study of both the composition and function 

of different bacterial groups in the gut.  

None of the horses included in the current study developed clinical signs of colic 

during the study period despite major changes in the faecal microbiota being observed. 

This finding would suggest that change in the gut microbiota alone is an over simplistic 

hypothesis in relation to development of colic in the horse. The results of the current 

study suggest that fluctuations in the composition of the horse faecal microbiota 

associated with weather and dietary variations is normal. Several epidemiological 

studies in horses have reported increased risk of colic associated with changes in 

feeding practices such as feeding a new batch of hay, a change of the type of hay or 

the type of diet during the two weeks prior to the time of examination (Cohen et al. 

1995b, Cohen et al. 1999, Hudson et al. 2001). Recent changes (within 4 weeks) in 

the amount of forage fed or of pasture were also associated with increased risk of large 

colon volvulus (Suthers et al. 2013). It is possible that the adaptive capacity of the 

horse gut microbiota in response to dietary changes may vary between horses. This 

may explain why some horses are more likely to develop colic in response to dietary 

changes compared to others. Both the current study and previous horse microbiota 
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studies reported significant inter-horse variation in gut microbiota composition 

(Gronvold et al. 2010, Blackmore et al. 2013, Proudman et al. 2015) which may 

partially explain variation in propensity of horses to develop colic. 

Despite the clear fluctuation in alpha diversity levels during different sampling time 

points in the current study, all were within the range previously reported in normal 

horses. For example, in the current study the Shannon diversity level did not drop 

below a median of 6.43 throughout the study period, which is in agreement with 

previous equine microbiota studies (Shepherd et al. 2012, Steelman et al. 2012, Dougal 

et al. 2014, Liu et al. 2014). The current study also reported a significant linear increase 

in species richness measures (observed species and Chao1 index) over time. The 

reason for this finding was not clear especially as it was not supported by the results 

of the exploratory plots of the data. Given the small sample size of the current study, 

these results should therefore be interpreted with caution. The Shannon diversity 

index, by contrast, showed a significant non-linear (cubic) relationship with time. 

Time periods when the horses were predominately fed on grass were associated with 

increased level of Shannon diversity index. This finding is consistent with a previous 

report in which diet transition from forage to pasture grazing was associated with 

increased faecal microbiota diversity (Fernandes et al. 2014). 

The influence of weather (ambient temperature and rainfall) on the horse faecal 

microbiota identified in the current study is interesting. This effect could be either due 

to direct correlation between weather conditions and feed types available for the 

horses, or because of the effect of weather on the composition of environmental 

bacteria (soil and grass/haylage microbiota). Soil microbiota studies have reported 

alterations in the composition of soil microbial populations associated with changes in 

weather conditions. A study that investigated the effect of rainfall on grassland soil 

microbial communities reported a significant influence of soil moisture and 

temperature on the composition of associated microbial populations (Cruz-Martinez et 

al. 2012). Environmental bacteria ingested with feed can survive enzymatic digestion 

in the stomach and small intestine and can colonise the hindgut resulting in shifts in 

gut microbiota. This was confirmed in a recent human study (David et al. 2014) that 

reported that foodborne microbes were identified in faecal microbiota when 

investigated using 16S rRNA gene sequencing, indicating that these bacteria were 
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present in a concentration more than 1 in 4 × 104 gut bacteria (which was the detection 

limit reported in the latter study). Furthermore, these foodborne microbes were 

identified using plating procedures and were found to be metabolically functioning 

when examined using microbial gene expression analysis (RNA sequencing).  

The most prominent change in the horse gut microbiota identified in the current study 

was the increased relative abundance of members of the phylum Fibrobacters and 

Spirochaetes when haylage was introduced into the horses’ diet. This increase 

appeared to be associated with a decrease in the relative abundance of members of the 

phylum Firmicutes. Fibrobacteres was the third most abundant phylum in the current 

study with a relative abundance that ranged from 3.45% to 23% during the different 

sampling time points. This relative abundance is in agreement with some previous 

horse microbiota studies that had a reported relative abundance of Fibrobacteres of 3–

10% (Dougal et al. 2013, Costa et al. 2015a, Costa et al. 2015b). The members of the 

phylum Fibrobacteres are defined as anaerobic, Gram-negative, non-spore forming, 

cellulolytic, non-motile rods. It includes a single genus (Fibrobacter), previously 

classified under the genus Bacteroides, with only two culture representatives 

including: F. succinogenes and F. intestinalis (Jewell et al. 2013). This bacterium is 

known for its efficacy in hydrolysing plant cellulose (Ransom-Jones et al. 2012), 

which may explain its increase in association with introduction of haylage into the 

horses’ diet.  

The horse faecal microbiota was dominated by members of the Firmicutes and 

Bacteroidetes phyla in the current study. This finding is consistent with multiple 

studies that used 454-Pyrosequencing technology to sequence 2 or 3 hypervariable 

regions of the bacterial 16S rRNA genes from faecal samples (Costa et al. 2012, O' 

Donnell et al. 2013, Dougal et al. 2014, Fernandes et al. 2014, Proudman et al. 2015, 

Rodriguez et al. 2015). A recent series of studies that characterised the horse faecal 

microbiota reported that the communities were dominated by members of Firmicutes 

and Verrucomicrobia phyla (Costa et al. 2015a, Costa et al. 2015c, Schoster et al. 

2015b, Weese et al. 2015). The latter studies originated from the same institution and 

used the Illumina MiSeq sequencing technology to sequence a single hypervariable 

region of the bacterial 16S rRNA genes. Variation in the results obtained between 

sequencing platforms, number and the type of 16S rRNA hypervariable regions used 
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have been widely reported (Chakravorty et al. 2007, Quail et al. 2012, Ibarbalz et al. 

2014, Salipante et al. 2014) and could explain the differences between the studies.  

There was an obvious lack of resolution of sequence data generated in the current 

study, as a large proportion of OTUs were not identified at genus or species taxonomic 

levels. It is unknown however, if this was associated with any technical errors or with 

the type of the NGS technology used. Similar observations were described in a study 

that used 454 Pyrosequencing technology to characterise the faecal microbiota of a 

group of Thoroughbred horses and it was suggested that this may be due the presence 

of numerous previously uncharacterised bacteria in the horse gut, which may indicate 

‘novelty’ of the horse gut microbiota (Proudman et al. 2015). 

The current study has provided important information about temporal variation of the 

faecal microbiota in a group of horses managed non-intensively at grass over a 52-

week period. There was a significant effect of feed, weather and season on the 

composition of theses microbial communities. This finding would suggest that these 

changes are a normal adaptation mechanism of the horse gut microbiota to 

management and environmental changes. There is a need for further studies to 

investigate how the horse gut microbiota response to transition among different diets 

in terms of both microbial community composition and function. 
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6.6 Appendix to Chapter 6 

Supplementary Table 6-1: Relative abundance of bacterial phyla identified in horse faecal microbiota at all sampling time points 

Phylum/Time 

points 

T1 T2 T3 T4 T4* T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T16 T17 T18 T19 T20 T21 T22 T23 T24 T25 T26 T27 Total 

(mean) 

Bacteroidetes 34.49 39.60 35.58 40.29 42.53 43.98 39.23 35.94 40.66 37.51 37.93 45.31 44.41 43.02 48.94 42.78 34.55 41.10 36.51 33.13 36.99 34.74 35.31 37.87 35.54 38.97 37.05 39.04 

Firmicutes 29.89 34.27 33.02 33.81 35.29 26.27 35.55 38.44 34.87 42.71 44.03 34.15 37.65 34.83 26.83 35.30 24.43 30.57 30.80 25.70 25.69 26.55 27.34 22.68 28.55 24.22 30.93 31.64 

Fibrobacteres 14.57 10.31 8.70 4.48 3.45 10.38 7.50 6.03 7.56 4.48 3.55 5.70 4.32 5.53 8.71 6.14 18.58 11.36 14.75 15.85 16.63 18.36 17.97 22.99 14.87 14.73 16.06 10.87 

Spirochaetes 9.21 7.04 11.04 10.94 8.50 10.43 7.80 8.50 7.46 7.08 5.96 6.37 4.34 6.06 7.48 6.56 15.61 8.11 7.99 14.71 13.14 13.72 12.64 9.01 11.17 12.96 7.90 9.32 

Verrucomicrobia 4.30 3.65 5.29 5.17 4.75 4.18 4.51 4.57 2.98 0.99 2.27 2.09 2.62 3.83 2.77 3.84 1.85 3.13 4.24 4.58 2.48 1.97 2.00 2.84 3.86 2.07 1.96 3.29 

Unassigned 2.04 1.25 1.70 1.20 1.31 1.09 1.36 1.66 1.81 2.04 1.85 1.72 1.82 1.94 1.44 1.52 1.30 1.89 1.57 1.60 1.30 1.14 1.20 1.42 1.40 2.05 1.46 1.56 

Proteobacteria 1.97 1.37 1.60 1.64 1.48 1.33 1.46 1.77 1.73 1.60 0.95 1.64 1.30 1.25 1.02 1.21 1.57 0.99 1.64 1.68 1.46 1.39 1.27 1.02 2.12 1.76 1.91 1.49 

Tenericutes 0.47 0.49 0.35 0.36 0.40 0.39 0.34 0.40 0.18 0.42 0.44 0.38 0.62 0.68 0.56 0.37 0.20 0.26 0.22 0.30 0.27 0.32 0.33 0.18 0.28 0.33 0.30 0.36 

Actinobacteria 0.14 0.14 0.18 0.18 0.23 0.18 0.24 0.22 0.20 0.22 0.33 0.19 0.23 0.23 0.23 0.16 0.20 0.14 0.20 0.27 0.23 0.23 0.21 0.15 0.25 0.30 0.18 0.21 

TM7 0.37 0.22 0.23 0.23 0.21 0.13 0.17 0.18 0.12 0.22 0.27 0.17 0.19 0.16 0.10 0.11 0.15 0.09 0.12 0.12 0.18 0.10 0.20 0.15 0.24 0.22 0.26 0.18 

Lentisphaerae 0.15 0.13 0.23 0.13 0.17 0.20 0.22 0.19 0.20 0.09 0.06 0.16 0.12 0.14 0.12 0.14 0.09 0.22 0.11 0.15 0.12 0.08 0.10 0.11 0.10 0.16 0.23 0.14 

Synergistetes 0.04 0.09 0.09 0.10 0.14 0.07 0.10 0.19 0.19 0.24 0.15 0.14 0.22 0.16 0.10 0.20 0.06 0.12 0.15 0.13 0.09 0.08 0.08 0.09 0.12 0.07 0.13 0.12 

Cyanobacteria 0.16 0.08 0.21 0.12 0.10 0.12 0.08 0.13 0.10 0.25 0.12 0.17 0.11 0.06 0.12 0.08 0.06 0.01 0.05 0.10 0.07 0.10 0.03 0.02 0.05 0.05 0.08 0.10 

Armatimonadetes 0.05 0.07 0.04 0.12 0.09 0.09 0.04 0.09 0.10 0.10 0.21 0.08 0.21 0.15 0.11 0.08 0.03 0.10 0.08 0.03 0.04 0.05 0.06 0.03 0.03 0.03 0.08 0.08 

Elusimicrobia 0.03 0.01 0.03 0.02 0.01 0.02 0.01 0.00 0.00 0.01 0.01 0.00 0.02 0.01 0.01 0.00 0.00 0.01 0.00 0.06 0.02 0.02 0.03 0.02 0.01 0.01 0.00 0.01 

SR1 0.06 0.01 0.01 0.01 0.04 0.06 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 

Planctomycetes 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 

WPS-2 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 
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Supplementary Table 6-2: Relative abundance of bacterial families identified in horse faecal microbiota at different sampling time points. 

Family/Time points T1 T2 T3 T4 T4* T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T16 T17 T18 T19 T20 T21 T22 T23 T24 T25 T26 T27 Total 

(mean) 

Ruminococcaceae 18.10 22.06 19.04 21.77 19.55 15.65 20.69 23.41 20.55 26.16 27.71 20.94 23.64 21.63 16.29 21.96 13.18 16.82 18.08 14.46 14.67 14.60 15.24 13.02 17.21 13.99 18.70 18.86 

Fibrobacteraceae 14.46 10.22 8.58 3.90 3.42 10.27 7.19 6.03 7.55 3.92 3.45 5.67 4.24 5.51 8.58 6.14 18.57 11.36 14.75 15.85 16.63 18.36 17.97 22.99 14.87 14.73 16.06 10.79 

Spirochaetaceae 7.52 5.80 9.91 10.20 6.95 9.53 7.16 7.80 6.87 6.43 5.38 5.73 3.79 5.27 6.84 5.82 15.00 7.55 7.29 13.88 12.36 13.03 11.79 8.32 10.28 12.03 7.18 8.51 

Paraprevotellaceae 4.10 2.27 3.98 4.65 3.60 1.41 5.64 5.89 5.87 3.41 4.76 4.46 2.87 3.88 3.40 7.12 2.31 8.25 4.34 2.24 4.54 3.17 3.51 3.25 2.31 1.85 2.64 3.92 

BS11 2.27 4.77 3.17 8.72 7.32 8.19 6.20 1.77 2.69 1.87 1.84 4.03 7.10 3.74 3.84 0.93 2.14 0.59 0.56 0.78 1.74 1.59 1.44 3.80 2.03 2.32 3.64 3.30 

RFP12 4.29 3.64 5.28 5.15 4.73 4.16 4.50 4.56 2.97 0.98 2.26 2.08 2.62 3.81 2.76 3.84 1.85 3.13 4.23 4.57 2.48 1.97 1.99 2.83 3.85 2.06 1.95 3.28 

Veillonellaceae 2.61 2.08 3.41 2.31 2.49 1.98 4.02 4.13 4.23 2.53 1.67 3.19 2.73 3.30 2.03 4.15 4.48 4.67 2.82 3.25 3.43 3.20 3.70 3.31 3.87 3.07 4.28 3.22 

Erysipelotrichaceae 3.51 4.61 4.95 3.61 4.43 1.64 3.38 3.44 2.87 4.76 3.63 2.36 2.39 2.89 2.23 3.03 2.53 4.04 3.58 2.52 2.20 2.67 2.67 1.94 2.04 1.38 2.48 3.03 

Prevotellaceae 2.52 5.09 2.37 3.77 4.09 3.08 2.95 3.12 2.83 2.19 3.05 2.71 2.95 2.34 2.30 3.04 1.39 1.36 1.22 1.21 2.20 1.55 1.86 1.79 1.73 1.02 2.71 2.46 

Unassigned 0.92 0.91 0.90 0.82 0.98 1.04 0.87 0.91 1.01 1.10 1.05 1.14 1.10 1.11 1.23 1.02 0.90 0.99 1.01 0.95 0.91 0.91 0.93 0.92 0.98 1.11 0.94 0.99 

Lachnospiraceae 1.01 0.54 0.93 0.67 0.86 0.38 0.98 1.07 0.94 1.02 1.53 1.05 0.94 0.64 0.66 1.16 0.63 0.78 0.75 0.90 1.00 1.45 0.88 0.45 0.58 0.75 0.63 0.86 

Sphaerochaetaceae 0.58 0.66 0.49 0.33 1.05 0.24 0.31 0.34 0.33 0.33 0.29 0.31 0.22 0.42 0.35 0.42 0.37 0.37 0.41 0.53 0.48 0.43 0.41 0.32 0.41 0.37 0.37 0.41 

Christensenellaceae 0.27 0.25 0.21 0.21 0.27 0.43 0.33 0.25 0.38 0.44 0.43 0.42 0.48 0.33 0.35 0.27 0.30 0.21 0.35 0.31 0.32 0.32 0.35 0.43 0.30 0.48 0.38 0.34 

Bacteroidaceae 0.36 0.33 0.22 0.23 0.37 0.36 0.11 0.14 0.10 0.12 0.12 0.21 0.25 0.18 0.20 0.17 0.39 0.08 0.12 0.26 0.43 0.38 0.20 0.14 0.13 0.41 0.19 0.23 

Coriobacteriaceae 0.14 0.14 0.18 0.18 0.22 0.18 0.24 0.21 0.20 0.22 0.31 0.17 0.21 0.20 0.19 0.15 0.20 0.14 0.18 0.26 0.23 0.22 0.21 0.14 0.25 0.29 0.18 0.20 

F16 0.37 0.22 0.23 0.23 0.21 0.13 0.17 0.18 0.12 0.22 0.27 0.17 0.19 0.16 0.10 0.11 0.15 0.09 0.12 0.12 0.18 0.10 0.20 0.15 0.24 0.22 0.26 0.18 

RF16 0.19 0.21 0.25 0.23 0.32 0.18 0.21 0.20 0.19 0.15 0.10 0.20 0.22 0.17 0.13 0.26 0.17 0.13 0.13 0.32 0.16 0.15 0.04 0.05 0.07 0.07 0.09 0.17 

S24-7 0.16 0.18 0.16 0.35 0.26 0.09 0.34 0.32 0.32 0.27 0.22 0.12 0.12 0.12 0.05 0.11 0.08 0.12 0.07 0.11 0.21 0.10 0.11 0.12 0.09 0.06 0.11 0.16 

Clostridiaceae 0.15 0.09 0.07 0.16 0.16 0.11 0.15 0.07 0.07 0.18 0.29 0.05 0.28 0.15 0.04 0.08 0.03 0.07 0.07 0.04 0.04 0.04 0.03 0.03 0.05 0.09 0.13 0.10 

Synergistaceae 0.03 0.09 0.08 0.10 0.14 0.05 0.10 0.17 0.16 0.23 0.13 0.10 0.21 0.14 0.07 0.15 0.03 0.05 0.12 0.07 0.05 0.07 0.07 0.07 0.09 0.03 0.09 0.10 

R4-45B 0.07 0.08 0.11 0.09 0.12 0.10 0.12 0.11 0.12 0.05 0.04 0.11 0.07 0.09 0.10 0.07 0.04 0.10 0.05 0.05 0.06 0.02 0.06 0.04 0.03 0.12 0.09 0.08 

[Mogibacteriaceae] 0.08 0.07 0.09 0.07 0.09 0.04 0.06 0.08 0.05 0.08 0.13 0.10 0.15 0.10 0.08 0.10 0.06 0.03 0.05 0.04 0.07 0.08 0.05 0.02 0.03 0.05 0.05 0.07 

Victivallaceae 0.07 0.04 0.10 0.04 0.03 0.08 0.08 0.06 0.06 0.03 0.02 0.03 0.03 0.04 0.02 0.06 0.04 0.10 0.04 0.07 0.04 0.05 0.04 0.06 0.06 0.03 0.10 0.05 

Desulfovibrionaceae 0.06 0.05 0.04 0.04 0.01 0.04 0.05 0.05 0.04 0.02 0.01 0.03 0.03 0.07 0.03 0.04 0.01 0.04 0.10 0.05 0.05 0.04 0.03 0.05 0.03 0.02 0.01 0.04 

Eubacteriaceae 0.02 0.04 0.02 0.04 0.06 0.03 0.03 0.04 0.03 0.05 0.06 0.03 0.05 0.05 0.05 0.04 0.03 0.05 0.05 0.04 0.03 0.03 0.03 0.02 0.05 0.03 0.04 0.04 

Mycoplasmataceae 0.03 0.06 0.05 0.01 0.03 0.03 0.03 0.03 0.01 0.05 0.03 0.03 0.04 0.02 0.03 0.02 0.01 0.01 0.01 0.02 0.04 0.06 0.04 0.01 0.03 0.01 0.01 0.03 

Dethiosulfovibrionaceae 0.01 0.00 0.01 0.00 0.00 0.02 0.01 0.03 0.03 0.01 0.01 0.04 0.01 0.02 0.03 0.05 0.03 0.07 0.02 0.05 0.05 0.01 0.01 0.02 0.03 0.04 0.04 0.02 

Alcaligenaceae 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.00 0.01 0.02 0.02 0.02 0.03 0.04 0.01 0.03 0.02 0.05 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 

Dehalobacteriaceae 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.04 0.02 0.02 0.05 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.00 0.02 0.02 0.01 0.02 0.02 0.02 0.02 

Anaeroplasmataceae 0.04 0.01 0.03 0.01 0.01 0.02 0.03 0.02 0.00 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.02 0.02 0.03 0.03 0.02 0.00 0.00 0.00 0.00 0.01 

Planococcaceae 0.01 0.00 0.01 0.00 0.00 0.05 0.00 0.00 0.00 0.04 0.02 0.03 0.02 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 
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Supplementary Table 6-2 continued 

Family/Time points T1 T2 T3 T4 T4* T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T16 T17 T18 T19 T20 T21 T22 T23 T24 T25 T26 T27 Total 

(mean) 

WCHB1-25 0.01 0.00 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 

Oxalobacteraceae 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 

Succinivibrionaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.01 0.05 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Comamonadaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sphingomonadaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Lactobacillaceae 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

Nocardiaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mycobacteriaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Porphyromonadaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Nocardioidaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Microbacteriaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Methylobacteriaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Moraxellaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Hyphomicrobiaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Verrucomicrobiaceae 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Williamsiaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sphingobacteriaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Rhodospirillaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Micrococcaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Bacillaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Acetobacteraceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Burkholderiaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Phyllobacteriaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Supplementary Figure 6-1: Area plots of relative abundance of different bacterial phyla 

identified in faecal microbiota of each of the horses included in the study. 
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Supplementary Figure 6-2: Boxplots of alpha diversity indices measured at different 

sampling time points. Measurements included observed species and Chao1 for species richness 

(number of species in the sample) and Shannon and Simpson diversity indices for population diversity 

(number of species and their relative abundance within samples).  
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Supplementary Figure 6-3: Empirical growth plots of alpha diversity measures 

(Observed species [A], Chao1 index [B], Shannon index [C], Simpson index [D]) 

superimposed with a loess regression line. Black dots are the median values at each of the 

sampling time points.  
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Supplementary Figure 6-4: Boxplots of beta diversity measures.  Distances between 

consecutive samples within each horse were calculated using three dissimilarity metrics (Bray-Curtis, 

Jensen-Shannon, and weighted-UniFrac) and plotted.   
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Supplementary Figure 6-5: Empirical growth plots of beta diversity measures 

superimposed with loess regression lines. Black dots are the median values at each of the 

sampling time points.  
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TEMPORAL VARIATION IN THE FAECAL MICROBIOTA 
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7.1 Summary 

Periparturient mares are at increased risk of developing colic, and large colon volvulus 

in particular, which can have a high mortality rate. Alterations in colonic microbiota, 

related to either physiological or management changes, or both, that occur at this time 

have been suggested as potential causes for increased colic risk in this population of 

horses. Although the effect of management changes, including diet, on the horse faecal 

microbiota has been investigated, limited work has been conducted to investigate 

changes in faecal microbiota in the periparturient period. The objective of this study 

was to characterise faecal microbiota of periparturient mares, taking into account 

management changes that occurred over this time. Faecal samples were collected 

weekly from 7 pregnant mares over a total of 17 weeks (5 weeks pre-foaling – 12 

weeks post-foaling). DNA was extracted from these samples followed by PCR 

amplification of V1 – V2 regions of the bacterial 16S rRNA gene to create amplicon 

libraries for sequencing using the Ion Torrent PGM system. Linear mixed-effects and 

zero-inflated negative binomial mixed-effects models were used to investigate 

temporal changes in faecal microbiota and to identify significantly differentially 

abundant operational taxonomic units (OTUs), respectively. The mare faecal 

microbiota was relatively stable over the course of the study and most variation in the 

data was associated with alterations in management practices to which the mares had 

been exposed during this time. These findings add further to knowledge about the 

relationship between colic and faecal microbiota, particularly in the periparturient 

mare. If changes in faecal microbiota are related to development of colic, minimising 

changes in management of mares over this time period is important in reducing 

variation in these microbial communities, potentially reducing the likelihood of colic 

developing. 
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7.2 Introduction 

Parturition and the periparturient period have been shown in several studies to be 

associated with increased risk of colic (Kaneene et al. 1997a). Postpartum colic 

occurred in 11% of broodmares in one longitudinal study (Weese et al. 2015) and 36% 

of these colic cases were due to large colon volvulus (LCV). LCV is a form of colic 

that is associated with high mortality (Harrison 1988, Driscoll et al. 2008) and 

increased risk for particular postoperative morbidities (CHAPTER 3). Broodmares 

were 13 times more likely to develop LCV in one case control study and represented 

74–77% of horses undergoing surgical management of LCV in two case series (Snyder 

et al. 1989, Ellis et al. 2008). Furthermore, around one-fifth of colic surgeries 

performed over a 24-year-period in a US equine referral hospital were for the 

correction of LCV in Thoroughbred mares (Hackett et al. 2014). Broodmares appear 

to be at greatest risk during the early postpartum period due to the fact that 

approximately 30% of horses diagnosed with LCV in two studies were postparturient 

mares that had foaled within 90 days prior to hospital admission (Snyder et al. 1989, 

Suthers et al. 2013). 

The periparturient period is characterised by frequent changes in management, 

including feeding practices, which have been consistently identified as risk factors for 

colic in general (Cohen et al. 1995b, Cohen and Peloso 1996, Cohen et al. 1999, 

Hudson et al. 2001) and for LCV (Suthers et al. 2013). It has been hypothesised that 

dietary and other management changes may disrupt the colonic microflora and may 

induce changes in colonic pH and volatile fatty acid production, predisposing horses 

to intestinal dysfunction (Cohen et al. 1999, Hudson et al. 2001). Although 

perturbation of the horse gut microbial communities (known as gut microbiota) as a 

result of diet change are well-documented in microbiological studies (Daly et al. 2012, 

Fernandes et al. 2014), the effect of foaling or any associated hormonal or metabolic 

changes that occur during the periparturient period in these microbial communities is 

largely unknown.  

In humans, a study by Koren et al. (2012) reported substantial changes in gut 

microbiota of pregnant women during the third trimester (T3) compared with the first 

trimester (T1) in the form of reduced within-subject (α) diversity and increased 
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between-subjects (β) diversity with a significant general increase in the relative 

abundance of the Proteobacteria and Actinobacteria phyla. The greater β diversity 

reported during T3 was also evident in samples collected 1 month postpartum and was 

irrespective of diet, body mass index or disease status of the study subjects. However, 

these findings were contradicted by a more recent study that investigated temporal 

variation in gut microbiota of pregnant women (DiGiulio et al. 2015b). In the latter 

study, samples were collected between gestational weeks 10–40 and post-delivery for 

a total of 52 weeks. They reported that there was temporal stability of diversity and 

composition of these microbial communities and that progression of pregnancy or 

delivery was not associated with ‘remodelling of gut microbiome’. The authors of the 

latter study attributed the discrepancy in findings between the two studies to dietary 

interventions and antibiotics that some of the women in the former study (Koren et al. 

2012) had been receiving.  

Relatively little research has been conducted to determine if there are changes in the 

equine gut microbiota associated with foaling. Given the association between recent 

foaling and colic, and LCV in particular, this would provide valuable information 

about the potential role of gut microbiota in colic development. Faecal samples 

collected from broodmares at 4 time points (14 days prior to foaling dates and 4, 14, 

and 28 days post-foaling) in one study revealed stability of faecal microbiota in this 

group of mares compared with non-pregnant control mares and when pre- and 

postpartum samples were compared (Weese et al. 2015). However, the risk period for 

postpartum colic in broodmares appears to be greatest in the first 90 days post-foaling 

and the latter study did not investigate this wider time frame. The study also did not 

take into account the effect of any dietary or management changes on the composition 

of the mare faecal microbiota.  

The aim of the current study was to characterise the faecal microbiota of periparturient 

mares from 30 days prior to foaling to 90 days post foaling and to explore the effect 

of change in management on the composition of theses microbial populations. 
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7.3 Materials and Methods 

The current study was approved by The University of Liverpool Veterinary Research 

Ethics Committee (VREC207) with informed consent obtained from the manager of 

the stud farm used in this work.  

7.3.1 Study mares 

Seven healthy pregnant mares from the same farm were recruited onto the study 

approximately one month prior to their foaling dates. The mares had no history of colic 

or other medical conditions during pregnancy. Supplementary Table 7-1 summarises 

the demographics of the mares, number of samples collected from each, and whether 

they were re-bred following foaling. The mares were exposed to five different 

management regimens during the period of sample collection as follows: Regimen 1: 

mares kept at pasture 24 hours/day with free access to hay; Regimen 2: mares in a 

group at pasture during the day and stabled at night with access to hay; Regimen 3: 

mares kept on a grass pasture separately and stabled at night with access to hay; 

Regimen 4: mares kept in a group at pasture 24 hours/day with no access to hay; and 

Regimen 5: mare stabled 24 hours/day and fed hay only. The latter regimen was 

implemented only if the foal or the mare had a clinical problem (Figure 7-1). The 

mares’ diet was supplemented with a feed balancer (OPTI-CARE BALANCER, GAIN 

Horse Feed, UK) throughout the study and they had free access to water from 

automatic watering devices.  

7.3.2 Sample collection  

Samples (approximately 200 g) were collected weekly from faeces passed by 

individual mares immediately following observed defecation (samples labelled T−5 – 

T14). Samples were placed in plastic sealable bags and were stored in a refrigerator (4 

ºC) at the farm temporarily until all samples had been collected from mares scheduled 

for sampling on that particular day. Samples were then transferred to a –80 ºC freezer 

where they were stored until processing. All samples were frozen within 5 hours of 

collection except samples collected during second stage labour (T0) where yard staff 

collected these samples and refrigerated them until the next visit by the principal 

investigator. Time elapsed between collection of these samples and freezing ranged 
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from 2–3 days for horses 1, 2 and 3; and 5–7 days for horses 4, 5 and 7 (horse 6 was 

not sampled at T0). Sample collection started approximately 30 days prior to the 

foaling dates and continued for 3 months post-foaling. A maximum of 16–18 samples 

were collected from the mares that contributed samples at all sampling time points. 

Two mares contributed 3 extra samples (T2 and T4) during the 1st and 2nd post foaling 

weeks and these were also collected by the yard staff, as we aimed for a more frequent 

sample collection during the period close to foaling. Supplementary Table 7-2 

summarises time of sample collection relative to foaling, management practices the 

mares were receiving during each sampling time point and any medications 

administered. 

 

Figure 7-1: Visual representation of the sampling strategy used in the current study. 
Management regimens included Regimen 1(R1): mares were kept at pasture 24 hours/day with free 

access to hay; Regimen 2 (R2): mares in a group at pasture during the day and stabled at night with 

access to hay; Regimen 3 (R3): mares kept on a grass pasture separately and stabled at night with 

access to hay; Regimen 4 (R4): mares kept in a group at pasture 24 hours/day with no access to hay; 

and Regimen 5 (R5): mares stabled 24 hours/day and fed hay only. 

7.3.3 DNA extraction 

Samples were allowed to thaw at room temperature, homogenised with a sterile 

spatula, and the total community DNA was extracted from each sample using the 

QIAamp DNA Stool Mini Kit (QIAGEN, UK) according to the manufacturer’s 

instructions. Two minutes of bead beating using sterile 3 mm tungsten carbide beads 
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in a QIAGEN TissueLyser II (QIAGEN, UK) at a frequency of 30 Hz and initial 

incubation at 95°C instead of 70°C were implemented to maximise bacterial cell lysis 

and consequently the amount of the DNA isolated. Successful extraction was verified 

by gel electrophoresis and isolated DNA was stored at –20°C until needed.     

7.3.4 Creation of amplicon libraries and sequencing 

The V1–V2 hypervariable regions of the bacterial 16S ribosomal ribonucleic acid 

(rRNA) gene were amplified using the universal eubacterial 8F (5’- 

AGAGTTTGATCCTGGCTCAG-3’) and 334R (5’- TGCCTCCCGTAGGAGTCTG 

-3’) forward and reverse primer set. The forward primer was linked to the Ion adapter 

'A' sequence and a 10–12 nucleotide sample-specific oligonucleotide barcode 

sequence, while the reverse primer was linked to the Ion 'P1' sequence. Samples were 

amplified in triplicates of 50 l polymerase chain reaction (PCR) mixture that 

consisted of 10 l of genomic DNA initially diluted 1:10 in nuclease-free water 

(Sigma-Aldrich, UK), 10 l 5X Q5 reaction buffer, 10l 5X Q5 high GC enhancer, 

200 M dNTPs, 0.5 M of each of forward and reverse primers, one unit Q5®High-

Fidelity DNA polymerase (New England Biolabs, UK) and nuclease-free water to 50 

l. Thermal cycling conditions in a Mastercycler® pro machine consisted of initial 

denaturation at 98 ºC for 5 minutes followed by 20 cycles of denaturation (98 ºC for 

20 seconds), annealing (53 ºC for 30 seconds) and extension (72 ºC for 40 seconds), 

then a final extension at 72 ºC for 5 minutes. Triplicates of each amplification reaction 

were mixed into a single volume of 150 l. 

Triplicate pools were then resolved on 1.5% agarose in 1X TAE buffer gels stained 

with ethidium bromide and quantified through comparison of fluorescence intensities 

with those of known molecular weight standards (HyperLadder 1 kb marker, Bioline, 

UK) using the GeneTools analysis software (Syngene, UK). Two amplicon mixtures 

were then created from equimolar ratios of amplification pools and purified using the 

E.Z.N.A® Cycle-Pure Kit (OMEGA bio-tek, USA) following the manufacturer’s 

protocol. Amplicon mixtures were resolved on 1.5% agarose in 1X TAE buffer gel 

stained with ethidium bromide and the desired bands were excised on a blue-light 

transilluminator. Retrieval of amplicons from the agarose gel matrix was achieved via 

spin columns developed at the University of Leicester. Apertures of 1 mm diameter 
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were introduced into the base of 0.5 ml microcentrifuge tubes, packed to the transition 

of the conical section with polymer filtration wool. Adapted 0.5 ml tubes were then 

mounted inside 1.5 ml microcentrifuge tubes and the excised gel fragments were 

loaded above the filtration wool. Tubes were twice subjected to centrifugation at 9000 

x g for 2 minutes, providing eluates for purification with the E.Z.N.A® Cycle-Pure Kit. 

The amplicon libraries were then subjected to final quality control on the Agilent 2100 

BioAnalyser (Agilent Technologies, USA) with a proprietary high-sensitivity DNA kit 

as per the manufacturer’s protocol. The amplicon libraries were submitted to the 

Department of Genetics, University of Leicester to undergo sequencing using the Ion 

Torrent Personal Genome Machine (PGM) system (Life Technologies, UK). Samples 

were processed in two separate sequencing runs. 

7.3.5 Data analysis 

7.3.5.1 Sequence filtering, OTU clustering, and chimera removal 

The data generated from sequencing of the 16S rRNA gene amplicons were processed 

using the Quantitative Insights into Microbial Ecology pipeline (QIIME, version 1.8.0, 

http://qiime.org/) (Caporaso et al. 2010b). Sequences from different samples were 

demultiplexed according to their barcode sequences. Quality filtration parameters of 

this step included a minimum quality score of 20, truncation of low-quality sequences 

at the first base if a 20 bp sliding window was found, a maximum barcode error of 

zero, a maximum primer mismatch of 2, a maximum length of homopolymer of 5, a 

maximum number of ambiguous bases of 2, and a minimum and a maximum read 

length at 200 bp and 500 bp, respectively. From a total of 7,807,318 input sequences, 

this filtration step resulted in 3,456,058 quality sequences (44% of initial sequence 

count). Chimeric sequences were then identified using the UCHIME algorithm (Edgar 

et al. 2011) informed with the Greengenes (version 13.8) reference database (DeSantis 

et al. 2006) and excluded from the data. Sequences were then clustered open-reference 

into operational taxonomic units (OTUs) at 97% identity threshold using the 

USEARCH (version 6.1.544) (Edgar 2010). A representative sequence for each OTU 

cluster was aligned to the Greengenes core set (version 13.8) (DeSantis et al. 2006)  

using PyNAST (Caporaso et al. 2010a), filtered to remove gaps and hypervariable 

regions using the Lane mask before creating an approximately-maximum-likelihood 

phylogenetic tree using FastTree (Price et al. 2010). Taxonomic assignments of OTU 

http://qiime.org/
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representatives were made using the Ribosomal Database Project (RDP) classifier 

(Wang et al. 2007) informed with the Greengenes reference database at the QIIME 

default settings (50% confidence limit). 

7.3.5.2 Statistical analysis 

Statistical analyses were performed using the R software environment (version 3.2.3) 

(R Core Team 2014) with the following add-on statistical packages: ‘phyloseq’ 

(McMurdie and Holmes 2013), ‘vegan’ (Oksanen et al. 2015), ‘ggplot2’ (Wickham 

2009), ‘nlme’ (Pinheiro et al. 2015), ‘glmmADMB’ (Skaug et al. 2015) and ‘cluster’ 

(Maechler et al. 2016). 

7.3.5.2.1 Data filtration and normalisation 

Filtration of erroneous OTU assignment has been shown to improve diversity analysis 

(Bokulich et al. 2013) and to increase the detection power of statistical tests for 

differential abundance through reducing the number of pairwise comparisons 

(Bourgon et al. 2010). In the current study, OTUs identified in less than 5 samples 

(~5% of the samples) or represented by fewer than 20 reads of total sequences were 

removed from the dataset. Similar cut-off rules have been previously reported (Pop et 

al. 2014, Proudman et al. 2015). The OTU table was then normalised by random 

subsampling without replacement (rarefying) to account for unequal sequencing effort 

between samples. Apart from alpha diversity analysis, all other downstream analyses 

were performed on the filtered and normalised OTU table. 

7.3.5.2.2 Cluster and ordination analysis 

The data were clustered hierarchically based on the average linkage agglomerative 

clustering method (UPGMA) following calculation of Jaccard’s index and weighted-

UniFrac (Lozupone et al. 2007) dissimilarity metrics. The trees were visualised using 

publicly available software (FigTree version 1.4.2). Distance-based redundancy 

analysis (db-RDA) was performed to estimate the amount of variation in the data that 

can be attributed to management regimens and time relative to foaling, excluding the 

horse effect. The method involves calculation of a dissimilarity matrix such as a Bray–

Curtis, computation of principal coordinates of the dissimilarity matrix followed by 

redundancy analysis of these principal coordinates while constrained by explanatory 

variables. The results were plotted where the points were coloured by the sampling 



 

270 

time points grouped as pre-foaling (T−5 – T−2), peri-foaling (T−1 – T4), early post-

foaling (T5 – T8), and late post-foaling (T9 – 14) for better visualisation. 

7.3.5.2.3 Stability and diversity during the course of study 

The statistical methods and R script used for investigating changes in faecal microbiota 

diversity and stability over time in the current study were adapted from publicly 

available R codes (DiGiulio et al. 2015a) written by DiGiulio et al. (2015b). 

Alpha diversity measures were calculated from the whole dataset without filtration of 

low-abundance taxa using the observed species and Chao1 (Chao 1984) estimates for 

species richness (a measure of the number of species within a community), and 

Shannon (Shannon 1948) and Simpson (Simpson 1949) diversity indices for 

population diversity (a measure of both species richness and similarity of species 

abundance within a community). The pattern of change of calculated measures over 

time relative to foaling were evaluated using linear mixed-effects modelling (LME) 

using the ‘nlme::lme’ function in R. Random intercept and slope LME models were 

fitted where the mares were included as a random effect, and time relative to foaling 

(in days) and management regimens (5 categories factor variable) were included as 

fixed effects terms in the model.  

Beta diversity analysis involved calculation of three dissimilarity metrics including the 

phylogenetically-aware weighted-UniFrac (Lozupone et al. 2007), the non-

phylogenetic Bray–Curtis (Bray and Curtis 1957), and  Jensen-Shannon divergence 

(Lin 1991) distances. Distances between consecutive samples of the community 

(distances between consecutive sampling time points) within each of the mares were 

calculated and used as a measure of stability of the community over time relative to 

foaling. The calculated distances were then modelled using random intercept and slope 

LME models where the mare were treated as a random effect variable and where time 

and management regimens were the fixed portion of the model. For each of the alpha 

and beta diversity measures, 3 models were built. The first model included only time 

relative to foaling as a fixed effect variable, a second model included both time and 

management regimens, while in the third model the management regimens variable 

was collapsed into two categories. The interaction term between time and management 

was also tested in these models. 
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Changes of beta diversity over the course of sampling were measured as average 

pairwise distances between the mares at each of the sampling time points. The 

significance of the trend of change over time was tested using a permutation test. To 

estimate the significance of each of the tests, a permutation-based time-reversed 

approach was applied as initially developed by DiGiulio et al. (2015b). By generating 

1,000 randomly reversed sets of samples, the significance of the slopes was calculated 

and reported. Modelling of alpha and beta diversity measures was repeated following 

exclusion of samples collected while the mares were subjected to medical treatment 

and samples refrigerated for longer periods of time prior to freezing to explore their 

effect on the results obtained.  

7.3.5.2.4 Differential abundance analysis 

Testing for differential abundance was performed using zero-inflated negative 

binomial (ZINB) mixed-effects models by employing the glmmADMB statistical 

package in R. A random intercept model was fitted for each of the OTUs where 

sampling time points and management regimens were included as fixed effects terms 

in the model and the mares were included as a random effect variable. An interaction 

term between management and time was also included in the model. Negative 

binomial models were previously shown to be effective in testing for differential 

abundance in microbiome data (McMurdie and Holmes 2014), while the zero-inflated 

part of the model accounts for the sparsity (excess zeros) of the data. The model 

estimates the probability of any given zero to be technical (lack of sequencing effort) 

or not (Paulson et al. 2013). Prior to fitting the models, the OTU table was further 

filtered to exclude OTUs present in <25% of the samples, leaving 5,004 OTUs 

available for fitting models. The management regimens variable was also collapsed 

such that regimens 1–3 were condensed and samples that were collected while the 

mares on management regimen 5 (6 samples) were excluded from the analysis. This 

was implemented because ordination, alpha and beta diversity analyses showed that 

mares on management regimes 1–3 had a quite similar community composition, and 

that not all of the mares were subjected to stable confinement (regimen 5) during the 

study. p-values were adjusted for multiple testing using the false discovery rate method 

(Benjamini and Hochberg 1995). OTUs the adjusted p-values of which were less than 

0.1 were considered significant. Results from these models were presented using a 

Venn diagram and a heat map. The OTUs in the heat map were clustered hierarchically 
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based on the UPGMA method following the calculation of pairwise correlation 

between OTUs. The optimum number of clusters was determined using the average 

silhouette method (Rousseeuw 1987).  

7.4 Results 

Sequencing of PCR-amplified 16S rRNA genes from 95 samples resulted in 2,866,886 

quality non-chimeric sequences. Each sample had at least 17,392 reads, and there was 

an average of 30,177.7 reads per sample. The reads were clustered into 19,599 OTUs. 

Filtration of spurious OTUs reduced this count to 7,872 (40% of the original count); 

however, the total number of sequences remained high at 2,798,561, meaning that 

excluded OTUs accounted only for 2.4% of the original read count. Supplementary 

Figure 7-1 shows the distribution of library size (read count per sample) before and 

following independent filtration. In this filtered OTU count table, 16 bacterial phyla 

were identified (Figure 7-2), the relative abundance of which at each sampling time 

point is presented in Supplementary Table 7-3. 

7.4.1 Cluster and ordination analysis 

Cluster analysis revealed that the data are clustered by the mares rather than by 

sampling time points and confirmed the need for implementing statistical techniques 

that can account for this strong individual horse effect (Supplementary Figure 7-2). 

Constrained ordination was implemented using db-RDA informed by a Bray–Curtis 

dissimilarity matrix to measure the amount of variation in the data that can be 

explained by time relative to foaling and management practices excluding 

(conditioning on) the horse effect. The model was built using the ‘vegan::capscale’ 

function in R. The overall variation explained by the model was 5.5% (adjusted R2 = 

0.055). However, including the horse effect in the model increased the amount of 

variation explained to 30% (adjusted R2 = 0.29). Plotting the results showed that 

management regimens 1–3 are strongly correlated and are inversely correlated with 

management regimen 4 (Figure 7-3). Management regimen 5 was orthogonal to 

(independent of) other management practices. This justified the approach of 

condensing the management regimen variable for community diversity and differential 

abundance analysis. 
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Figure 7-2: Area plots of community composition at different sampling time points in 

each of the mares.  The plots were created from a filtered and rarefied OTU table and data were 

condensed to the phylum level.   
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Figure 7-3: Ordination plot of the first two axes from the distance-based redundancy 

analysis (db-RDA) model. The plot displays biplot scores of constraining variables and the dots 

represent samples collected during the study period. The model was informed with a Bray–Curtis 

dissimilarity matrix calculated from a filtered and rarefied OTU count table and constrained with time 

(as a continuous variable) and management regimens (R1–R5) variables. The horse effect was excluded 

from the model such that the plot depicts only variation in the data due to time and management. 

7.4.2 Stability of community diversity and composition during the 

course of the study 

A general trend of reduced diversity over time was evident in exploratory boxplots 

(Supplementary Figure 7-3). This was investigated further using linear mixed effects 

models. Three separate models were constructed where the first model considered only 

time relative to the actual foaling dates as a fixed effects variable and the other two 

models considered both time and type of management the mares were receiving during 

collection of the samples. Supplementary Table 7-4 summarises the results of the three 

models. In the model with only time included, time was not significant for any of the 

alpha diversity measures calculated. When the management regimens variable was 

included in the model, population diversity (Shannon and Simpson indices) varied 

significantly with time. Management regimen 4 also resulted in a significantly 

different population diversity. In the latter model, interaction terms between time and 
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management regimens variables were not significant. In the third model, the 

management regimens variable was collapsed such that regimens 1–3 were condensed 

and compared to regimen 4, whereas regimen 5 was excluded from the analysis. Both 

time and management regimen variables were significant for the richness measures 

(observed species and Chao1 index). Shannon diversity index also varied significantly 

with management. Interaction terms between time and management were significant 

for Shannon and Simpson population diversity indices. A prediction plot from this 

model is given in Figure 7-4.  

 

Figure 7-4: Plots of alpha diversity measures (Observed, Chao1, Shannon, and Simpson 

diversity indices) against time relative to the actual foaling dates. Blue and red lines are the 

regression lines from the linear mixed-effects models and the shades are the 95% confidence limits of 

the prediction. The models included time, management (two categories factor variable) and an 

interaction term between the two as fixed effects variables and the mares as a random effect variable. 

The models show a decrease in within sample population diversity over time. M.R. = management 

regimens  

In order to test whether the community was stable during the course of the study, three 

dissimilarity metrics were calculated as distances between successive sampling time 
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points within each of the mares. The resulting measures were plotted and regressed 

against the sampling time points using LME modelling. Boxplots of these measures 

against the sampling time points are given in Supplementary Figure 7-4. This figure 

demonstrates that there is increased dissimilarity between time points toward the end 

of the study. However, this trend was not statistically significant in the LME models 

built with time, time plus management or time plus management with collapsed 

categories (Supplementary Table 7-5 and Figure 7-5). These results suggest that the 

faecal microbiota of the mares was stable from one month before foaling to three 

months post-foaling. 

 

 

 

 

 

Figure 7-5: Regression of distances 

between consecutive sampling time 

points against time. Blue and red lines 

are the regression lines from the linear 

mixed-effects models and the shades are 

the 95% confidence limits of the 

prediction. The models included time and 

management (two categories factor 

variable) as fixed effects variables and 

the mares as a random effect variable. P-

values are for the coefficients for 

sampling time points. The interaction 

terms between time and management 

regimens were not significant, so were 

not included in the models. M.R. = 

management regimens 

 

 

 

 

 

 

 

 

The distances between samples collected at the same time point were calculated as 

average pairwise distances between these samples and were tested using permutation 

tests. Results from these tests showed that variation between communities sampled at 
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each time point increased linearly over the course of the study – in other words, the 

variation in faecal microbiota composition between individual mares increased over 

the course of the study (Figure 7-6). Exclusion of samples that were collected while 

the mares were receiving medical treatment or samples that were kept refrigerated for 

a longer period prior to freezing did not change the results obtained from these models. 

 

 

 

 

 

 

Figure 7-6: Results obtained from 

permutation tests of pairwise 

distances between samples collected at 

each time point.  The test showed a 

significant linear increase in variation of 

faecal microbial profiles between horses 

over the course of the study.  

  

 

 

 

 

 

 

7.4.3 Differential abundance analysis 

To identify differentially abundant OTUs over the course of the study, ZINB mixed-

effects models were used. Out of the 5,004 OTUs in the dataset, 1,107 failed to 

converge. From the remaining OTUs, 647 were identified as significantly 

differentially abundant. A total of 31 OTUs were found to be uniquely associated with 

time relative to foaling (Figure 7-7).The results from these models suggested that the 
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faecal microbiota of the mares was stable during the time period around the event of 

foaling and that most of the changes identified were largely due to variation in 

management practices during this period. OTUs (n = 75) that were significantly 

associated with time were arranged in 2 clusters based on agglomerative average-link 

hierarchical clustering (Figure 7-8). These two clusters represent OTUs that were 

positively or negatively associated with time. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-7: A Venn diagram of the number of significantly differentially abundant OTUs 

associated with each of the variables included in the ZINB mixed models. The Figure shows 

that only 31 OTUs are uniquely associated with the time of sample collection and majority of significant 

OTUs are associated with management regimens (M.R.) or interaction between time and management 

regimens.    
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Figure 7-8: A heat map of 75 OTUs that were significantly associated with sampling time 

points.  These OTUs had 2 clusters based on average linkage agglomerative clustering method. The 

microbial profiles of these clusters at the family taxonomic level are presented in the bar plots.  
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7.5 Discussion 

The current study has characterised faecal microbiota of pregnant mares during the 

periparturient period, at times when broodmares are at greatest risk of colic. It was 

found that these microbial communities were stable over the course of the study, and 

changes that were identified were largely associated with alterations in management 

practices (e.g. stabling and feed type) rather than being related to the time of sample 

collection. These findings are important and suggest that if changes in faecal 

microbiota are associated with colic, management changes in broodmares pre and post 

foaling should be kept to a minimum.  

The findings of the current study are consistent with a recent human study that 

investigated the microbiota composition of four different body sites including the 

distal gut, vagina, saliva, and tooth/gums of pregnant women (DiGiulio et al. 2015b). 

The latter study found that these microbial communities were stable throughout 

pregnancy and post-delivery. These findings are also consistent with those reported by 

Weese et al. (2015) who reported a minimal effect of foaling on the mare faecal 

microbiota. None of the mares included in the current study developed colic either pre- 

or postpartum and therefore the results reported here cannot be related directly to colic 

occurrence. However, the results of the current study may suggest that inherent 

changes in faecal microbiota of mares during the periparturient period (excluding the 

effect of change in management) are not a major contributing factor in the 

development of periparturient colic. Weese et al. (2015) reported a significant increase 

in the relative abundance of the phylum Proteobacteria and a reduction in the relative 

abundance of the Firmicutes, Bacteroidetes and Tenericutes phyla prior to the onset of 

postpartum colic, but whether these changes were primarily related to colic occurrence 

or developed in response to other management factors, e.g. stable confinement, was 

unknown.  

The level of alpha diversity of the mare faecal microbiota exhibited an overall linear 

decrease over time relative to foaling. Alpha diversity is a measure of within-sample 

biodiversity and is often used to associate the perturbation of microbial communities 

with a disease process or a change in the physiological status of the host (Turnbaugh 

et al. 2009, Elli et al. 2010, de Weerth et al. 2013). This reduction in alpha diversity 
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may have resulted from changes in management or medications that had been 

administered to some of the mares, particularly during the postpartum period. Pasture 

grazing (management regimen 4) also resulted in a significantly higher level of 

community biodiversity compared with other management practices in which the 

mares were predominately fed on hay. The effect of diet transition from conserved 

forage-grain-based ration to pasture grazing on faecal microbiota of normal horses has 

previously been investigated and pasture grazing was found to be associated with more 

diverse communities, which is consistent with the results reported here (Fernandes et 

al. 2014). 

Medical treatment (e.g. anthelmintics administered) and changes in management 

practices (stable confinement, in particular) may have been responsible for the 

significantly higher variation in faecal microbiota composition between the mares 

during the postpartum period. Exclusion of samples that were collected while the 

mares were subjected to stable confinement or when the mares had been administered 

medical treatment had no effect on these results. Fernandes et al. (2014) reported a 

shift in faecal microbiota of the horse in response to a new diet within a period of 4 

days following dietary transition. It is of note that the latter study did not sample the 

horses before this 4-day period and that the reported changes might have been initiated 

even earlier. Another study that used culture-based techniques to investigate the effect 

of dietary transition from pasture grazing to concentrate feeding with stable 

confinement reported a significant increase in the counts of Streptococcus spp. and 

Lactobacillus spp. microbial populations in faeces from day 6 following the dietary 

shift (van den Berg et al. 2013). The findings of these two studies may explain why 

exclusion of samples thought to be the source of variation in the current study had no 

effect on the statistical results obtained, as there might not be a synchronicity between 

changes in management and the resultant shifts in microbial communities. Total 

exclusion of these mares from the analysis, however, was not possible due to a small 

sample size of the current study.  

In the current study, ZINB mixed-effects models were used to identify differentially 

abundant OTUs. These models were previously evaluated for the human microbiota 

data analysis and were found to be robust (Fang et al. 2014). Few OTUs were 

identified to be significantly associated with the time of sample collection while the 
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majority were associated with the management practices to which the mares had been 

exposed or with the interaction term between time and management. These findings 

also suggest that minimising changes in management during the periparturient period 

may result in a stable mare faecal microbiota.  

In the current study, the faecal microbiota was used as a proxy for the hindgut 

microbial population. Studies that compared microbiota composition of different 

regions of the horse gastrointestinal tract have found that faecal microbiota could 

partially represent microbial populations of the large intestine, particularly those of the 

distal colon (Dougal et al. 2012, Costa et al. 2015a). Therefore, the findings reported 

in the present study could be an indication of the changes that occurred in the distal 

large colon. Differentiation of management practices into five different categories 

could be a limitation of the current study. Although transition between these 

management practices was abrupt, it was not known exactly when faecal microbiota 

started to react to these changes and consequently this was not a clear-cut 

classification. Only a single study collected daily faecal samples following a dietary 

change where significant differences were apparent only from day 6 (van den Berg et 

al. 2013). The effect of antimicrobial treatment on faecal microbiota composition; 

however, was reported to occur as early as from 1 day following treatment and that 

continued through the treatment period and for 7 days after cessation of the treatment 

(Harlow et al. 2013). None of the mares included in the present study had received 

antimicrobial treatment, and there is no evidence available about the effect of 

anthelmintic treatment or medications used for oestrus cycle control administered to 

some of the mares on the horse faecal microbiota composition. 

This the first study to perform a detailed investigation of faecal microbiota of a group 

of mares during the periparturient period, at the time when they are at increased risk 

of colic. The study demonstrated that majority of changes identified were associated 

with management practices, and were not related to inherent physiological changes 

associated with foaling. The reasons for increased risk of colic/LCV in the 

periparturient period could not be fully investigated in the current study given its small 

sample size and there is a need for further microbiome studies to investigated changes 

in gut microbiota that may precede postpartum colic in mares.  

. 
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7.6 Appendix to Chapter 7 

Supplementary Table 7-1: The demographics of the study mares and number of samples collected from each  

Mare Breed Age 

(years) 

Height 

(hands) 

Stereotypic 

behaviour 

Worm egg count 

on recruitment 

(eggs/g) 

Foaling due 

date 

Foaling date Re-bred post 

foaling 

Total 

sample 

count 

Completeness of sample 

collection 

1 TB 13 16 - 0  22/05/2014 25/05/2014 Yes 18 Complete 

2 TBX 13 16.2 - 0  11/06/2014 15/06/2014 No 18 Complete 

3 TBX 15 16.2 - 0  20/06/2014 16/06/2014 No 8 Sold 2 weeks post foaling 

4 TBX 10 16.1 - 850  20/06/2014 04/06/2014 Yes 16 Complete 

5 WB 7 16.1 - 0  22/06/2014 20/06/2014 No 18 Complete 

6 TBX 6 16.2 - 125  28/06/2014 07/06/2014 No 4 Excluded 2 weeks post 

foaling; the foal died 

7 TBX 12 16.1 Wind sucking/ 

crib-biting 

0  20/06/2014 26/6/2014 No 13 Sold 7 weeks post foaling 

TB: Thoroughbred, TBX: Thoroughbred cross, WM: worm blood  
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Supplementary Table 7-2: Sampling time points, management practices and medications administered to the mares during the study period 

Time 

points 

No. of 

samples 

Not 

sampled 

horses  

M.R.  Exceptions Days relative to 

foaling 

Medications 

T-5  3 1, 3, 4, 6 R1 - 29–33  Moxidectin (EQUEST, Zoetis, UK) was administered 2–3 months prior to the first sample 

collection for all horses 

T-4  4 1, 4, 6 R1 - 22–26  - 

T-3  6 6 R1 - 14–19  - 

T-2  7 -  R2 Horse 6 was on R1  7–12  - 

T-1  7 -  R2 Horse 6 was on R1 18 h to 5 days  - 

T0 6  6 R2 Horse 6 was on R1  Second stage labour - 

T1  7 -  R3 Horse 4 was on R4 3–7  Moxidectin was administered 2 days earlier to T1 (horse 7) 

T2  2 2, 4, 5, 6, 

7 

R3 - 5–6  - 

T3  7 - R3 Horse 4 and 6 were 

on R4 

9–15   Moxidectin was administered 2 days earlier to T3 (horse 5) 

T4 1 2, 3, 4, 5, 

6, 7 

R3 -  14  - 

T5  5 3, 6 R4 Horse 5 was on R3, 

horse 2 was on R5  

17–21  Moxidectin was administered 5 days (horse 4) and 2 days (horse 2) earlier to T5 

T6  5 3, 6 R4 - 26–28  - 

T7  5 3, 6 R4 -  31–37  Horse 1 received GnRH (Ovuplant, Dechra, UK) then bred followed by oxytocin for 3 days 

T8  5  3, 6 R4 Horse 1 and horse 4 

were on R5  

38–42  Horse 4 received prostaglandin and hCG (Chorulon, MSD Animal Health, UK) and bred. 

Moxidectin was administered 2 days earlier to T8 (horse 1) 

T9 5 3, 6 R4 Horse 4 was on R5  45–49  - 

T10 4 3, 6, 7 R4 Horse 4 was on R3 52–56  - 

T11  4 3, 6, 7 R4 Horse 5 was on R5 59–63  - 

T12  4 3, 6, 7 R4 - 66–70  - 
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Supplementary Table 7-2 continued 

Time 

points 

No. of 

samples 

Not 

sampled 

horses  

M.R.  Exceptions Days relative to 

foaling 

Medications 

T13  4 3, 6, 7 R4 Horse 4 was on R5 73–77  Horse 1 received prostaglandin for 3 days and then bred earlier to T13 

T14  4 3, 6, 7 R4 - 80–84  - 

Management regimens (M.R.) were Regimen 1 (R): mares kept at pasture 24 hours/day with free access to hay; Regimen 2 (R2): mares in a group at pasture during the day 

and stabled at night with access to hay; Regimen 3 (R3): mares kept on a grass pasture separately and stabled at night with access to hay; Regimen 4 (R4): mares kept in a 

group at pasture 24 hours/day with no access to hay; Regimen 5 (R5): mare stabled 24 hours/day and fed hay only.  
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Supplementary Table 7-3: Relative abundance of different bacterial phyla identified in the faecal microbial communities of periparturient mares at 20 

time points 

Phylum/Time 

points 

T-5 T-4 T-3 T-2 T-1 T0 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 Total 

(Mean) 

Firmicutes 42.80 39.70 43.86 40.42 38.04 41.91 38.84 37.99 38.28 37.62 38.37 37.87 42.55 38.92 40.99 34.31 48.51 53.57 45.44 41.03 41.05 

Bacteroidetes 37.21 32.80 35.62 38.27 36.74 37.45 36.74 35.36 38.91 47.97 37.93 43.76 39.69 42.62 38.70 43.15 25.39 24.91 34.56 38.77 37.33 

Spirochaetes 7.46 16.33 8.53 9.37 12.21 9.98 12.45 12.88 10.17 6.29 9.82 7.02 7.15 8.66 7.97 11.02 13.14 8.92 9.22 8.51 9.85 

Fibrobacteres 6.21 4.77 5.51 4.54 6.07 4.27 5.07 4.78 5.79 3.26 6.81 4.64 3.41 3.27 4.74 5.25 7.27 5.35 3.49 4.90 4.97 

Proteobacteria 2.38 1.91 1.99 2.60 2.10 2.29 2.04 5.52 1.90 1.21 1.97 1.82 1.65 2.14 1.60 1.74 1.37 1.45 1.46 0.94 2.00 

Verrucomicrobia 2.24 2.43 2.28 2.24 2.48 2.00 2.61 2.13 2.60 2.37 2.53 2.29 2.64 1.97 3.08 2.20 2.42 3.05 3.63 3.83 2.55 

Tenericutes 0.35 0.66 0.69 0.68 0.85 0.65 0.53 0.46 0.62 0.44 0.70 0.63 1.23 0.96 1.07 0.64 0.71 0.89 0.83 0.69 0.71 

Unassigned 0.34 0.38 0.36 0.44 0.27 0.24 0.20 0.17 0.27 0.05 0.30 0.24 0.22 0.17 0.28 0.13 0.13 0.17 0.11 0.12 0.23 

TM7 0.24 0.38 0.32 0.37 0.33 0.31 0.32 0.17 0.27 0.11 0.34 0.30 0.30 0.25 0.25 0.20 0.16 0.24 0.08 0.10 0.25 

Lentisphaerae 0.22 0.14 0.17 0.27 0.29 0.27 0.30 0.12 0.15 0.08 0.31 0.38 0.25 0.23 0.37 0.39 0.28 0.19 0.21 0.27 0.24 

Cyanobacteria 0.18 0.10 0.19 0.10 0.10 0.15 0.21 0.10 0.23 0.30 0.37 0.47 0.31 0.41 0.39 0.51 0.16 0.28 0.39 0.33 0.26 

Synergistetes 0.17 0.09 0.18 0.26 0.21 0.14 0.18 0.11 0.29 0.13 0.18 0.16 0.22 0.14 0.28 0.13 0.11 0.34 0.31 0.22 0.19 

Actinobacteria 0.10 0.19 0.15 0.14 0.13 0.17 0.14 0.14 0.15 0.08 0.10 0.12 0.13 0.07 0.11 0.10 0.11 0.11 0.12 0.10 0.12 

Armatimonadetes 0.07 0.04 0.07 0.16 0.14 0.08 0.18 0.02 0.23 0.04 0.13 0.10 0.13 0.07 0.09 0.07 0.07 0.32 0.08 0.16 0.11 

Elusimicrobia 0.04 0.04 0.07 0.09 0.03 0.04 0.18 0.01 0.12 0.04 0.12 0.19 0.12 0.11 0.09 0.15 0.17 0.19 0.04 0.04 0.09 

WPS-2 0.01 0.02 0.02 0.05 0.01 0.03 0.02 0.04 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 

Planctomycetes 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 
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Supplementary Table 7-4: A summary of the results obtained from linear mixed-effects 

modelling of alpha diversity measures. 

Variable Value Std.Error DF t-value p-value 

Regression of alpha diversity measurements against time only: 

Observed species      

Intercept 3769.1 125.00 87 30.15 7.81 × 10-48 

Time −7.96 4.98 87 −1.6 0.11 

Chao1  

Intercept 5708.61 173.77 87 32.85 8.17 × 10-51 

Time −11.1 7.02 87 -1.58 0.12 

Shannon diversity index 

Intercept 6.70 0.05 87 132.15 4.72 × 10-102 

Time −0.005 0.003 87 −1.81 0.07 

Simpson diversity index  

Intercept 0.99 0.001 87 1339.36 1.82 × 10-189 

Time −5.26 × 10-05 3.5 × 10 -05 87 −1.50 0.14 

Time and management regimens: 

Observed species      

Intercept 3772.18 171.66 83 21.98 2.38 × 10-36 

Time −10.74 6.13 83 −1.75 0.08 

Regimen 2 -44.47 172.30 83 −0.26 0.8 

Regimen 3 −199.66 198.47 83 −1.01 0.32 

Regimen 4 260.64 252.80 83 1.03 0.31 

Regimen 5 24.015 300.77 83 0.08 0.94 

Chao1 index 

Intercept 5653.14 239.09 83 23.64 1.25 × 10-38 

Time −16.02 8.35 83 −1.92 0.06 

Regimen 2 1.88 237.08 83 0.008 0.99 

Regimen 3 −153.86 273.27 83 −0.56 0.57 

Regimen 4 448.81 347.65 83 1.29 0.20 

Regimen 5 -23.93 413.80 83 -0.06 0.95 

Shannon diversity index 

Intercept 6.56 0.101 83 65.09 5.18 × 10-73 

Time −0.009 0.003 83 −2.68 0.009 

Regimen 2 0.11 0.11 83 0.9 0.37 

Regimen 3 0.16 0.14 83 1.20 0.23 

Regimen 4 0.35 0.17 83 2.00 0.049 

Regimen 5 0.31 0.21 83 1.48 0.14 

Simpson diversity index 

Intercept 0.99 0.001705 83 581.45 1.33 × 10-151 

Time −0.00 4.93 × 10-05 83 −2.21 0.03 

Regimen 2 0.003 0.0021 83 1.24 0.22 

Regimen 3 0.004 0.0021 83 1.65 0.1 

Regimen 4 0.005 0.003 83 1.7 0.09 

Regimen 5 0.007 0.004 83 1.95 0.05 
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Supplementary Table 7-4 continued 

Variable Value Std.Error DF t-value p-value 

Collapsed management regimens 

Observed species 

Intercept 3689.57 128.1 80 28.80 5.49 × 10-44 

Time −12.96 5.04 80 −2.57 0.01 

Regimen 4 391.97 158.94 80 2.47 0.02 

Chao1 

Intercept 5609.867 178.04 80 31.51 7.37 × 10-47 

Time −17.09 6.93 80 −2.46 0.02 

Regimen 4 501.75 211.08 80 2.38 0.02 

Shannon diversity index 

Intercept 6.68 0.058 79 114.93 1.08 × 10-89 

Time −0.002 0.0035 79 −0.59 0.55 

Regimen 4 0.32 0.13 79 2.49 0.015 

Time × management regimen −0.009 0.004 79 −2.28 0.025 

Simpson diversity index 

Intercept 0.99 0.001 79 1113.55 1.65 × 10-167 

Time 8.37 × 10-06 6.12× 10-05 79 0.14 0.89 

Regimen 4 0.0038 0.002 79 1.63 0.11 

Time × management regimen −0.0002 6.92 × 10-05 79 −2.11 0.038 
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Supplementary Table 7-5: A summary of the results obtained from linear mixed-effects 

modelling of beta diversity measures. 

Variable Value Std.Error DF t-value p value 

LME modelling of beta-diversity measurements against time: 

Bray–Curtis      

Intercept 0.53 0.02 70 34.5 1.22 × 10-45 

Time 0.003 0.003 70 0.93 0.35 

Jensen–Shannon      

Intercept 0.247 0.01 70 22.1 2.64 × 10-33 

Time 0.002 0.003 70 0.97 0.33 

Weighted UniFrac      

Intercept 0.18 0.01 70 15.4 3.56 × 10-24 

Time 0.002 0.003 70 0.72 0.47 

Time and management regimens: 

Bray–Curtis      

Intercept 0.57 0.03 66 19.09 1.37 × 10-28 

Time 0.005 0.002 66 1.16 0.25 

Regimen 2 −0.04 0.03 66 −1.37 0.18 

Regimen 3 −0.04 0.04 66 −1.03 0.31 

Regimen 4 −0.07 0.054 66 −1.27 0.21 

Regimen 5 0.05 0.06 66 0.92 0.36 

Jensen–Shannon      

Intercept 0.27 0.024 66 12.003 2.99 × 10-18 

Time 0.004 0.0034 66 1.14 0.26 

Regimen 2 -0.03 0.03 66 −1.37 0.18 

Regimen 3 −0.03 0.03 66 -0.99 0.33 

Regimen 4 −0.05 0.04 66 −1.25 0.22 

Regimen 5 0.05 0.05 66 1.03 0.31 

Weighted UniFrac      

Intercept 0.21 0.03 66 8.64 1.87 × 10-12 

Time 0.006 0.004 66 1.49 0.14 

Regimen 2 −0.04 0.03 66 −1.37 0.18 

Regimen 3 −0.05 0.03 66 −1.43 0.16 

Regimen 4 −0.08 0.05 66 −1.87 0.07 

Regimen 5 0.01 0.05 66 0.25 0.8 

Collapsed management regimens: 

Bray–Curtis      

Intercept 0.53 0.02 64 32.37 2.16 × 10-41 

Time 0.003 0.004 64 0.88 0.38 

Regimen 4 −0.015 0.03 64 −0.48 0.63 

Jensen–Shannon 
     

Intercept 0.25 0.01 64 20.99 2.10 × 10-30 

Time 0.002 0.0027 64 0.855 0.39 

Regimen 4 −0.01 0.023 64 −0.44 0.66 
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Supplementary Table 7-5 continued 

Variable Value Std.Error DF t-value p value 

Weighted UniFrac      

Intercept 0.18 0.011 64 15.64 1.53 × 10-23 

Time 0.003 0.0029 64 0.914 0.36 

Regimen 4 −0.02 0.022 64 −0.8 0.42 

As a measure of stability of the community over the course of sample collection, 3 dissimilarity metrics 

were calculated as distances between consecutive sampling time points within each mare and regressed 

against time/management regimens.  
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Supplementary Figure 7-1: 

Histograms of distribution of the 

number of reads (sequences) per 

sample before and following 

independent filtering of rare taxa. 
The plots show that most of the sequences 

are retained within the data following 

filtering.  
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Supplementary Figure 7-2: Agglomerative hierarchical cluster analysis performed on 

Jaccard’s index (A) and weighted-UniFrac (B) dissimilarity metrics calculated from a 

filtered and rarefied OTU table. The Figures show that samples are rather clustered by the mares 

than by the sampling time points. Samples are labelled as S1 – S7 referring to the mares and as −5 to 

12 referring to the sampling time points. A minus sign indicates that the sample was collected prior to 

foaling. Ex1 and Ex2 refer to 3 extra samples collected from 2 of the mares during the 1st and the 2nd 

post foaling weeks.    
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Supplementary Figure 7-3 - Boxplots of alpha diversity indices measured at different 

sampling time points.  Measurements included observed species and Chao1 for species richness 

(number of species in the sample) and Shannon and Simpson diversity indices for population diversity 

(number of species and their relative abundance within samples). A general trend of reduced richness 

and diversity over time is clear from the plots.  
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Supplementary Figure 7-4 - Boxplots of beta diversity measures.  Distances between 

consecutive samples within each mare were calculated using three dissimilarity metrics (Bray-Curtis, 

Jensen-Shannon divergence, and weighted-UniFrac) and plotted. A trend of increased distances over 

the course of the study is clear from the plots.  
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8.1 Summary 

Horses that underwent surgery for treatment of primary large colon diseases have been 

reported to be at increased risk of developing postoperative colic episodes. The reasons 

for this are currently unknown. The aim of the work presented in this chapter was to 

characterise the faecal microbiota of horses that underwent surgery for treatment of 

colic due to a primary large colon lesion and to compare the microbial populations of 

those horses to a control group of horses undergoing emergency orthopaedic treatment. 

Faecal samples were collected from horses in both groups on admission to hospital, 

during hospitalisation and following discharge from the hospital. A total of 12 samples 

were collected from each horse. DNA was extracted from these samples and sequenced 

using the Ion Torrent PGM next-generation sequencing system. The data was used to 

characterise the faecal microbiota in study horses and to investigate differences 

between the two groups. The study did not identify major changes in faecal microbiota 

over time in both groups. The study highlighted factors that should be considered in 

longitudinal microbiome studies of client owned clinical cases including: different 

management practices to which the horses were exposed to prior to hospital admission, 

differences in time periods between sample collection and freezing of some samples, 

additional medical treatment given to some of the horses and postoperative 

complications developed by some horses.   
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8.2 Introduction 

Postoperative colic is a frequent complication following surgical management of colic 

in horses as has been demonstrated in the work undertaken in CHAPTER 3. An 

incidence rate of 0.55 episodes/horse year at risk has been previously reported 

(Proudman et al. 2002a), which is approximately 10 times higher than the incidence 

rate of colic in the general horse population (Uhlinger 1992, Kaneene et al. 1997a, 

Tinker et al. 1997a, Hillyer et al. 2001, Traub-Dargatz et al. 2001). Postoperative colic 

adds to the costs of treatment and is the most common cause of postoperative death or 

euthanasia (Macdonald et al. 1989, Proudman et al. 2002a, Mair and Smith 2005a).  

Specific types of colic identified at surgery have been previously reported to be 

associated with increased risk of developing postoperative colic episodes. Horses that 

underwent surgical correction of strangulating large colon volvulus (LCV) were 3 

times more likely to develop postoperative colic compared with other surgical colic 

diagnosis categories (French et al. 2002). Left dorsal displacement of the large colon 

has also associated with an 8.1–20% recurrence rate following surgical or non-surgical 

correction in two other studies (Hardy et al. 2000, Rocken et al. 2005). Furthermore, 

horses that have undergone surgical treatment of right dorsal displacement of the large 

colon have been shown to be more likely to develop postoperative colic (prevalence 

41.9%) compared to other forms of large intestinal displacements including left dorsal 

displacement (8.3%) and non-strangulating volvulus (20.5%) (Smith and Mair 2010). 

Previously, intra-abdominal adhesions have been proposed as an underlying reason for 

the risk association between surgical correction of strangulating LCV and 

postoperative colic (French et al. 2002). However, one hypothesis is that these lesions 

may be associated with a delayed re-population/recovery of gut microbiota following 

surgery. This hypothesis merits further investigation. 

In humans, substantial changes in the composition of the gut microbiota as a result of 

surgery have been reported. Surgical treatment of colorectal cancer has been shown to 

be associated with significant changes in faecal microbiota in the form of reduction in 

the counts of obligate anaerobes, key components of the normal gut microbiota, and 

an increase in Enterobacteriaceae, Enterococcus, Staphylococcus, and Pseudomonas 

species (Ohigashi et al. 2013). Human patients that developed a postoperative 
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infection or an anastomotic complication have been reported to have a low level of 

intestinal microbiota diversity compared to their normal counterparts (Ralls et al. 

2014). Furthermore, perioperative probiotic treatment has been associated with 

significantly reduced surgical site infection rates following elective colorectal cancer 

surgery in a separate study (Aisu et al. 2015), which may be due to rapid restoration 

of diversity of gut microbiota. 

Knowledge of the faecal microbiota composition following laparotomy and time frame 

over which the gut microbial recovery/re-population occurs in these horses is 

important to investigate the reasons why specific gastrointestinal lesions identified at 

surgery are associated with increased risk of postoperative colic. In the current study, 

the faecal microbiota of a group of surgical colic patients diagnosed with a primary 

large colon lesion at surgery was compared with a group of orthopaedic emergency 

control horses that underwent surgery under general anaesthesia. A secondary 

objective of the study was to compare the faecal microbiota to that of the colonic 

luminal contents obtained from the colic group at surgery.  

8.3 Materials and methods 

The current study was approved by the University of Liverpool Veterinary Research 

Ethics Committee (VREC207) and horse owners provided informed consent for 

participation in the study.  

8.3.1 Horses 

Colic patients were recruited from horses that were admitted to the Philip Leverhulme 

Equine Hospital (PLEH), the University of Liverpool. Criterion for inclusion was that 

they had undergone laparotomy for treatment of a primary large colon disease. Horses 

were recruited into the study at the time of hospital admission based on initial findings 

on clinical examination and were scheduled for further sample collection only if the 

diagnosis was confirmed at surgery. A group of control horses were selected from 

horses that were admitted to the PLEH because of an orthopaedic emergency. The 

selection criterion for this control group was that the horse was admitted for treatment 

of a likely orthopaedic septic condition requiring surgical treatment under general 
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anaesthesia. This type of control group was specifically selected to control for the 

effect of general anaesthesia and postoperative antimicrobial treatment on the gut 

microbiota. Horses in both groups were matched on the period of hospital admission 

and the type of antimicrobial treatment. Horses had been administered penicillin 

(12mg/kg IM q.12h) and gentamicin (6.6mg/kg IV q.24hours) for 3–5 days 

postoperatively according to clinician preference. Following this initial course of 

antimicrobial treatment, control horses received oral trimethoprim-sulfadiazine for an 

additional 7–10 days as is a routine in the treatment of these cases at the PLEH 

8.3.2 Postoperative management 

Following recovery from general anaesthesia, the horses were stabled in separate stalls 

bedded with shavings and were monitored for clinical progress and postoperative 

complications, with feed being introduced gradually from 24 h postoperatively. Colic 

patients were discharged from the hospital with instructions to the owners to keep the 

horse box rested for 6 weeks, during which the horse was hand walked for 5–10 

minutes, 2–3 times a day. This was followed by a turnout in a small paddock for 8 

weeks before the horse was returned to normal turnout and management. The 

discharge instructions for the orthopaedic control horses included stable confinement 

for 2 weeks, during which period the horse was to be turned out for a hand walk 2 

times a day, each for 10 minutes. Active hand-walking exercise was then initiated 10 

minutes twice daily for the first week, followed by an increase of 5 minutes per week 

for the following 2 weeks. Subsequent to this 5-week period of stable confinement, 

these horses were turned out in a small paddock for around a month before resuming 

normal exercise. 

8.3.3 Sample collection 

A faecal sample was collected at the time of hospital admission from both case and 

control horses and was considered a baseline sample (T0). These samples were 

collected directly from the rectum in colic horses at time of rectal examination being 

performed and from freshly passed faeces present in the horsebox in orthopaedic cases. 

In colic cases where a pelvic flexure enterotomy (PFE) was performed, a sample of 

the colon contents was collected at surgery. Following recovery from general 

anaesthesia, samples were collected from freshly passed faeces in all horses every 2–
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3 days until the horse was discharged from the hospital (T1–T4). These samples were 

collected from the stalls into zipped plastic bags and were transferred immediately to 

a −80 ºC freezer. Following hospital discharge, horse owners were asked to mail 

weekly faecal samples during the first month postoperatively and then every two 

weeks for further 2 months (T5–T12). For this purpose, the horse owners were 

supplied with freepost return envelopes and sampling containers. A reminder text was 

sent when samples were due and a free worm egg count was offered to encourage 

owner compliance. Samples that were collected by horse owners were also 

immediately frozen on arrival. 

8.3.4 Data collection 

Details of signalment and findings on clinical examination were recorded on 

admission. Postoperatively, information about medications administered, clinical 

progress and postoperative complications were recorded. Subsequent to delivery of the 

last sample, each horse owner was contacted by telephone and was asked to provide 

information about any deviation in management from those detailed in the discharge 

instruction sheet, e.g. transportation, development of other medical conditions, and 

other medications administered.  

8.3.5 DNA extraction and creation of amplicon libraries for 

sequencing 

The methods of DNA extraction and creation of amplicon libraries have been 

described in details in CHAPTER 6. Briefly, The DNA was extracted from faecal 

samples using a commercial kit (QIAamp DNA Stool Mini Kit, QIAGEN, UK) 

according to the manufacturer’s instructions, with an additional step of bead beating. 

The V1–V2 hypervariable regions of the bacterial 16S rRNA gene were amplified in 

triplicates using a barcoded primer set. The polymerase chain reaction (PCR) products 

were subjected to gel electrophoreses and were quantified by comparison of 

fluorescence intensities to those of known molecular weight standards (HyperLadder 

1kb marker; Bioline, UK) using the GeneTools analysis software (Syngene, UK). 

Three amplicon mixtures were created from equimolar ratios of the PCR products.  

Amplicon mixtures were then purified using the E.ZNA® Cycle-Pure Kit (OMEGA 

bio-tek, USA) as per the manufacturer’s protocol.  Purified amplicon mixtures were 
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then resolved on 1.5% agarose gel stained with ethidium bromide and the desired 

bands were excised on a blue-light transilluminator. Retrieval of amplicons from the 

agarose gel matrix was achieved via spin columns developed at the University of 

Leicester (CHAPTER 6). A second purification was performed using the E.Z.N.A® 

Cycle-Pure Kit and the libraries were then subjected to a final quality control check on 

the Agilent 2100 BioAnalyser (Agilent Technologies, USA) as per the manufacturer’s 

instructions. The amplicon libraries were sequenced using the Ion Torrent Personal 

Genome Machine (PGM) sequencing facility at the University of Leicester.   

8.3.6 Data analysis 

8.3.6.1 Sequence filtering, OTU clustering and chimaera removal 

The data generated from the sequencing of 16S rRNA gene amplicon libraries were 

processed using the Quantitative Insights into Microbial Ecology pipeline (QIIME, 

version 1.9.1, http://qiime.org/) (Caporaso et al. 2010b). Sequences were 

demultiplexed according to their barcode sequences and poor quality sequences were 

filtered using the previously reported quality filtration parameters (CHAPTER 6). 

From a total of 13,028,651 input sequences, this filtration step resulted in 4,135,586 

quality sequences (31.7 % of the initial sequence count). Chimeric sequences were 

then identified using the UCHIME algorithm (Edgar et al. 2011), informed with the 

Greengenes (version 13.8) reference database (DeSantis et al. 2006). Sequences were 

then clustered open-reference into OTUs at 97% identity threshold using the 

USEARCH (version 6.1.544) (Edgar 2010). A representative sequence from each 

OTU cluster was aligned to the Greengenes core set (version 13.8) (DeSantis et al. 

2006) using PyNast (Caporaso et al. 2010a). Taxonomic assignments of OTU 

representatives were made using the Ribosomal Database Project (RDP) classifier 

(version 2.2) (Wang et al. 2007) informed with the Greengenes reference database at 

the QIIME default settings (50% confidence level). Representative sequences were 

then filtered to remove gaps and hypervariable regions using the Lane mask before 

creation of an approximately-maximum-likelihood phylogenetic tree using FastTree 

(Price et al. 2010). 

8.3.6.2 Statistical analysis 

Statistical analyses were performed using R software environment (version 3.2.3) (R 

Core Team 2014) with the following add-on statistical packages: 'phyloseq' 

http://qiime.org/
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(McMurdie and Holmes 2013), 'vegan' (Oksanen et al. 2015), 'ggplot2' (Wickham 

2009), 'nlme' (Pinheiro et al. 2015), and 'DESeq2' (Love et al. 2014). 

8.3.6.2.1 Data filtration and normalisation 

OTUs that were present in less than 5% of the samples (7 samples) or were represented 

by less than 20 reads from the total sequences were filtered from the dataset. Eight 

PFE samples were excluded before this step to be processed separately. The OTU table 

was then normalised by random subsampling to a minimum sequence depth of 11,915 

reads without replacement (rarefying) to account for unequal sequencing depths 

between samples. The normalised OTU table was used for beta diversity analysis and 

creation of pie charts of relative abundance of different OTUs at the phylum taxonomic 

level.  

8.3.6.2.2 Alpha and beta diversity analysis 

Alpha diversity measures (observed species and Chao1 for species richness, and 

Shannon and Simpson diversity indices for population diversity) were explored using 

empirical growth plots and were modelled using linear mixed-effects models (LME). 

Random intercept and slope models were built where each horse was included as a 

random effect variable and time relative to surgery (in days) was included as a fixed 

effect variable. The models were fitted for colic patients and orthopaedic control 

horses separately. The level of alpha diversity of samples collected on admission was 

also compared between the groups using the Wilcoxon rank sum test.   

8.3.6.2.3 Cluster and ordination analysis 

Cluster dendrograms were created based on average-link agglomerative hierarchical 

clustering following calculation of Jaccard’s index and weighted-UniFrac (Lozupone 

et al. 2007) dissimilarity metrics. The trees were visualised using publicly available 

software (FigTree version 1.4.2, http://tree.bio.ed.ac.uk/software/figtree/). Principal 

coordinate analysis (PCoA) of three dissimilarity metrics including weighted-UniFrac 

(Lozupone et al. 2007), Bray–Curtis (Bray and Curtis 1957) and Jaccard’s index was 

performed and the results were plotted to examine for clustering of sampling time 

points. For better visualisation, the samples were grouped as admission (T0), within 

hospital (T1–T3), early post-discharge (T5–T8) and late post-discharge (T9–T12) 

samples. Beta diversity analysis was also performed to compare samples collected on 

admission from both control and colic horses. 

http://tree.bio.ed.ac.uk/software/figtree/
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8.3.6.2.4 Differential abundance analysis 

Differential abundance analysis was performed using negative binomial (NB) models 

using the DESeq2::DESeq function in R. Before fitting the models, the data were 

further filtered to remove OTUs that were present in less than 25% of the samples. 

Variance stabilising transformation of the data was executed as a part of model fitting 

and therefore the data were not rarefied in advance. Samples collected on admission 

from colic patients and orthopaedic control horses were compared to subsequent 

samples within each group to explore how the community composition changed over 

time. A multifactor design of the model matrix was considered to account for 

dependency between samples. Samples collected on admission from both groups were 

also compared using NB modelling and p-values were adjusted for multiple testing 

using the false discovery rate method (Benjamini and Hochberg 1995). OTUs adjusted 

p-values of which were less than 0.1 were considered significantly differentially 

abundant. 

8.3.6.3 Comparison of community composition of faeces and colonic luminal 

content  

Samples taken from the colon when a PFE was performed (8 samples) were used to 

compare the colonic luminal content microbial profile to that of the faeces on 

admission. The samples (faeces and PFE) were filtered from the whole dataset 

following creation of the OTU table and were processed separately. This included 

filtration of OTUs that were represented by less than 10 sequence reads or were present 

in less than 5% of the samples (1 sample), and normalisation by rarefying without 

replacement to a minimum sequence depth of 1,1915 reads. The normalised OTU table 

was used for beta diversity analysis. Alpha diversity measures were calculated from 

the non-normalised, non-filtered OTU table and were compared between the two 

sampling locations using the Wilcoxon Signed Rank test. Samples were clustered 

based on the average-link hierarchical agglomerative method (UPGMA) following 

calculation of Jaccard’s index and weighted Unifrac (Lozupone et al. 2007) 

dissimilarity metrics and trees were visualised using FigTree (version 1.4.2). Principal 

coordinate analysis (PCoA) was performed on a Bray–Curtis and a weighted UniFrac 

dissimilarity metrics calculated from the normalised data and the results were plotted. 

Multivariate analysis of variance (MANOVA) was performed on the same metrics to 
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compare the community structures using the vegan::adonis function in R. Permutations 

were constrained within individual horses to account for the paired nature of the data.  

OTUs that were differentially abundant between the two sampling locations were 

identified from negative binomial models using the DESeq2::DESeq function in R. 

Prior to fitting models, the OTU table was further filtered to exclude OTUs present in 

<25% of the samples, as this would increase the statistical power of the model by 

reducing the number of pairwise comparisons (Bourgon et al. 2010). P-values were 

adjusted for multiple testing using the false discovery rate method (Benjamini and 

Hochberg 1995) and OTUs whose adjusted p-values were less than 0.1 were 

considered significantly differentially abundant. 

8.4 Results 

8.4.1 Horses 

Nine surgical colic patients were recruited onto the study, of which only 4 horses 

contributed samples at all sampling time points, whilst 5 horses were sampled only 

during hospitalisation. The horses were admitted to the hospital after a median of 16 h 

(interquartile range 8, 21 h) from first observation of clinical signs of colic. All surgical 

colic patients underwent PFE during surgery and none of them had a repeat 

laparotomy. Antimicrobial therapy was reinstituted in two colic horses due to either 

surgical site infection or peritonitis. No further samples were collected from these two 

horses following antimicrobial reinstitution and therefore they were included in further 

downstream analysis. Another two horses developed complications (surgical site 

infection and colitis) shortly following laparotomy and were excluded from the 

analysis. Additionally, horse 2 was diagnosed with paranasal sinusitis 6 weeks post 

hospital discharge and had been administered a course of penicillin and trimethoprim-

sulfadiazine antimicrobial treatment and horse 3 was reported by the owner to have 

been administered antimicrobial treatment at the time of suture removal. Table 8-1 

summarises the demographics of these horses, findings at surgery and any identified 

postoperative complications. Five orthopaedic control patients were recruited onto the 

study. The demographics of these horses, surgical findings and any deviation in 

management from the instructions given to the owners at the time of hospital discharge 
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are given in Table 8-2. Horse 5 was reported by the owner to have been administered 

antimicrobial treatment prior to the collection of sampleT10 (this sample was excluded 

from the analysis as it was a marked outlier), while horse 2 was transported five times 

during the period of sample collection and these coincided with collection of T10 and 

T12 samples. 
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Table 8-1: Summary of demographics of horses that had undergone laparotomy for treatment of primary large colon diseases. 

Horse Sex Breed  Age 

(years) 

Use Time to 

referral 

(h) 

Surgery 

date 

Diagnosis Other 

medical 

treatment 

POC(date) Other 

complications 

Notes 

1 Gelding - 22 Retired  16 18/04/2014 LCV (180–

270º) 

- - - - 

2 Mare TBX 9 Pleasure 8 20/04/2014 NSE - Yes 

(24/4/2014) 

- Diagnosed with sinusitis prior 

to T11 and received penicillin 

and  TMPS treatment 

3 Mare KWPN 7 Show 

jumping 

6 23/06/2014 LCV (180–

270º) 

- - - Slight incisional discharge 

during suture removal. The 

owner reported that the vet 

might have given antimicrobial 

treatment  (prior to T6) 

4 Mare - 4 - 47.5 14/08/2014 LCV (180 –

270º) 

Polymyxin 

B, ceftiofur 

Yes (21/8, 

23/8/2014) 

Peritonitis, 

haemoglobinuria 

No samples were collected 

following re-institution of 

antimicrobial therapy 

5 Gelding TB 15 Eventing 4.5 25/06/2014 RDD Lidocaine - - No admission sample 

6 Mare WB 10 Broodmare 48 13/06/2015 RDD Polymyxin 

B 

- - - 

7 Gelding - 16 Pleasure 18 03/06/2015 RDD TMSP, 

Enrofloxacin  

Yes 

(12/6/15) 

Diarrhoea, POI, 

SSI 

Excluded from the study 

(developed MRSA infection) 

8 Gelding IDX 14 Show 

jumping 

8 20/06/2015 LCV 360º Lidocaine, 

TMSP 

Polymyxin 

B 

Yes 

(24/6/15) 

SSI No samples were collected 

following re-institution of 

antimicrobial therapy 

9 Mare Shire 6 Show hunter 21 22/05/2015 NSE - - Diarrhoea Excluded from the study 

(developed colitis) 

TBX = Thoroughbred cross, KWPN =Dutch Warmblood, TB = Thoroughbred, IDX = Irish Draught cross, LCV = large colon volvulus, NSE = nephrosplenic entrapment, RDD 

= right dorsal displacement of the large colon, TMPS = Trimethoprim Sulfadiazine antimicrobial treatment, POC = postoperative colic, SSI = surgical site infection, MRSA = 

methicillin resistant Staphylococcus aureus, TMSP = Trimethoprim-sulfonamide   
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Table 8-2: Summary of demographics of the orthopaedic control horses.  

Horse Sex Breed Age Use Diagnosis Antimicrobial 

therapy prior to 

admission 

Surgery date Hospitalisation 

period (days) 

Notes 

1 Filly TBX 9 

months 

None Sepsis of radiocarpal joint None 12/04/2014 6 Large colon impaction within the hospital 

treated with oral fluid therapy 

2 Mare Welsh 11 years Pleasure Sepsis of fetlock joint 12 h prior to 

admission 

22/05/2014 6 Transported 5 times (prior to T10 and T12) 

3 Gelding WB 12 years  Pleasure Sepsis of DFTS 12 h prior to 

admission 

23/05/2014 6 None 

4 Mare Welsh 13 years Pleasure Sepsis of fetlock joint 12 h prior to 

admission 

23/05/2014 5 None 

5 Gelding Welsh 9 years  Pleasure Laceration of palmar 

pastern, coffin joint sepsis 

12 h prior to 

admission 

29/07/2014 9 Readmitted to the hospital for a cast change 

on 15th of August (prior to T7), received 

antimicrobial treatment (prior to T10) 

TBX = Thoroughbred cross, WB = warm blood, DFTS = digital flexor tendon sheath 
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8.4.2 Faecal microbial profile 

Sequencing of PCR-amplified 16S rRNA genes from 122 samples resulted in 

3,403,586 quality non-chimeric sequences. Each sample had at least 11,920 reads, and 

there was an average of 27,900 reads per sample. The reads were clustered into 52,268 

operational taxonomic units (OTUs). The relative abundance of bacterial phyla at 

different time points for horses that contributed samples at all sampling time points are 

shown in Figure 8-1, Figure 8-2, Supplementary Table 8-1 and Supplementary Table 

8-2. 

 

 

Figure 8-1: Relative abundance of bacterial phyla at different sampling time points in 

samples collected from horses that had undergone laparotomy for treatment of primary 

large colon diseases.  
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Figure 8-2: Relative abundance of bacterial phyla at different sampling time points in 

samples collected from orthopaedic control patients. 

8.4.3 Results of alpha and beta diversity analysis 

Exploratory plots of alpha diversity measures calculated from the control samples 

showed a single outlying data point corresponding to sample T10 from Horse 5 

(Supplementary Figure 8-1 and Supplementary Figure 8-2). This was excluded from 

LME modelling. Results obtained from LME models for colic and control horses are 
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given in Table 8-3 and Table 8-4. Population diversity and species richness did not 

differ significantly over time for the orthopaedic control horses. A linear significant 

increase in species richness, however, was evident for the surgical colic patients while 

the change in population diversity over the course of the study for these horses was 

not significant (Supplementary Figure 8-3 and Supplementary Figure 8-4). 

Comparison of population diversity levels between colic and control horses on 

admission showed that the control samples had greater diversity levels, yet the 

differences were not statistically significant (Figure 8-3). 

UPGMA trees showed no clear clustering of the data, particularly for the weighted-

UniFrac dissimilarity matrix. Clustering of time points was evident for some horses in 

the tree build on the Jaccard’s index dissimilarity matrix (Supplementary Figure 8-5). 

Results of the PCoA analysis of 3 different dissimilarity metrics for colic patients and 

orthopaedic control horses are shown in Figure 8-4 and Figure 8-5. Data collected from 

the surgical colic did not show clear clustering by sampling time points which may 

indicate that the faecal microbiota of surgical colic patients did not completely return 

to the baseline levels during the sampling time frame used in the current study. 

Samples collected from the orthopaedic control patients showed some clustering 

where samples collected post hospital discharge were clustered together away from 

the admission samples and those collected during hospitalisation. Clustering between 

samples collected from colic and orthopaedic control horses on admission was evident 

(Figure 8-6). 

Table 8-3: Results of linear mixed effects modelling of alpha diversity measures 

calculated from samples collected from surgical colic patients. 

Variable Value Standard error DF t value p-value 

Observed species      

Intercept 3134.50 260.89 48 12.01 4.47 × 10−16 

Time relative to surgery (days) 16.77 6.9 48 2.43 0.019 

Chao1 index 
     

Intercept 6065.03 465.92 48 13.02 2.31 × 10−17 

Time relative to surgery (days) 29.47 11.13 48 2.65 0.01 

Shannon diversity index 
     

Intercept 5.81 0.21 48 24.71 3.47 × 10−31 

Time relative to surgery (days) 0.007 0.005 48 1.52 0.14 

Simpson diversity index 
     

Intercept 0.98 0.007 48 146.28 2.86 × 10−65 

Time relative to surgery (days) 0.0001 0.0001 48 0.98 0.33 
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Table 8-4: Results of linear mixed effects modelling of alpha diversity measures 

calculated from samples collected from orthopaedic control patients. 

Variable Value Standard error DF t value p-value 

Observed species      

Intercept 3241.77 364.50 48 8.9 1.02 × 10−11 

Time relative to surgery (days) −7.70 9.45 48 −0.82 0.42 

Chao1 Index 
     

Intercept 5951.91 725.94 48 8.2 1.1 × 10−10 

Time relative to surgery (days) −15.024 17.86 48 −0.84 0.40 

Shannon diversity index 
     

Intercept 5.86 0.24 48 24.39 1.06 × 10−28 

Time relative to surgery (days) −0.002 0.004 48 −0.44 0.69 

Simpson diversity index 
     

Intercept 0.98 0.005 48 212.76 4.56 × 10−73 

Time relative to surgery (days) −0.0001 0.0001 48 −0.73 0.47 

 

 

Figure 8-3: Boxplots comparing four alpha diversity measures between colic and 

orthopaedic control horses on admission. Control horses showed greater levels of population 

diversity on admission. Differences were not significant as indicated by the Wilcoxon rank sum test.  
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Figure 8-4: Principal coordinate 

analysis of Weighted-UniFrac (A), 

Bray–Curtis (B) and Jaccard’s index 

(C) dissimilarity metrics calculated 

from samples collected from the 

surgical colic patients. Time points were 

grouped as admission (T0), within hospital 

(T1–T3), early post-discharge (T5–T8) and 

late post discharge (T9–T12). There is no 

clear clustering of data  in the plots. 
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Figure 8-5: Principal coordinate 

analysis of Weighted-UniFrac (A), 

Bray–Curtis (B) and Jaccard’s index 

(C) dissimilarity metrics calculated 

from samples collected from the 

orthopaedic control horses. Time 

points were grouped as admission (T0), 

within hospital (T1–T3), early post-

discharge (T5–T8) and late post discharge 

(T9–T12). Some clustering between 

samples collected on admission or wihtin 

hospital and those collected following 

discharge from the hosopital is evident. 
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Figure 8-6: Principal coordinate 

analysis of Weighted-UniFrac (A), 

Bray–Curtis (B) and Jaccard’s index 

(C) dissimilarity metrics calculated 

from samples collected from the 

orthopaedic control horses and 

surgical colic patients on admission. 

 

 

 

 

 

 

8.4.4 Results of differential abundance analysis 

Samples collected on admission were compared to subsequent samples in both colic 

and orthopaedic control patients and were used as a marker for faecal microbial re-

population/recovery post-surgery. The counts of differentially abundant OTUs 

obtained from each of these comparisons are shown in Figure 8-7. The uniform low 

count of differentially abundant OTUs in the surgical colic patients may indicate that 

the faecal microbial communities of these patients did not fully recover during the 

study period. The count of differentially abundant OTUs in samples collected from 

orthopaedic control patients, by contrast, showed an approximately symmetric 

distribution. This may indicate that the faecal microbial community of these horses 
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shifted by the end of the study to become more similar to those at the time of hospital 

admission. The most prominent changes in microbial communities in both colic and 

control horses was the increase in the count of members of class Bacilli and 

Gammaproteobacteria and the reduction in the count of those belonging to the class 

Clostridia and Bacteroidia (Figure 8-8 and Figure 8-9). A total of 45 OTUs were found 

to be significantly differentially abundant between samples collected from orthopaedic 

and colic horses horses on admission (Figure 8-10). 

 

 

 

 

 

 

Figure 8-7: The count of 

differentially abundant OTUs 

resulted from comparing samples 

collected on admission to the rest of 

the sampling time points. The models 

were built using negative binomial models 

in DESeq2 statistical package and the 

results were presented for the surgical 

colic patients (A) and the orthopaedic 

control horses (B) separately.  
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Figure 8-8: Dot plots showing results obtained from negative binomial models (DESeq2) 

comparing samples collected on admission with subsequent sampling time points in the 

surgical colic patients.  
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Figure 8-9: Dot plots showing results obtained from negative binomial models (DESeq2) 

comparing samples collected on admission with subsequent sampling time points in the 

orthopaedic control horses.  
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Figure 8-10: Results obtained from negative binomial analysis of differentially abundant 

OTUs between samples collected from surgical colic and orthopaedic control patients on 

admission. The colic group is the reference category 

8.4.5 Comparison of faecal and colonic luminal content microbiota 

Sequences were assigned to 15 bacterial phyla (following filtration and normalisation), 

of which only 6 phyla were present at a relative abundance of ≥1%, including 

Bacteroidetes, Firmicutes, Spirochaetes, Fibrobacteres, Proteobacteria, and 

Verrucomicrobia. The communities were dominated by Bacteroidetes (48% for faeces 

and 47.3 % for luminal content samples) and Firmicutes (27.6% faeces and 29.3% for 

luminal content samples) (Supplementary Table 8-3). Forty-eight families were 

identified, most notably Ruminococcaceae, Spirochaetaceae, BS11, Fibrobacteraceae, 

Veillonellaceae, Erysipelotrichaceae, Prevotellaceae, RFP12, Paraprevotellaceae, 

Sphaerochaetaceae and an unassigned family, and  all were present at a relative 

abundance of ≥1% for both faecal and luminal content samples. There was a general 

trend of reduced alpha diversity of colonic luminal content samples collected at 

surgery compared with faeces collected on admission (Figure 8-11). Significant 

differences, however, were evident only for the Chao1 species richness measure (p -

value = 0.04). 

UPGMA analysis of the data showed clear clustering of samples by their origin 

(Supplementary Figure 8-6). This pattern was also evident in the PCoA analysis 

(Figure 8-12). MANOVA analysis showed that sampling location was responsible for 

23% and 16% of total variation in the data based on a weighted Unifrac and a Bray–

Curtis dissimilarity metrics respectively. The remaining variation in the data was 
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attributed to the individual horse effect (50% and 57% for the weighted Unifrac and 

the Bray–Curtis metrics respectively) and a residual variation of 27% for both metrics. 

The NB models identified 941 differentially abundant OTUs between PFE samples 

and those from faeces present in the rectum on hospital admission, of them 868 OTUs 

were significantly more abundant in faecal samples, whereas 73 OTUs were more 

abundant in PFE samples. Taxonomic assignment of these OTUs at the phylum and 

class levels is given in Figure 8-13.   

 

Figure 8-11: Boxplots comparing alpha diversity between faecal samples (F) collected 

from surgical colic patients on admission and pelvic flexure enterotomy (PFE) samples 

collected during surgery.  The data points are color-coded to indicate the horse identity 

 

 

 

 

Figure 8-12: Principal coordinate 

analysis performed on a weighted 

UniFrac (A) and a Bray–Curtis 

dissimilarity marix (B). The plots show 

clear clustering of the samples 

according to their source either faeces 

(F) or pelvic flexure (PF). 
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Figure 8-13: Dot plots showing results obtained from the negative binomial model 

analysis (DESeq2) comparing faecal and pelvic flexure enterotomy samples.  Pelvic flexure 

enterotomy samples is the reference category. 

8.5 Discussion 

The current study has characterised the faecal microbiota of horses that underwent 

laparotomy for treatment of colic associated with primary large colon disease using a 

group of horses with acute orthopaedic disease that underwent general anaesthesia and 

received antimicrobials as controls to control for the effects of these. The results 

suggested that the sampling time frame of 3 months was sufficient to see some 

recovery of the faecal microbial communities in the orthopaedic control patients, but 

not in the surgical colic patients. The study also identified marked differences in the 

microbiota composition between faeces and colonic luminal contents of horses that 

underwent laparotomy for treatment of primary large colon disease. 
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Samples collected from the orthopaedic control patients on admission showed greater 

diversity levels compared with those obtained from the surgical colic patients at the 

same time point. The differences, however, were not statistically significant. Some of 

these samples were differentiated as cases or controls on beta diversity analysis plots. 

A limited number (n = 45) of differentially abundant OTUs between these two groups 

were also identified. It was initially assumed that faecal samples collected from the 

orthopaedic control patients represented horses with a normal healthy gut microbiota 

and they were expected to cluster clearly from those obtained from the surgical colic 

patients. However, the differences identified were not as much as anticipated. It is 

probable that rapid referral of most of the surgical colic patients included in the current 

study has made changes in the microbial populations of the large intestine associated 

with colic unlikely to be reflected in the microbiota of faecal samples collected at the 

time of hospital admission. This is may be due to greater mean retention time (MRT) 

of digesta in the caecum and large colon which was estimated to be 35 hours (Van 

Weyenberg et al. 2006). Alternatively, the onset of colic might not be associated with 

substantial changes in the gut microbiota. 

The differences in alpha diversity measures between colic and orthopaedic control 

patients on admission was also reflected in the results obtained from the LME 

modelling of these measures. Having started with lower diversity levels in colic horses, 

the models identified some increase in diversity over time and this was significant only 

for the species richness measures. A non-significant reduction in alpha diversity 

measures was identified for the orthopaedic control horses. This might suggest that the 

faecal microbial communities of the orthopaedic control horses did not fully recover 

during the study or may have been due to the presence of some outlying data points of 

reduced diversity identified for some horses. This was evident for T10 and T12 in 

Horse 2 and for T5–T9 in Horse 5. One of these horses were transported 5 times during 

the study (Horse 2) and the other horse was hospitalised for a longer period of time (9 

days) compared with the rest of the horses and was readmitted to the hospital for a cast 

change. A single study has investigated the effect of transportation on the faecal 

microbiota of normal horses using next-generation sequencing technology (Schoster 

et al. 2015b). In the latter study, the effect of transportation for 1 h followed by a 12-

hour period of fasting before the horses were anaesthetised using general anaesthesia 

on faecal microbiota was examined. The study did not identify any significant 
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influences of transportation on alpha or beta diversity measures. Another study that 

used temporal temperature gradient electrophoresis and culture-dependent techniques 

to investigate the effect of transportation for 2 h on faecal microbiota of normal horses, 

however, reported clear clustering between samples collected prior to transportation 

and those collected 3 days post transportation (Faubladier et al. 2013). Therefore, 

transportation may have affected the composition of faecal microbiota in horses 

transported in the current study, especially in samples that were collected a few days 

following each transportation event.  

Beta diversity analysis plots did not show clear clustering in either of the colic or 

orthopaedic control groups. In the surgical colic group, this may indicate that these 

microbial populations did not return to a state that can be easily differentiated from 

that at the time of hospital admission or during hospitalisation, considering these 

samples as representatives of unhealthy microbiota. For orthopaedic control patients, 

by contrast, having considered samples collected on admission from these patients as 

representatives of healthy microbial populations, recovery of these microbial 

populations should be inferred if samples collected on admission and some of those 

collected following the hospital discharge were clustered together, which was not the 

case in the results obtained. Interpretation of these findings, however, is hard due to 

small sample size, variation in management between horses, and extended exposure to 

antimicrobial treatment in some of the horses.  

Overall the number of differentially abundant OTUs identified between admission and 

subsequent sampling time points was low. A significant increase of members of class 

Bacilli and Gammaproteobacteria and a reduction in members of class Bacteroidia and 

Clostridia were the predominant features of all comparisons in the current study. 

Studies in humans that investigated the post-surgical gut microbiome have reported 

similar findings. Ohigashi et al. (2013) used 16S rRNA-targeted reverse transcription-

quantitative PCR to investigate the effect of surgery in colorectal cancer patients on 

the counts of thirteen groups of intestinal bacteria. The study reported significant 

reduction in numbers of 6 groups of obligate anaerobes and increase in 

Enterobacteriaceae, Enterococcus, Staphylococcus, and Pseudomonas. In the current 

study, however, we cannot ascribe these changes only to surgery due to the effect of 

other factors, particularly antimicrobials administered at and following surgery. A 
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single study has used next-generation sequencing technology to investigate the effect 

of antimicrobial therapy on the faecal microbiota of normal horses (Costa et al. 2015c). 

The latter study reported a significant reduction in the relative abundance of the 

phylum Verrucomicrobia, non-significant trends of reduced relative abundance of the 

phylum Proteobacteria and increased relative abundance of the phylum Firmicutes and 

contradicts the findings of the current study. The discrepancy in the results between 

this study and the work performed by Costa et al (2015c) may be attributed to the 

differences in the next-generation sequencing technology and the type of the 16S 

rRNA variable regions used. Further research in this area is required. 

In the current study, the faecal microbiota of horses with a large colon disease was 

quite distinct from the colonic microbiota (obtained from colonic contents removed at 

the time of surgery) in terms of alpha, beta diversity and differential abundance 

analyses. These findings appear to contradict the results obtained from studies that 

investigated microbiota of different parts of the gastrointestinal tract of normal horses. 

Cluster and ordination analysis of microbiota data generated by terminal restriction 

fragment length polymorphism analysis of samples collected from the caecum, right 

dorsal colon and  faeces of normal horses showed similarity between the faecal and  

the colonic content samples (Dougal et al. 2012). Similar findings were also reported 

by Costa et al. (2015a) who used next-generation sequencing technology to compare 

the microbial profiles of 9 different locations of the horse gastrointestinal tract 

(stomach, duodenum, ileum, caecum, pelvic flexure, pelvic flexure mucosa, small 

colon, rectum and faeces) and found similarity between the faecal microbial profile 

and that of the pelvic flexure and small colon. Hastie et al. (2008) have also inferred 

that the faecal microbiota could reflect the microbial composition of the colon 

following quantification of three bacterial species including Ruminococcus 

flavefaciens, Fibrobacter succinogenes and Streptococcus bovis in the luminal 

contents of caecum, dorsal colon, ventral colon and rectum of freshly slaughtered 

horses using quantitative PCR (qPCR). Other studies, however, reported limited 

similarity of gut microbiota between different gastrointestinal compartments of normal 

horses (Schoster et al. 2013, Sadet-Bourgeteau et al. 2014). It is plausible that instead 

of seeing a gradual shift in the gut microbial communities prior to the development of 

colic related to large colon disorders, that this occurs suddenly in microbial 

communities within this part of the equine gut and may explain the findings of the 
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current study. It is also important to consider how the gut stasis of the large colon 

affects the gut microbial communities in this part of the intestine. Further research is 

required to investigate these hypotheses further.  

The current study does have some limitations which should be taken into account when 

making conclusions from the results found. The study recruited client owned horses at 

the time of hospital admission. Therefore, each horse would have had different 

management regimens such as stabling and type of feed received. In order to try to 

control for this effect, colic and control horses were matched as closely as possible to 

the time of year of admission. Some of the horses recruited onto the study experienced 

complications following laparotomy and some received additional antimicrobial 

treatment. Similarly, some of the orthopaedic control horses were transported or were 

readmitted to the hospital during the postoperative period. All these factors may have 

a potential effect on the equine gut microbiota (and representative faecal microbiota) 

and as this was a small study, these effects were difficult to control for. It was 

impractical to collect faecal samples from the premises of each horse following 

hospital discharge. Samples collected on admission or while the horses were 

hospitalised were transferred to a −80 °C freezer immediately following collection, 

whilst those collected by horse owners following hospital discharge were in the postal 

system for almost 48 hours before arrival and freezing. However, a number of human 

studies have reported that robust results can be obtained following different stool 

sample storage protocols (Nechvatal et al. 2008, Wu et al. 2010, Carroll et al. 2012, 

Tedjo et al. 2015), and so it is possible that the differences in initial storage of the 

samples may have had little effect.   

This study has provided information about the faecal microbiota in horses with disease, 

including horses with colic related to a primary large colon disorder and a group of 

orthopaedic controls. Further work is required to investigate the faecal microbiota of 

horses that have developed colic due to large intestinal disease, using a larger number 

of horses and following these over a longer time period, to determine whether 

subsequent changes in the faecal microbiota can predict horses that are more likely to 

suffer colic recurrence such as recurrent large colon displacement. This work has also 

demonstrated some of the challenges that may be encountered when performing gut 
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microbiome studies in client owned horses, and over a prolonged period of time, which 

should be taken into account when undertaking similar studies in the future.  
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8.6 Appendix to Chapter 8 

Supplementary Table 8-1: Relative abundance of bacterial phyla in samples collected from colic patients at 12 sampling time points. 

Phylum/Time T0 T1 T2 T3 T5 T6 T7 T8 T9 T10 T11 T12 

Bacteroidetes 47.586 44.045 37.629 39.517 41.976 29.027 33.151 34.568 34.230 36.311 31.783 41.926 

Firmicutes 30.254 33.611 37.606 33.319 29.564 24.413 33.136 26.444 29.832 34.590 33.124 29.461 

Spirochaetes 8.922 9.025 8.100 7.576 10.473 14.929 11.120 15.817 15.104 11.036 11.048 15.521 

Fibrobacteres 4.533 3.421 7.847 7.659 8.194 9.597 2.854 7.921 8.756 4.827 3.182 3.774 

Verrucomicrobia 3.485 1.810 5.451 8.229 5.972 5.543 2.720 4.552 4.600 6.553 3.410 5.737 

Proteobacteria 3.188 6.956 2.118 2.305 2.948 14.836 15.607 9.427 6.360 4.949 16.299 1.710 

Unassigned 0.479 0.218 0.170 0.145 0.141 0.215 0.199 0.359 0.206 0.259 0.184 0.354 

TM7 0.367 0.107 0.237 0.077 0.160 0.141 0.208 0.156 0.125 0.340 0.172 0.220 

Tenericutes 0.281 0.111 0.133 0.070 0.160 0.208 0.244 0.211 0.204 0.239 0.213 0.321 

Synergistetes 0.262 0.249 0.037 0.147 0.062 0.062 0.151 0.062 0.093 0.249 0.053 0.120 

Armatimonadetes 0.212 0.041 0.070 0.270 0.081 0.122 0.053 0.043 0.067 0.113 0.120 0.182 

Actinobacteria 0.196 0.100 0.271 0.345 0.151 0.814 0.460 0.254 0.199 0.364 0.227 0.397 

Lentisphaerae 0.187 0.268 0.291 0.281 0.091 0.057 0.089 0.132 0.156 0.127 0.153 0.263 

Elusimicrobia 0.026 0.033 0.019 0.042 0.017 0.017 0.002 0.034 0.041 0.022 0.010 0.000 

Cyanobacteria 0.021 0.005 0.022 0.019 0.010 0.014 0.007 0.019 0.024 0.019 0.022 0.014 

Planctomycetes 0.002 0.001 0.000 0.000 0.000 0.002 0.000 0.002 0.005 0.002 0.000 0.000 
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Supplementary Table 8-2: Relative abundance of bacterial phyla in samples collected from orthopaedic control patients at 12 sampling time points. 

Phylum / Time T0 T1 T2 T3 T5 T6 T7 T8 T9 T10 T11 T12 

Bacteroidetes 45.133 40.228 46.148 40.360 35.949 38.519 28.753 33.758 35.581 36.593 40.903 45.061 

Firmicutes 40.178 35.987 38.328 42.716 39.000 40.891 47.645 42.598 40.349 42.382 38.453 35.760 

Spirochaetes 5.849 6.319 7.109 8.244 11.472 8.359 13.152 8.300 10.378 5.875 8.378 8.346 

Verrucomicrobia 3.044 2.202 2.040 3.297 1.999 2.921 2.471 2.780 2.971 2.525 2.731 2.483 

Fibrobacteres 2.934 4.097 4.646 2.834 0.899 1.237 2.135 1.144 5.295 0.524 1.598 1.869 

Proteobacteria 1.319 10.091 0.841 1.551 9.566 6.706 4.301 10.167 3.562 10.392 3.128 3.748 

Actinobacteria 0.317 0.294 0.162 0.110 0.255 0.180 0.222 0.216 0.237 0.233 0.449 0.589 

Unassigned 0.246 0.161 0.124 0.257 0.453 0.741 0.770 0.454 0.657 0.426 0.252 0.382 

Synergistetes 0.211 0.099 0.079 0.061 0.057 0.125 0.064 0.261 0.265 0.303 0.235 0.972 

Lentisphaerae 0.186 0.021 0.158 0.103 0.078 0.037 0.020 0.012 0.086 0.022 0.146 0.039 

Tenericutes 0.174 0.253 0.075 0.079 0.155 0.161 0.261 0.132 0.203 0.548 3.054 0.291 

Armatimonadetes 0.163 0.093 0.064 0.217 0.005 0.050 0.062 0.108 0.245 0.097 0.502 0.207 

TM7 0.133 0.104 0.162 0.154 0.076 0.033 0.095 0.046 0.113 0.066 0.128 0.191 

Cyanobacteria 0.055 0.036 0.000 0.013 0.032 0.039 0.045 0.020 0.029 0.011 0.038 0.061 

Elusimicrobia 0.055 0.016 0.063 0.004 0.000 0.000 0.004 0.005 0.030 0.002 0.003 0.000 

Planctomycetes 0.003 0.000 0.000 0.000 0.004 0.000 0.001 0.000 0.000 0.002 0.002 0.000 
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Supplementary Table 8-3: Relative abundance of identified taxa in faecal samples 

collected on admission and colonic luminal content samples collected during laparotomy. 

Phylum Faecal samples Colonic luminal 

content samples 

Bacteroidetes 47.985 47.315 

Firmicutes 27.573 29.319 

Spirochaetes 9.735 12.128 

Fibrobacteres 6.786 6.402 

Proteobacteria 3.794 2.217 

Verrucomicrobia 2.608 1.620 

TM7 0.277 0.112 

Synergistetes 0.254 0.065 

Tenericutes 0.178 0.166 

Lentisphaerae 0.161 0.052 

Armatimonadetes 0.152 0.004 

Actinobacteria 0.140 0.217 

Elusimicrobia 0.011 0.005 

Planctomycetes 0.006 0.009 

Deferribacteres 0.000 0.042 

Taxa are condensed to the phylum taxonomic rank. 
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Supplementary Figure 8-1: Empirical growth plots of Chao1 index for species richness 

and Shannon diversity index for samples collected from the surgical colic patients. 
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Supplementary Figure 8-2: Empirical growth plots of Chao1 index for species richness 

and Shannon diversity index for samples collected from the orthopaedic control patients. 
Red-circled data points for horse 2 corresponds to samples collected before the horse being transported 

and for horse 5 they correspond to a sample that was collected after the horse had been administered 

an antimicrobial treatment. 
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Supplementary Figure 8-3: Prediction plots from the LME modelling of alpha diversity 

measures calculated from samples collected from the surgical colic patients 

 

Supplementary Figure 8-4: Prediction plots from the LME modelling of alpha diversity 

measures calculated from samples collected from the orthopaedic control patients 
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Supplementary Figure 8-5 - Average-link hierarchical agglomerative cluster analysis 

performed on Jaccard’s index (A) and weighted UniFrac (B) dissimilarity metrics.  
Samples were labelled by their source animal either cases (C1–C9) or control (Or1–Or2) and by the 

time of sample collection (0–12). The plots showed unclear clustering of the data points.  
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Supplementary Figure 8-6: Average-link hierarchical agglomerative cluster analysis 

performed on Jaccard’s index (A) and weighted Unifrac (B) dissimilarity metrics 

calculated from the data generated from faecal and pelvic flexure enterotomy samples 

collected at time of hospital admission of surgical colic patients.  The figure shows clear 

clustering between the two sampling sites. 
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The work presented in this thesis provides important information that may be used to 

further our understanding of the pathobiology of intestinal dysfunction (colic) in 

horses. This research was conducted utilising a number of epidemiological and 

molecular-based studies.  

Consistency in findings among epidemiological studies conducted on different 

populations is important in identifying key risk factors for the disease being 

investigated (Hill 1965), and no large studies have previously investigated risk factors 

for colic in working horses. In CHAPTER 2, risk factors for colic in a previously 

unstudied working horse population was investigated using a cross-sectional 

epidemiological study. This identified a number of factors associated with altered risk 

of colic in this horse population. Some of the identified risk factors such as stereotypic 

behaviour and severe dental disease are similar to risk factors identified in studies 

conducted on horse populations based in the USA and Europe, whereas other findings 

were more specific to this population (e.g. diet and season). The study adds to 

knowledge about risk factors for colic in a different population of horses, and can be 

used to inform preventive strategies to prevent colic in this, and potentially other 

working horse populations. The study, however, did have some limitations and biases. 

These included an inability to discern the temporal sequence of association between 

colic risk and identified risk factors, recall bias due to reliance on historical data 

provided by horse owners and potential misclassification bias as horse owners were 

allowed to classify cases with colic which may have either inflated or underestimated 

the reported colic prevalence in the study. There is a need for future prospective studies 

to further investigate colic risk in this, and other populations of working horses. 

Information from work conducted in this thesis can be used to help inform the design 

of such studies. The results of CHAPTER 2  were disseminated to veterinarians in 

Egypt via social media, but the impact of this on the working horse welfare is currently 

unknown and needs further investigation. 

Multiple studies have collected a number of clinical and laboratory parameters to try 

to more accurately predict outcome following colic surgery (Johnstone and Crane 

1986, Puotunen-Reinert 1986, Orsini et al. 1988, Reeves et al. 1989a, Furr et al. 1995, 

Thoefner et al. 2000, Morton and Blikslager 2002, Ihler et al. 2004, Stephen et al. 

2004a, Garcia-Seco et al. 2005, Hassel et al. 2009, Hackett et al. 2014, Wormstrand 
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et al. 2014). The latter studies utilised retrospective data collected on admission, intra- 

or post-operatively to construct logistic regression models, some of which were tested 

on their predictive ability, to predict short-term survival (defined as survival to hospital 

discharge) following laparotomy. However, using hospital discharge as an outcome 

measure of survival following colic surgery is not accurate, as demonstrated by 

Proudman et al. (2002a) where the risk of mortality continues to remain relatively high 

up to 100 days postoperatively. Monitoring postoperative survival for longer follow-

up periods, and use of statistical methods that can handle this type of survival data are 

therefore important (Proudman et al. 2002b, Proudman et al. 2005a, Proudman et al. 

2005b). It is also important to incorporate intraoperative data into models as the 

outcome of colic surgery is largely dependent on the specific nature of colic in each 

horse, which may be difficult to confirm until surgical exploration of the abdomen is 

performed. It is also important to note that economic factors may influence the decision 

to perform surgery or to recover horses following general anaesthesia (Reeves et al. 

1989a, Christophersen et al. 2014) and consequently this may introduce bias into these 

models. Excluding horses euthanased based on economic factors or considering only 

horses that recovered from general anaesthesia for model building may minimise this 

source of bias (Reeves et al. 1989a). Some studies have utilised data collected 

postoperatively for statistical modelling of postoperative survival (Macdonald et al. 

1989, Archer et al. 2011, Suthers et al. 2012). However, the latter approach runs the 

risk of incorporating immortal time bias into models i.e. adding guaranteed survival 

time to horses from which postoperative data were collected, as the outcome of death 

cannot possibly occur in these horses during the time period at which these data are 

collected. To avoid immortal time bias, techniques such as using a time-dependent 

analysis or moving the start of follow-up to the end of the immortal period have been 

proposed (Levesque et al. 2010). Taking all these factors into account, the work 

presented in CHAPTER 3 has added to the evidence available regarding risk factors 

for survival following laparotomy for treatment of colic. 

In CHAPTER 3, risk factors for postoperative complications were also investigated, 

including the use of recurrent event survival analysis methods to model risk factors for 

postoperative colic episodes. Using another previously collected survival dataset from 

the same hospital increased the power of the study to model risk factors for infrequent 

postoperative complications such as diarrhoea and jugular thrombosis. The work 
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presented in this chapter has identified new risk factors such as body weight and 

idiopathic focal eosinophilic enteritis for postoperative reflux; repeat laparotomy, use 

of guaiacol glycerine ether (GGE) as an anaesthesia induction agent and strangulating 

large colon volvulus for jugular thrombosis; and epiploic foramen entrapment for 

recurrent postoperative colic episodes. This provides further information that can assist 

horse owners and surgeons when predicting the likelihood of postoperative 

complications occurring and in developing strategies to minimise the chances of these 

developing. Most of the identified risk factors were not alterable and the inherent 

nature of the type of colic plays a key role in development of these complications. 

Postoperative reflux (POR) is an important cause of morbidity and mortality in 

postoperative colic patients, particularly those with acute small intestinal disease 

(Morton and Blikslager 2002, Archer et al. 2011). Lidocaine therapy has become 

increasingly used over the last 10 years to prevent or treat POR due to postoperative 

ileus (POI), but evidence regarding the efficacy of this therapeutic agent (which can 

also add significantly to treatment costs) in previously conducted studies is lacking 

(Salem et al. 2016). In CHAPTER 4, a subset of data collected during the prospective 

cohort study were also used to investigate risk factors for POR in horses that had 

undergone laparotomy for treatment of colic due to primary small intestinal lesions, 

and to specifically investigate whether perioperative systemic lidocaine treatment had 

any effect on the prevalence and duration of POR and total reflux volume. This work 

found that systemic lidocaine treatment had no effect on the prevalence and duration 

of POR and total reflux volume nor did it alter the risk of postoperative survival. There 

were some important limitations to this study. Horses were not randomly assigned to 

treatment groups and instead differences in frequency of the use of lidocaine therapy 

between two time periods were used as a basis for comparison. A major source of bias 

within this design was therefore the non-contemporaneous selection of the comparison 

group, as demographics of the horses, potential effect of different staff (e.g. surgeon), 

and prevalence of different lesions and perioperative management of colic cases can 

vary over time. Although these factors were considered in the statistical methods used, 

this work has demonstrated the need for a randomised clinical trial (RCT) to be 

conducted to fully investigate the efficacy of lidocaine. Such a study would be 

expensive and challenging to perform as it would need to be prospective, multicentre 

and there may be reluctance by clinicians to not use lidocaine in randomly assigned 
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horses that are at high risk of POI. The work presented in this chapter will be important 

in demonstrating to funding bodies and potential collaborators the need to conduct this 

RCT.  

Microbiota studies are a relatively new field of research and this is an important and 

active area of current research, particularly following the development of next-

generation sequencing (NGS) technologies. Gut microbiome studies have been 

extensively used to investigate a number of diseases in humans including 

inflammatory bowel disease, obesity and autoimmune diseases (Turnbaugh et al. 2009, 

Elli et al. 2010, Parekh et al. 2015). Examples of equine diseases that have been 

previously investigated in the same way are laminitis (Steelman et al. 2012), colitis 

(Costa et al. 2012), diarrhoea (Rodriguez et al. 2015) and postpartum colic (Weese et 

al. 2015). However, limited work has been conducted to investigate the normal horse 

gut microbiome, particularly in horses managed at grass. In addition no previous 

studies have sampled horses over long durations of time in order to investigate whether 

there is temporal variation in the normal horse gut microbiome. 

The optimum method by which gut microbial communities can be best investigated is 

controversial. Examples of areas of debate include collection of a representative 

sample, selection of DNA extraction techniques, choice of 16S rRNA gene variable 

regions to be amplified and sequenced and use of different NGS or sequence data 

analysis platforms. The work presented in CHAPTER 5 investigated the effect of 

different methods of handling faecal samples collected from horses prior to DNA 

extraction and the effect of different sequence data normalisation techniques on the 

composition of the horse faecal microbiota. Based on the results obtained, a set of 

recommendations have been made that can be used to assist future equine gut 

microbiota research. These recommendations include: thorough mixing of horse 

faeces prior to sample collection and DNA extraction instead of homogenisation in a 

liquid medium, filtering of low abundance taxa prior to beta diversity and differential 

abundance analysis and use of rarefying (subsampling to a minimum sequence depth 

without replacement) as a method of sequence data normalisation. These findings are 

in agreement with human gut microbiota studies (Bourgon et al. 2010, Bokulich et al. 

2013, Weiss et al. 2015).  
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Seasonal patterns of colic have been previously reported (Hillyer et al. 2001, Archer 

and Proudman 2006) and changes in management, and hence potential association 

with changes in gut microbiota composition, have been proposed as a reason for these 

observations. However, it is currently unknown whether temporal stability over a 

period of weeks to months is a feature of normal equine gut microbiota. A few studies 

have sought to examine temporal changes of horse faecal microbiota (Kobayashi et al. 

2006, Blackmore et al. 2013), but either the method or the sampling time frame used 

was not sufficiently robust to fully elucidate this hypothesis. In CHAPTER 6, temporal 

variation in the faecal microbiota of a group of horses managed at pasture was 

investigated over a 52-week period. This work specifically investigated a population 

of horses that were managed at pasture year-round (i.e. without any stabling regimen 

or provision of concentrate feed) to eliminate the effect of more intensive management 

practices on the equine gut microbiota. The aim was to determine a baseline ‘normal’ 

equine gut microbiota representing typical populations of horses managed semi-

intensively at grass. The study identified significant effects of season, type of feed 

(either grass or grass plus haylage) and ambient temperature on the microbial 

community structure of the faecal microbiota of the horses studied. Some bacterial 

groups showed greater stability over time such as members of the phylum 

proteobacteria and others showed marked variation, particularly in response to dietary 

transition between grass alone and grass with haylage such as members of the phylum 

Firmicutes, Fibrobacteres and Spirochates. The findings suggest that in horses 

managed at pasture, gut microbial communities vary with changes in forage, season 

and ambient weather conditions without any significant impact on their health, and 

reflect adaptation of the gut microbial communities to these changes. It is plausible 

that some forms of colic may be related to a failure of gut microbial communities to 

adapt to these types of changes, which may be specific to individual horses. This might 

explain why dietary change is a consistently identified factor that increases the risk of 

colic but may also help to explain why sudden and marked diet change does not result 

in development of colic in some horses, but does in others. Further research is required 

to investigate the faecal microbiota in a large cohort of horses, of which some may 

develop clinical signs of colic, allowing comparison of gut microbiota between those 

that did and did not develop colic to further investigate this hypothesis. 
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Changes in the gut microbiota associated with foaling have been proposed as a reason 

for the increased risk of colic in postpartum mares. In CHAPTER 7, the temporal 

stability of the faecal microbiota in a group of periparturient mares was investigated. 

Temporal trends in faecal microbiota of the mares in this study were investigated over 

a 17-week period (5 weeks pre-foaling – 12 weeks post-foaling) using statistical 

techniques that enabled any effect of management (including diet) changes during this 

time to be controlled for. The study found that the mare faecal microbiota was stable 

during this time and that most of the identified variation could be attributed to changes 

in management during this time period. It was concluded that minimising changes in 

management during the periparturient period might result in stabilising the mare faecal 

microbiota, and if change in the equine gut microbiota is associated with development 

of colic, this stabilisation of equine gut microbiota postpartum may reduce the risk of 

colic in these mares. It was not possible to explore this hypothesis in the current work, 

as none of the mares included in the study developed postpartum colic. There is a need 

to further research a large cohort of mares that may enable the effect of postpartum 

colic in mare faecal microbiota or changes that occur prior to colic development in 

these microbial populations to be studied. 

Some forms of colic, such as large colon displacement and volvulus, are associated 

with a high prevalence of recurrence (Hardy et al. 2000, Rocken et al. 2005). One 

hypothesis is that the microbiota of these horses may be different to other horses and 

may be a reason for this observation. In CHAPTER 8, the faecal microbiota of surgical 

colic patients was compared to a group of orthopaedic control patients undergoing 

surgical treatment under general anaesthesia and who also received postoperative 

antimicrobials. The study demonstrated that the 3-month sampling time frame used 

was not enough for each horse to develop a microbial community state that could be 

easily differentiated from samples collected on admission – in other words, there might 

be a lack of gut microbial recovery following surgery. The study, however, had a 

number of limitations and demonstrated the difficulties of performing this work in 

clinical patients. These included practical difficulties in recruiting cases that matched 

the specific criteria required and variation in sample storage, as samples collected 

following discharge from the hospital remained in the postal system for around 48 

hours before being frozen. In addition, horses came from different establishments and 

consequently they were very likely to have been exposed to different management 
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practices and some horses were exposed to additional medical treatment during the 

sampling time period. Although controlling these factors is difficult, a larger sample 

size may have enabled horses that developed postoperative complications and/or 

received additional medical treatment during the sampling time period to be excluded. 

This may also allow comparison of gut microbiota between horses that did or did not 

develop postoperative complications such as recurrence of colic. The findings, 

however, highlighted the practical limitations of microbiota studies of surgical colic 

patients and other groups of hospitalised horses that should be considered when 

designing similar research studies in the future. 

In the microbiota research studies presented in this thesis, faecal samples were used as 

a proxy for the distal gut microbiota. Use of faecal samples is standard in most human 

studies investigating gut microbiota, including the work performed by the human 

microbiome project consortium (Human Microbiome Project Consortium 2012). This 

sampling strategy is non-invasive and is the only practical way of performing this type 

of research. Numerous equine studies that have compared microbial communities of 

different regions of the horse gastrointestinal tract have found that faecal microbial 

communities partially represent microbial populations of the large intestine, 

particularly those of the distal colon (Milinovich et al. 2007, Hastie et al. 2008, Dougal 

et al. 2012, Costa et al. 2015a). Therefore, changes in faecal microbiota reported in 

the current work are likely to have represented changes in microbial populations of the 

large intestine.  

The influence of sequencing different variable regions of the bacterial 16S rRNA gene 

or use of different NGS platforms on the composition of the horse faecal microbiota 

was not investigated in this thesis. However, previous studies have reported that 

community diversity (richness and evenness) could be influenced by the target variable 

regions and by the length of the amplicons produced where shorter sequence reads 

could inflate species richness (Engelbrektson et al. 2010). Variation in beta diversity 

and relative abundance distribution among variable regions have also been reported 

(Birtel et al. 2015). In silico evaluation of the sensitivity of each of the 9 variable 

regions of the 16S rRNA gene to differentiate between different bacterial phyla 

compared with the full-length 16S rRNA gene showed that the V4–V6 regions may 

offer the optimum phylogenetic resolution (Yang et al. 2016). Another study that 
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evaluated the ability of different variable regions to distinguish between sequences 

from 110 bacterial species also reported discrepancies in the results obtained from 

different 16S rRNA gene variable regions and only combining data from V2, V3 and 

V6 resulted in 100% phylogenetic identification of these microorganisms to a genus 

level (Chakravorty et al. 2007). These observations should be considered when 

comparing the results presented in this thesis to other studies of horse faecal microbiota 

where different 16S rRNA gene variable regions have been used.  

The Ion Torrent Personal Genome Machine (PGM) NGS platform was used to 

generate the sequence data presented in this thesis. The choice among different NGS 

technologies is always a balance between availability, cost of the technology, available 

funds and the type of research question to be answered (D'Amore et al. 2016). For 

example, Illumina MiSeq and Ion Torrent PGM sequencing platforms were reported 

to be insufficient for shotgun metagenomics sequencing of stool samples compared 

with the Illumina HiSeq sequencing platform (Clooney et al. 2016). Limitations of the 

Ion Torrent PGM in comparison with other NGS platforms have been reported in a 

number of publications. A study that compared performance of three NGS platforms 

demonstrated that the Illumina MiSeq was superior to the Roche 454 GS Junior and 

the Ion Torrent PGM in terms of sequencing throughput, error rates and manual 

preparation of the templates (Loman et al. 2012). The latter study also reported that 

the Ion Torrent PGM had the lowest performance in the presence of homopolymers. 

A similar study that compared performance of the Ion Torrent PGM, the Illumina 

Hiseq and the GAIIX (Pacific Biosciences) NGS platforms reported that the Ion PMG 

had the worst performance with AT-rich genomes and with homopolymers (Quail et 

al. 2012). A more recent study that profiled a mock bacterial community of 20 

organisms by sequencing V1–V2 regions of the 16S rRNA gene using the Ion Torrent 

PGM and Illumina Miseq sequencing platforms reported that the Illumina Miseq 

outperformed Ion Torrent PGM technology (Salipante et al. 2014). The Ion Torrent 

PGS suffered from a premature truncation of sequence reads, had more per read error 

rate and a greater variation in distribution of read lengths. However, the study reported 

a good general agreement between the two platforms regarding relative abundance of 

most of the organisms in the community. Neither of the two platforms, however, was 

able to produce a relative abundance that was identical to the mock community. 

Therefore, caution should be taken when comparing results from different studies 
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where different NGS technologies were used. These observations also highlight the 

need for careful interpretation of the results obtained from microbiota research studies 

in general.  

A summary of future research directions would include conducting a prospective 

cohort study to fully investigate risk factors for colic in working horses in general and 

in working horses in Egypt in particular. Hospital-based studies of colic in Egypt is 

also important in order to investigate the prevalence of different types of colic 

particularly, those that resulted in death/euthanasia of the animals. Studying the impact 

of disseminating the results of these studies to the veterinarians and the owners of these 

horses on the working horse welfare using qualitative research methods is also a 

potential focus of future research. New interventions to treat horses diagnosed with 

surgical colic such as the use of abdominal/stent bandage to protect the surgical 

incision and use of lidocaine continuous rate infusion as a prophylaxis or treatment of 

postoperative reflux need further investigation using randomised clinical trials. These 

types of studies can account for the huge variability between surgical colic patients, 

which mostly originates from the varying clinical status of these patients on 

presentation to the hospital and the wide range of different lesions that can be identified 

at surgery. The increased risk of postoperative colic in horses diagnosed with primary 

large colon diseases needs further investigation. This may involve a microbiome study 

of a large cohort of colic patients or a post-mortem study to compare the gut 

microbiome of normal and of horses died of primary large colon disease. Seasonal 

changes of gut microbiota can be further investigated to compare these patterns of 

change in horses that did or did not develop clinical signs of colic. Finally, the mare 

faecal microbiota during the periparturient period is in need for further investigation 

using a larger cohort of mares, which may allow comparison of these microbial 

populations in mares with or without clinical signs of colic. 

In conclusion, the work presented in this thesis provides new information about risk 

factors for colic and factors associated with altered morbidity and mortality following 

surgical management of colic. Areas for future research have also been highlighted 

together with factors that should be considered in the design of such studies. This work 

has added to the growing body of information about the horse gut microbiota and its 

relationship with normal health and disease. Work performed in this thesis has 
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validated the techniques that should be used and has provided important, new 

information about the normal horse gut microbiome and how the horse faecal 

microbiota may be related to previously identified risk factors for colic. Factors that 

should be considered when designing similar, future research studies have also been 

detailed.  
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General appendix 1: Study information sheet for the owners of working horses in Egypt 
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General appendix 2: Arabic translation of the study information sheet for the owners of 

working horses in Egypt. 
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General appendix 3: Owner questionnaire used for the cross-sectional survey of colic in 

a working horse population in Egypt 
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General appendix 4: The questionnaire used to collect information about surgical colic 

patients on admission 
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General appendix 5: postoperative clinical progress form 
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General appendix 6: Pictorial descriptors of postpoerative surgical site oedema severity 

 

  



 

416 

General appendix 7: Colic survival study postoperative owner questionnaire 
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General appendix 8: Information sheet for the faecal microbiota studies. 
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General appendix 9: Information sheet about the postoperative gut microbiota study for 

the Philip Leverhulme Equine Hospital staff members. 
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General appendix 10: Sampling schedule given to the owners of surgical colic patients 

who agreed to provide faecal samples for the postoperative gut microbiota study. 
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General Appendix 11: List of PCR primers used in the faecal microbiota studies.  

Primer 

name 

Ion-A-sequence Barcode 

sequence 

L
in

k
er

 

se
q

u
en

ce
 8F primer sequence 

Ion-A-8F-1 CCATCTCATCCCTGCGTGTCTCCGACTCAG CTAAGGTAAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-2 CCATCTCATCCCTGCGTGTCTCCGACTCAG TAAGGAGAAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-3 CCATCTCATCCCTGCGTGTCTCCGACTCAG AAGAGGATTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-4 CCATCTCATCCCTGCGTGTCTCCGACTCAG TACCAAGATC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-5 CCATCTCATCCCTGCGTGTCTCCGACTCAG CAGAAGGAAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-6 CCATCTCATCCCTGCGTGTCTCCGACTCAG CTGCAAGTTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-7 CCATCTCATCCCTGCGTGTCTCCGACTCAG TTCGTGATTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-8 CCATCTCATCCCTGCGTGTCTCCGACTCAG TTCCGATAAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-9 CCATCTCATCCCTGCGTGTCTCCGACTCAG TGAGCGGAAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-10 CCATCTCATCCCTGCGTGTCTCCGACTCAG CTGACCGAAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-11 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCCTCGAATC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-12 CCATCTCATCCCTGCGTGTCTCCGACTCAG TAGGTGGTTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-13 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCTAACGGAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-14 CCATCTCATCCCTGCGTGTCTCCGACTCAG TTGGAGTGTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-15 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCTAGAGGTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-16 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCTGGATGAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-17 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCTATTCGTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-18 CCATCTCATCCCTGCGTGTCTCCGACTCAG AGGCAATTGC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-19 CCATCTCATCCCTGCGTGTCTCCGACTCAG TTAGTCGGAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-20 CCATCTCATCCCTGCGTGTCTCCGACTCAG CAGATCCATC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-21 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCGCAATTAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-22 CCATCTCATCCCTGCGTGTCTCCGACTCAG TTCGAGACGC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-23 CCATCTCATCCCTGCGTGTCTCCGACTCAG TGCCACGAAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-24 CCATCTCATCCCTGCGTGTCTCCGACTCAG AACCTCATTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-25 CCATCTCATCCCTGCGTGTCTCCGACTCAG CCTGAGATAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-26 CCATCTCATCCCTGCGTGTCTCCGACTCAG TTACAACCTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-27 CCATCTCATCCCTGCGTGTCTCCGACTCAG AACCATCCGC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-28 CCATCTCATCCCTGCGTGTCTCCGACTCAG ATCCGGAATC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-29 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCGACCACTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-30 CCATCTCATCCCTGCGTGTCTCCGACTCAG CGAGGTTATC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-31 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCCAAGCTGC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-32 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCTTACACAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-33 CCATCTCATCCCTGCGTGTCTCCGACTCAG TTCTCATTGAAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-34 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCGCATCGTTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-35 CCATCTCATCCCTGCGTGTCTCCGACTCAG TAAGCCATTGTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-36 CCATCTCATCCCTGCGTGTCTCCGACTCAG AAGGAATCGTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-37 CCATCTCATCCCTGCGTGTCTCCGACTCAG CTTGAGAATGTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-38 CCATCTCATCCCTGCGTGTCTCCGACTCAG TGGAGGACGGAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-39 CCATCTCATCCCTGCGTGTCTCCGACTCAG TAACAATCGGC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-40 CCATCTCATCCCTGCGTGTCTCCGACTCAG CTGACATAATC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-41 CCATCTCATCCCTGCGTGTCTCCGACTCAG TTCCACTTCGC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-42 CCATCTCATCCCTGCGTGTCTCCGACTCAG AGCACGAATC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-43 CCATCTCATCCCTGCGTGTCTCCGACTCAG CTTGACACCGC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-44 CCATCTCATCCCTGCGTGTCTCCGACTCAG TTGGAGGCCAGC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-45 CCATCTCATCCCTGCGTGTCTCCGACTCAG TGGAGCTTCCTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-46 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCAGTCCGAAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-47 CCATCTCATCCCTGCGTGTCTCCGACTCAG TAAGGCAACCAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-48 CCATCTCATCCCTGCGTGTCTCCGACTCAG TTCTAAGAGAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-49 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCCTAACATAAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-50 CCATCTCATCCCTGCGTGTCTCCGACTCAG CGGACAATGGC GAT AGAGTTTGATCCTGGCTCAG 
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General Appendix 12 continued 

Primer 

name 

Ion-A-sequence Barcode 

sequence 

L
in

k
er

 

se
q

u
en

ce
 8F primer sequence 

Ion-A-8F-51 CCATCTCATCCCTGCGTGTCTCCGACTCAG TTGAGCCTATTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-52 CCATCTCATCCCTGCGTGTCTCCGACTCAG CCGCATGGAAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-53 CCATCTCATCCCTGCGTGTCTCCGACTCAG CTGGCAATCCTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-54 CCATCTCATCCCTGCGTGTCTCCGACTCAG CCGGAGAATCGC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-55 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCCACCTCCTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-56 CCATCTCATCCCTGCGTGTCTCCGACTCAG CAGCATTAATTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-57 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCTGGCAACGGC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-58 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCCTAGAACAC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-59 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCCTTGATGTTC GAT AGAGTTTGATCCTGGCTCAG 

Ion-A-8F-60 CCATCTCATCCCTGCGTGTCTCCGACTCAG TCTAGCTCTTC GAT AGAGTTTGATCCTGGCTCAG 
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General appendix 12: QIIME script used for analysing sequence data in Chapters 6–8. 

Data in Chapter 6 was used as an example. 

Splitting of sequence (fasta) and sequence quality files as these were generated 

combined from the Ion PGM sequencer. There were a total of 3 sequencing runs for 

data generated in Chapter 6 

convert_fastaqual_fastq.py -c fastq_to_fastaqual -f 
R_2012_12_20_08_46_37_user_LU1-56-AB_pool13_120815.fastq -o 
fastaqual13 
 
convert_fastaqual_fastq.py -c fastq_to_fastaqual -f 
R_2012_12_20_09_41_27_user_LU1-60-AB_pool14_16s_020915.fastq -
o fastaqual14 
 
convert_fastaqual_fastq.py -c fastq_to_fastaqual -f 
R_2012_12_21_08_53_56_user_LU1-57-AB_pool15_130815.fastq -o 
fastaqual15 
 
Rename sequence and quality files to Ion13, Ion14 and Ion15 (just for easier 

identification of these sequencing runs). Splitting sequences (demultiplexing) between 

samples based on barcode sequences. This step involved filtration of low quality 

sequences using various quality check parameters that included a minimum quality 

score of 20, truncation of low quality sequences at the first base if a 20 bp sliding 

window was found, a maximum barcode error of zero, a maximum primer mismatch 

of 2, a maximum length of homopolymer of 5, a maximum number of ambiguous bases 

of 2, and a minimum and a maximum read length or 200 bp and 500 bp, respectively. 

split_libraries.py -m Ion13Mapping.txt -f Ion13.fna -q 
Ion13.qual -o split_Library_output_Ion13/ -z truncate_only --
reverse_primer_mismatches 5 -w 20 -s 20 -n 1 -c -e 0 -M 2 -H 5 
-a 2 -l 200 -L 500 -b variable_length 
 
split_libraries.py -m Ion14Mapping.txt -f Ion14.fna -q 
Ion14.qual -o split_Library_output_Ion14/ -z truncate_only --
reverse_primer_mismatches 5 -w 20 -s 20 -n 5000000 -c -e 0 -M 
2 -H 5 -a 2 -l 200 -L 500 -b variable_length 
 
split_libraries.py -m Ion15Mapping.txt -f Ion15.fna -q 
Ion15.qual -o split_Library_output_Ion18/ -z truncate_only --
reverse_primer_mismatches 5 -w 20 -s 20 -n 10000000 -c -e 0 -M 
2 -H 5 -a 2 -l 200 -L 500 -b variable_length 
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The above codes produced trimmed sequence files in the output folders, which are then 

renamed as Ion13Final.fna, Ion14Final.fna and Ion15Final.fna and 

combined/concatenated together using the following command. 

cat Ion13Final.fna Ion14Final.fna Ion15Final.fna > 
Ion13And14And15Combined.fna 
 
Identification of chimaera sequences using the UCHIME algorithm (Edgar et al. 

2011). This was followed by filtration of these chimeric sequences from the dataset. 

identify_chimeric_seqs.py -i Ion13And14And15Combined.fna -m 
usearch61 -o usearch_checked_chimeras131415/ -r 97_otus.fasta 
 
filter_fasta.py -f Ion13And14And15Combined.fna –o 
131415seqs_chimeras_filtered.fna -s 
usearch_checked_chimeras131415/chimeras.txt –n 
 
Sequences were clustered into operational taxonomic units (OTUs) using the 

USEARCH (version 6.1.544) (Edgar 2010) at 97% identity threshold (The QIIME 

default level). This step also involved excluding OTUs that were represented by a 

single sequence read (singletons) and produced a list of representative sequences for 

each OTU cluster. 

pick_open_reference_otus.py -i 
131415seqs_chimeras_filtered.fna -o openref_usearch131415/ -s 
0.1 -m usearch61 --min_otu_size 2 --
suppress_taxonomy_assignment 
 
Assigning taxonomy to representative OTU sequences using the Ribosomal Database 

Project (RDP) classifier (version 2.2) (Wang et al. 2007) at 80% confidence level. 

Note: the QIIME default confidence level is 50% (-c 0.50) 

assign_taxonomy.py -i rep_set.fna -m rdp -c 0.80 
 
An OTU table that contained names for each OTU cluster, count of each OTU cluster 

within each sample and taxonomic definition of each OTU cluster was created. This 

step also involved exclusion of OTU clusters that failed to align to the GreenGenes 

(DeSantis et al. 2006) reference database (the default database used in QIIME). 

make_otu_table.py -i final_otu_map_mc2.txt -o 
temp_otu_table.biom -t rep_set_tax_assignments.txt -e 
rep_set_failures.fasta 
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Conversion of the OTU table into json format to be readable by the phyloseq package 

in R. 

biom convert -i temp_otu_table.biom  -o 
otu_table_temp_final_json.biom  --table-type="OTU table" --to-
json 
 
Independent filtering of low abundance taxa before relative abundance and beta 

diversity analysis. This involved exclusion of OTUs that were present at a minimum 

of 5% of samples (10 samples) or represented by a minimum of 20 reads of total 

sequences. This filtration was reported to improve the results of diversity analysis 

(Bokulich et al. 2013). 

filter_otus_from_otu_table.py -i temp_otu_table.biom -o 
otu_table_temp_independent_filtering.biom -n 20 -s 10 
 
biom convert -i otu_table_temp_independent_filtering.biom  -o 
otu_table_temp_independent_filtering_json.biom  --table-
type="OTU table" --to-json 
 
Independent filtering of OTUs present in a minimum of 25% of samples (42 samples). 

This was reported to increase the statistical power to identify differentially abundant 

OTUs by reducing the number of pairwise comparisons (Bourgon et al. 2010). 

filter_otus_from_otu_table.py -i temp_otu_table.biom -o 
otu_table_temp_75%filtering.biom -s 42 
 
biom convert -i otu_table_temp_75%filtering.biom  -o 
otu_table_temp_75%filtering_json.biom  --table-type="OTU 
table" --to-json 
 


