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ABSTRACT
Epi demi ol ogi caludinads MifcrBduiome Gdl i c
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 offactors 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 composéioesponsible 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) andals 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 crossectional epidemiological study. The study recrui8&® 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 cornydseasgnd heamtdhel mintic treatment in
bran during the 6égreen seasonb.

A prospective cohort study of 264 surgical colic patients that were admitted to the Philip Leverhulme
Equine Hospital, University of Liverpool in 2002014 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 lesid’he effect of systemic perioperative
lidocaine treatment on the prevalence, duration and net volume of POR was compared with a previous
cohort of horses (2002006). Risk factors associated with POR included packed cell volume on
admission, pedunculatelipoma obstruction, pelvic flexure enterotomy, sideside 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 facpostoperative 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 madaat 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 sequencingthisiog Torrent PGM
nextgeneration 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 weatherdittons 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 faecaliotéicoser 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 fdt@lweeks (5 weeks pifiealing

T 12 weeks postoaling). Foaling ad minimal effect on the composition of the horse faecal microbiota
and variationin data over timewas associated with changes in management. This suggested that
minimising changes in management during the periparturient period may be important isirsgatihié

gut microbiota of periparturient mares. The faecal microbiota of surgical colic patients that underwent
laparotomy for treatment of primary large coldiseasesvas compared to a group of emergency
orthopaedic patients that underwent surgery ugeéeeral anaesthesia. Samples were collected from
both groups on admission, during hospitalisation and following hospital discharge for a period of 3
months. The results suggested th&rmonth period was not enough to fully investigate changes in
faecalmicrobiota 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 aras 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 micrebétakand

of colic.
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1.1 Introduction

Colic is a significant health problerm imanaged horse populatiohecause of its
impact on the horseelfare andelatedeconomic lossesncluding costs of treatment
and mortality(TraubDargatzet d. 2001) Colic is nota diseas@er se but rather a
termdescribingbehavioual alterations in horses in response to abdominal pain. Such
pain is most frequently associated with disosdefithe gastrointestinal trabut can

be related taliseas®f other internal organs including urogenital tract, peritoneum and
liver (TraubDargatz et al. 2001) The incidence of colic in the general horse
population is around 3i26 episodes per ldforseyearsatrisk (Uhlinger 1992,
Kaneeneet al. 1997a, Tinkeret al. 1997a, Hillyeret al. 2001, TraukDargatzet al.
2001)andresults in acase fatality rate of 6125.3%(Tinkeret al.1997a, Cohest al.
1999, TraukDargatzet al.2001)

Recogniton ofrisk factors associated with development of ¢@rmdthose associated
with mortality and morbidity followingsurgicaltreatment of colic igmportant in
developing strategies to help prevent development of cbhie. frequency of colic
could be redced if alterable risk factors are identified aaré used to inform colic
preventve strategies. Identification désionspecificrisk factors can assist prompt
diagnosis, which is particularly important for surgical types of colic where early
diagnosisand referral is important in maximisipgstoperativeurvival. Furthermore,
understanding these factors atnwlecular level could lead tdevelopment of
interventions/therapies that can further reduce the disease oceuemetidmprove

treatment outcome

1.2 Epidemiology of colic

A multitude of gastrointestinal disorddrave 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 populaianknown. Irthreestudies, 64
72% of colic cases werdassifiedas unknown/spasmodic/gas cdiRroudman 1992,
Kaneeneet al. 1997a, Hudsoet al. 2001), with a fourth study reporting spontaneous
recovery without any treatment in 28.7% of colic cagdgdlyer et al. 2001)

Consequently, @demiological studies investigating coliarc be separated intwo



key areas. The first of these ameestigatingisk factors for colic in generalhese are
populationbased studieSecondarestudiesexaminingrisk factors for specific types
of colic such as epiploic foramen entrapment (EFE) and large colon volvulus.(LCV)

The latterusuallyconsist ofhospitatbased studies.

A number of observational epidemiological studies have been conducted to explore
the possibleassociation between colspecific types of colic and putative risk factors

at both horse and management levehese have included longitudinal (cohort and
casecontrol) and crossectional studies. A summary of these studies is givéahie
1-1andTablel-2. A typical cohort study involves recruiting a dise&®® population
whose individuals are identified by an exposure status of interetharateollowed
through time until the outcome of intergsblic) occurs Exposed andghonexposed
groups are thecomparedor 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 ale be investigated using this type of study deg§Rgeves 1997four published
cohort studies of colic were availalflehlinger 1992, Kaneengt al. 1997a, Tinkeet

al. 1997a, Tinkeret al. 1997b, TraukDargatzet 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 confidriéor example, foalin@Kaneene

et al. 1997a)and changes of concentrate and hay fee(iiingker et al. 1997b)were
identified as factors that increased the risk of colic, but the temporal relationship

between colic ad these factors could not be defined.

A single crosssectionalsurvey of colic in Thoroughbred horses in training yards in
the UK was published biiillyer et al. (2001) The yardmanagers were asked to
provide historical data about the number of horses sdfénom colicfor each month
during the 1997 calendar year and the average number of loories premises at
four time points during the same year. The study was able toulete an
approximation of the incidence rateaafic in these training yards arakentified 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 yearjoagc@me measure.



Limitations of suctadesign would include recall bias and inability to discern temporal
relationships between risk factors identified and o@eng and Chung 2010)

Casecontrol studies, by contrast, idegtihorsesby their disease statisom the
beginnng of investigationRetrospective data about exposure to risk factors are then
collected and comparecettiveen 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 angimilarly, conditionsthat have grolongediatency period.

In comparison withcohort studies, @asecontrol study requires aelatively small
number of cases and controls to identify reasonably precise estimates of risk
associationas well as beinguicker andessexpensivgéSong and Chung 201(Ylost

studies that investigated rigkctors for colic utilisec casecontrol study design.

Possible bias in risk association obtained from-casgrol studes investigating colic

has beerthoroughly discussed in the existing literature. The use of a hebpted
noncolic controlpopulation, for exampldias been reported IReevet al. (1989b)

to not represent a true populatibased control group due to the poterfoalkelection

bias. The chance of a colic casengreferred may differ from that of a horse with any
other medicatondition,as this may depend on the referral preferenceetefinary
surgeons and owneras well aghe economic value, breed, use and sex of the horse.
Furthermore, whilst the acute nature of colic might dictate early hospital admission,
nortcolic horses such as lameness controls could égverienced changes fieeding

and exercise regimeor been administered medications prior to hospital admission
(Reevest al.1996) Recall bias can also be a problem in eas&rol studies, as there

is a tendency for the owners to recall more detailed information about cases than about
controls(Cohenret al.1999) For example, in the study Bohenet al.(1995b) history

of previouscolic in the last 12 months was unknown émly 6.5% of casesut for

45.7% of control horses which might have reduced the robustness of the reported
association between previous colic history and cadic

1.2.1Horse-level risk factors

Studies laveshown that some horses mag at significantly greatersk 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



those thatmay requiresurgical treatment. The owners/carenay also be more
inclinedto observe these horses for colic sigmstentiallyresulting inidentification

of the disease at an early stdé§echer and Proudman 2006)

1.2.1.1Sex

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 seXReevest al.1989b, Proudman 1992, Reewtsl. 1996, TraubDargatz

et al.2001) some studies reported significantly greater risk of ¢&layaet al.2009
andspecificallychronic intermittent coli¢Cohen and Peloso 1996)geldingsThree
studieshave also reported geldingsbe at significantly greater rigi colic associated

with pedunculated lipoma obstructi@Blikslageret al. 1992, Edwards and Proudman
1994, GarcieSecoet al.2005) Broodmares thdtadneverfoaledor thathadfoaledat

least once were at significantly greater risk of suffering from LCV in two UK hospital
populations(Sutherset al. 2013) Foaling hasalsobeen previously identified to be
associated with increased risk of cqlaneeneet al. 1997a) In thisthess, the effect

of foaling and any associated management chamgesa key area of focus. The
relationship between foaling and théndgut microbial communities of the mare
(known as gut microbiotajas investigated using a culturedependent technique
(CHAPTER 7.

1.2.1.2Age

Increasing agéasconsistentlybeenreported to be associated with increased risk of
colic. Although many studies reported that such a relationship was (Reaveset

al. 1989b, Cohen and Peloso 1996, Reated. 1996, Kaneenet al. 1997a, Cohen

et al. 1999) Tinker et al. (1997b)reported that horses agetllP 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 yedReeve<t al.1989b, Proudman 1992 he 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 ko were also reported to be more frequent éntain age
groups. Older horsesere reported to be at increased risk of suffering from colic

associated with pedunculated lipoma obstructilikslageret al. 1992, Edwards and



Proudmarnl994, GarciagSecoet al. 2005) Young horses have also been shown to be
at increased risk of suffering from idiopathic focal eosinophilic entéAtisheret al.
2014)and of equine grass sickness in a number of st(Miesdet al. 1998, McCarthy

et al.2004)

1.2.1.3Breed

Arabian horses were frequently reported to be associated with increased risk of colic
compared with other horse bree@®eeves et al. 1989b, Cohen and Peloso 1996,
Reevest al 1996, Coheret al. 1999) Two studies have also found Thoroughbred
horsedo be associated with increased risk of c@Hadson et al. 2001, Traubargatz

et al. 2001) Other studieshowever, did not identify any ssciation between breed

and colic(Proudman 1992, Kaneemt al. 1997a) The variation in reportingf the
relationship between breed and colic can be due to differences in the study design and
breed distribution athe studied horse populatiofhe relationship between breed and
risk of colic can also be confounded by management fadtorse useand rature of

the owner(Cohenet al 1999) The associ@in between breed and the risksaime
specific types of colic has also been reporteth@existingliterature and these are

summarised iTablel1-2.

1.2.1.4Stereotypic behaviours

Horses that display crbiting/iwindsuckingbehaviour were identified to bé greater
risk of developing simple colonic obstruction and distension colic (SGBiyer et

al. 2002) EFE(Archeret al.2008a, Archeet al.2008b)and recurrent colic episodes
(Scantleburyet al. 2011, Scantleburgt al. 2015) The reason for such association
between colic and this particularm of stereotypidehaviour is unknown. It has been
suggested that crbiting/windsucking may be a manifestation of an underlying
intestinal dysfunctiorfArcheret al. 2008b)or maybe a proxy for other management
factors associated with colic rigcantleburyet al. 2015) Crib-biting horses have
also been shown to have a prolonged intestinal transit(fMo&reevyet al. 2001)
which may be a @ential factor associated withcreased incidence of colic in these

horses.

1.2.1.5History of previous colic episodes
Multiple studies have identified horses that had a hisibcolic within the 12 months

prior to the current investigation to be at significantly greater risk of (Chtenet



al. 1995b, Cohen and Peloso 1996, Reeated. 1996, Tinkeret al. 1997b, Cohemrt

al. 1999) Similarly, these horses have been found to be at increased risk of some
specific types of colic including SCOilillyer et al.2002) EFE(Archeret al.2008a,
Archer et al. 2008b) and LCV (Sutherset al. 2013) This might suggest that a
subpopulatn of horses is inherently at greater risk of colic and that these horses may
have somdorm of an underlying intestinal dysfunction. Horses that were diagnosed
with recurrentcaecalimpaction, for example, have been identified with idiopathic
hypertiophyof the caecal muscle laydower linear enteric nean densitiesneuron

deficit or inflammation of the myenteric plexus of the caecal wall compared with
clinically normal horsegHuskamp and Scheidemann 2000, Schussel. 2000,

Blake et al. 2012) Alternatively, variations in the anposition 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 cuindependen techniques to
characterise the horse hindgut microbial commun{Bésckmoreet al.2013, Dougal

et al.2014, Proudmaat al.2015) Horses that underwent laparotomy for treatment of
colic or for other abdominal problems haalso beershown to be at greater risk of
colic (Cohenet al.1995b, Cohen and Peloso 1996, Proudetan.2002a) It has been
suggestedhatincreased risk of colic following laparotomy may be duéotonation

of intraabdominal adhesions, stricture formation at enterotomy or intestinal

anastomosis sites or developmenpaostoperave ileus(Cohenet al. 1995b)

1.2.2Managementlevel risk factors

An apparent increase in colic cases in spring and autumn months has been previously
reportedin horsesseen bya first opinion practice overtavo year period Proudman
1992)and in Thoroughbred horses in training prem{slyer et al.2001) in the UK.

Two prospective cohort studies conducted over -mb8th period in the USA also
reported increased incidence of colic during thentin® of December, March and
August(Tinker et al. 1997a) or in spring compared with summer or autu(inaub
Dargatzet al.2001) Seasonality in the occurrence of colic was also reported for some
specific types of colic including EFE, large l@o impaction and large colon
displacementfolvulus (Archeret al. 2006) It hasbeen suggested that these seasonal

patterns of colic or of specific types of colic might &eaeflection of some other



changes imanagement or feeding practi¢esllyer et al.2001, Archer and Proudman
2006)

1.2.2.1Internal parasitism

Parasites ara known risk factor for some types of colparticularly if a high burden

has been establishetdlhe intestinal stage d?arascarisequorumwas found to be
associated with impactionplvulusand intussusception of the small intesti@eibb

et al. 2006, Tatzet al. 2012) Verminous arteritis of the anterior mesenteric artery
caused bytrongylusrulgarisinfection caralso result irclinical signs of coli¢Wright

1972) a condition that was once identifiedd8% of the horsethat were slaughtered

in southern Queensland, Australignglish 1979) However the frequent use of
modern anthelmintics has virtually eradicated this parasite in most horse
establishmentg§Yazwinski et al. 1982, Schneideet al. 2014) A strong association
between spasmodilic or ileal impaction colic and theapewormAnoplocephala
perfoliatainfection has also been reported inasecontrol study byProudmaret al.
(1998) This is supported by another study that found that horses that had not been
administeed pyrantel salt in the thremonthperiod prior to hospital admission were
threetimes more likely to be diagnosed wahileal impaction at surgerfLittle and
Blikslager 2002) Cyathostomeshave 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 pardsitdinger 1990) Thestudy also found

that prevention strategies to decrease the burdégathostomemfection resulted in
reduced incidence of colic.

Epidemiological studies that investigated the association between administration of
anthelminticsand colic reported colifting results Reevest al. (1996)reportedthat

daily worming using pyrantgbamoate for 60 days within thE2 months prior to
hospital admission was associated with reduced risk of colic. Howewérs study,

only 13 horses received this treatmehtdlic and 11 control horses), which dictates
that this finding be interpretegith caution. In another study, horses that had a regular
worming programme owereroutinely wormedwere at significantly reduced risk of
colic (Cohenet al.1999) Failure to administer pyrantel saltiesermectiimoxidectin
wasalso associated with increased risk of ileal impaction and of S@&3pectively
(Hillyer et al.2002, Little and Blikslager 2002)



Some studigshowever, have identified increased risk of colic associated with
anthelmintic administration. The practice otating anthelmintics, parasitic testing
(Traub-Dargatzet al. 2001)and increased number of deworgueventsduring a 12
month period, whiclwvas the length of the studwerereported to be associated with
increased risk of colitKaneeneet al. 1997a) It has been suggested that eithesth
findings represent changes in management in response tqTalid>Dargatzet al.
2001) or they were associated with better management including closer observation
for colic (Kaneeneet al. 1997a) Cohenet al. (1999)reported increaseudsk of colic

in thesevenday periodfollowing anthelmintic administration. Horses suffering from
postdosing colic were also identified thi serological evidence of heavy burdens of
tapeworminfection(Barrettet al. 2005) In the latter studytiwas suggested that colic
might have been caused tapiddeath of large numbers of tparasiteand that this
could be prevented if a parasite control programme is implemented to prevent larg
burdens becoming established

1.2.2.2Feedtypes and feeding practices

In the USA, feeding Coastal Bermuda hay was reported to be associated with increased
risk of colic of alltypes(Cohen and Peloso 1998hd of ileal impactiorfLittle and
Blikslager 2002) 1t was thought that theW digestibility of this type of hay compared

with leguminous haymight predispose trses to intestinal impactiofreeding hay

from round balegHudsonet al. 2001)or a change of the source of hay in tive-

week period prior to hospital admissi@@ohenet al. 1999, Hudsonet 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 qualityay havebeen affected by
mould. This is consistent with @more recent study that reported that hay ofvlo
hygienic quality was associated wititcreasedolic risk (Kayaet al. 2009. Feeding

alfalfa hay was also associated with increased risk of enterolithiagise®other
studies(Cohenet al.2000, Hassedt al. 2004, Hassett al.2008)

Whilst feeding a particularype of concentrate feed to horses was found not to be
associated with increased risk of cdli@ohenet al. 1995b, Cohemrt al. 1999, Traub
Dargatzet al. 2001) a doseesponse relationship between the risk of colic and the
amount of concentrate fedas identified in multiple studie§Reeveset al. 1996,
Tinker et al. 1997b, Hudsoret al. 2001, Hillyer et al. 2002, Kayaet al. 2009)



Excessive carbohydrate feeding leads to a large propat the carbohydrate diet
escapingenzymatic digestion in the stomach and small intestine acdnbesan
availablesubstrate for hindgut microbial fermentatidwcceleratedermentation in the
hindgut results in aapidbuild-up of lactic acid and lowering of the pH thfe caecal

and colonic contentsesulting in perturbation of the gut microbial communities and
intestinal dysfunctior(Clarkeet al. 1990, Medinaet al. 2002) Recent studies have

used culturandependent techniques and microbial ecology analysis tools to precisely
characterise changes of the hindgut microbial communities in response to concentrate
feeding(Willing et al.2009, Dalyet al.2012, Dougakt al.2014)

A number of feeding practices have been identified as risk factors for Gbiese
include: a dietlsange in the twaveek period prior to examinatig@ohenet al.1995b,
Cohenet al. 1999) feeding a new batch of hawo weeks prior to examination
(Hudsonet al.2001) a change in thgype of hay fedCohenet al. 1999) more than

one change per year of h&yinker et al. 1997b)and changes of the type and the
amountof concentrate feedin@inker et al. 1997b, Hudsomet 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 LC3therset al. 2013) Frequent reporting of

the association between dietary changes and colic may suggest that chenges

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

1.2.2.3Access to water

Failure toprovide an adequate water supply was reported by a number of studies to
increase colic riskReevest al.(1996)reported that horsesithoutaccess to a water
supply in the outside enclosures (pasturediydot) were at greater risk of developing
colic. Reduced water consumption during tfno-week period prior tohospital
admission was also associated with increased colic (Hslya et al. 2009) An
association between SCOD and transportatiothérprevious 24 h was reported by
Hillyer et al. (2002)aspotentially béng due towater deprivation during journeys.

is important for horses to have free or regular access to fresh palatabl&anémne

et al. (1997a)reported that horsesith access to a water source other thaokets,

tanks,and automatic waterers were at reduced risk of colic.
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1.2.2.4Stabling 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 thatlmént

their time stabled or experiencedegentdecrease (withitwo weeksprior tohospital
admission) in turnout in terms of pasture time or acreage were at significantly greater
risk of colic (Hudsonet al. 2001) Housing changesvo weeks prior to hospital
admission wrealsoassociated with increased colic ri€kohenet al. 1999) A linear
decrease in risk of recurrent colic with time spen pasture was recently reported
(Scantleburet al.2015) The latterstudy found that the risk of recurrence was almost
halved if thehorse had access to pastdf: h/day compared with a horse that was

always stabled.

Stabling and turnout regims were also associated waleredrisk of some specific

types of ctic. Daily access to pasture or spending more than 12 h/day on pasture were
associated with reduced risk of enterolithig&lshenet al. 2000, Hassett al. 2004,
Hasselet al. 2008) An increase imumber of hours spent in a stable duringfthe-

week period prior to hospital admission was identified as a significant risk factor for
SCOD(Hillyer et al.2002)andLCV (Sutherset al.2013) Horses subjected to stable
confinement or speting less time on pasture following a normal regmoé turnout

have also been identified to be at significantly greater risk of EAEEher et al.
2008b) Increased stabling can be a narfor other management changeduding
reduced access to pasture, reduction in exercise and increased amounts of forage
feeding(Archeret 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 intestingWilliams et al. 2011) which could explain the positive association

between colic risk and time spentarstable

1.2.2.5Transportation and exercise

There is asingle report of arassociatiorbetween transportation and risk SCOD
(Hillyer et al.2002) The study reported that a history of spart 24 h prior to hospital
admission wastronglyassociated witlincreased likelihood oc§COD. This finding
could be related transport itself or due to other factors including water deprivation,
physical confinement or a change of prem{gesher and Proudman 2008)he same

study also reported that horsiat experienced a change in their exercise routine,
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paricularly within a weé& prior tohospital admission were at significantly greater risk

of SCOD.Cohenet 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 interpretaach thahorses at pastumeerefrom large farms

with a low stocking densi, had constandiccess to water ponds argestmore time

on pasture.

1.2.2.6Dental prophylaxis

Some tudies thahaveexamined risk factors for colic did not identify asgsociation
between the risk of colic and frequency of dental care or presence of bhdiszdse
(Cohenet al. 1995b) However, horses that had their teeth checked fewer times per
year were identifietb be aincreased riskf SCOD(Hillyer et al.2002) Horses with

a known dental probleigscantleburyet al.2011)or those thatvere seen tquid (drop

feed) within 90 daysprior to hospital admissiorfSutherset al. 2013) were also at
significantly greater rislof recurrent colic and of LCMWespectively. Dental dease

was also associated with increasisll of impaction colic in donkey€oxet al.2007)

1.2.2.70wner/carer

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

and of recurrent colic episodes compared with horses where the wasaot the

primary carefReevest al. 1996, Hillyeret al.2001) The risk of EFE increaddyy

six timesif the owner/spouse/relative was not involved in the daily care of the horse
(Archer et al. 2008a) An increasechumber ofcarers( O3) was al so asso
increased risk of LC\(Sutherset al. 2013)and of large colon impaction in donkeys

(Coxet 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 summarynumerous risk factors haveen identified to be associated with increased
risk of colic Alterable risk factors (those associated with manageroanthe used to
inform colic prevention strategiewhereas noflterable ones (those associated with
demographics of the horsedn beused to identify individual horses at greater risk of
colic so asto assist in diagnosigonsistency irfindings amongstudies that were
conducted on different horse populatidmss been suggested to confitrae risk
association obe usedo infer causkrelationshipgHill 1965). All studies reviewed in

this introduction were catucted in the USA or Europand it istherefore important
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to examine risk factors for colic ia different horse populatiorin this thesis, isk
factors for colic in aworking horse populatiorbased inEgypt was investigated
(CHAPTER 3.

Many studies reviewed in this introduction have suggested that changes in feeding
practices or management might have been associated with disturbativesadal
andcolonic microbial communities withsubsequernincrease in colic riskCohenet

al. 1999, Hudsoret al. 2001, Scantleburgt al. 2011, Sutherst al.2013) Although

recent studies that utilised culttirelependent techniques have confirmed sifdtts

on the horse gut microbio{®aly et al. 2012, Fernandest al. 2014, Harlowet al.

2015, Schsteret al. 2015b) it is unknown whether stabilitgvertime is a primary
feature of the horse gut microbial communities. Tw&s one of the studies being
performed as part of this thegigilising a longitudinal microbiome studCHAPTER

6).
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1.3 Postoperativemorbidity and mortality

Although most colic episodes that occur in the general equine population resolve
spontaneously or following medical treamn, approximately 8% of episodes will
result in death of the animals unless surgical treatment is perf¢Rmaedman 1992,

Hillyer et al. 2001) Surgical management of colic started to become more
commonplace in the 1930Since that time, knowledge of the pathophysiology and
epidemiology of colic has improved significantly. Advancements in surgical
technques, anaesthetic management postoperativeare have improved morbidity

and mortality rategMair and White 2005, Moore 20Q5MHowever, pstoperative
complications are common, have important welfare and economic consequences, and
may impacta hor sesod6 | i kelihood o(Proudnarewval. v a | of
2002a, Davist al.2013)

Knowledge of risk factors associated wpibstoperativeomplications or noisurvival
following laparotomy is an important component of informed decision making about
equine surgical colic patients. A number of studies have investigesk factors for
mortality and morbidity following colic surgery. The results from these studies can be
used by clinicians and horse owners to assist deemaking when determining
whether ¢ perform surgery based tikelihood of survival andratesof 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 complicatios with subsequent improvement rostoperativesuwival rates.
Human studiehave shown that surgery caasult in substantial changes gut
microbiotacomposition(Ohigashiet al. 2013) Patientsshown to havea low level of

gut microbiota diversity wer more likely to developpostoperativeinfection or
anastomotic ruptur€Ralls et al. 2014) Furthermore, tabilising these microbial
communities byperioperative probiotic treatment in humans bagn associated with
significantly reduced surgical site infection rg#&isu 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 maytadimortality or risk factors for these

had changedCHAPTER 3and CHAPTER 4. In CHAPTER 8the effect of colic

surgery on gut microbiota composition was asgplored.
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1.3.1Postoperativecomplications

1.3.1.1Incisional complications

Incisional complications vary from mild, sdiiting conditions to those that increase
duration and costs of hospitalisation, prevent return to athletic furmtiamich are
life-threatening These include oedema, dehiscence, drainafection and hernia
formation Surgical site infection (SSl)/drainage has been reported iid22% of
horses following laparotomgPhllips and Walmsley 1993, Mair and Smith 2005b,
Colbathet al.2013, DurwardAkhurstet al.2013, Tnibaet al.2013) which is greater
than SSlrates reported following abdominal surgery in humans (13(B¥38sawet

al. 2003) dogs and cats (5.5%Yayhewet al.2012) and cattle (12.8%{Buczinskiet

al. 2012).

The definition of, and variable use of, terms such as incisional infection/suppuration,
drainage and SSI differ greatly between studies makiddficult to make accurate
comparisons. Frequently incisional drainage has been defined by its physical
characteristics (haemorrhagic, serous/serosanguinous or pu(Waéetnet al. 1995,
Coomeret al. 2007, Smithet al. 2007) Some studies have defined infectioroasy
purulent discharge from the incisigobluk et al. 1989, Honnas and Cohen 1997,
Mair and Smith 2005h)whereas others have defined this as any type of incisional
drainaggIngle-Fehret al. 1997, Galuppet al. 1999, Torfset al.2010, Freemast al.

2012, Tnibaret al. 2013)and irrespective of bacterial growth following swabbing of
the surgical site. The definition of incisional oedema abries between studies with
some authors considering this to be a normal, physiological consequence of
laparotomy rather than a surgical complicatfdorfs et al. 2010) Incisional oedema

is common in horses following laparotonfWilson et al. 1995) with one study
reporting a prevalence of 74.1¢smith et al. 2007) Incisioral dehiscence has
relatively low prewalence of 14% (Kobluk et al. 1989, Wilsonet al. 1995, Smithet

al. 2007)and may be limited to the skin and subcutaneous tissues (superficial) or
include the linea akb (deep) resulting in potentially fatal visceral prolaf@son et

al. 1995) Incisional hernia formation has been reported /86 of horses following
laparotomy(Gibsonet al. 1989, Kobluket al. 1989, Wilsonet al. 1995, Daviset al.
2013)and was most commonly identified 22 weekspostoperativly (Gibsonet al.

1989, Cooket al. 1996) Failure of studies to extend the follayp period beyond the
time of hospitalisation is likely to underestimate the prevalence of incisional
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complicationsas a proportion of SSI (1200%) can still develop following hospital
discharggGaluppoet al. 1999, Freemast al.2012)

Different pre, intra and posterative factors have been identified to alter the
likelihood of incisional complications, and these vary between stu@issg 1-3).
Preoperative antimicrobial prophylaxis is standard practice prior to horses undergoing
laparotomy(Traub-Dargatzet al. 2002, Schaeet al.2012b) However, some studies
have demonstrated poor adherence to best practargimicrobial usage in terms of
dosing and optimal timing before surgéRreemaret al. 2012, Schaeet al.2012b)
Postoperativlg, the type of antimicrobial administered has not been shown to be
significantly associated with S@Frenchet al. 2002) Theduration of antimicrobial
therapy following laparotomy is variable between studies and the optimalotuoéti
therapy is also unknowr\ recent study reported that the prevalence of SSI did not
differ in horses that received antimicrobials for 72 h v€ I2postoperativiy
(Durward-Akhurstet al.2013) This finding is consistent with human studies in which
extended duration of antimicrobial prophylaxis failed to decreasedtwrrenceof

SSI after gastrectomy compared with single dose prophylakanget al.2013)

Clean contaminated surgeries have been associated with increased risk of SSI
suggesting a potential mlof intestinal bacteria in the establishment of incisional
infection (Macdonaldet al. 1989, Honnas and Cohel997) However, many studies

have reported no relationship between SSI and whether enterotomy was performed or
not (Gibsonet al. 1989, Kobluket al. 1989, Phillips and Walmsley 1993, Cooneér

al. 2007, Torfset al.2009) In addition, bacterial cultures taken from peritoneal fluid,
enterotomy or resection and anastomosis sites intraoperatively and friomeahalba

after its closure failed to predict the occurrence of 8&gle-Fehr et al. 1997,
Rodriguezet al.2009) One study reported poor intraoperative drape adherence, high
surgery room contamination and isolation of bactémen the surgical sitefter
anaesthetic recoves significant risk factors for S$Galuppoet 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 ladominal incision during recovery from anaesthesia and in the early
postoperativeperiod may be beneficiglingle-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 geneatsthesia resulted

in 45% absolute risk reduction of incisional complicatid®snith et al. 2007)
Protection othe 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
(Tnibaret al.2013)

There isno clear evidence about the optimal method for closing the abdominal incision
and various suture materials, suture patterns and useirofsiples have been
evaluatedTable1-3). Threelayer closurelinea albg subcutaneous tissue and skin)

of the laparotomy incision was reported in one study to decrease the risk of incisional
drainage during hospitalisatig@mithet al.2007) In contrastCoomeret al.(2007)
reported no significant difference in incisional supfpiorabetweerntwo (linea alba

and skin) vs thredayer (inea alba subcutis and skinjpcisionalclosure techigues.
Recently, a modified twdayer closure technique was reported to decrease the risk of
incisional drainagéColbathet al.2013) The timing and duration of followap may
explain the differences between these studies as demonstrated by different risk factors
identified bySmithet al.(2007)at different time pointpostoperativly (Table1-3).

Prolonged duration of general anaesthesia has been associated with greater risk of
incisional complicationgWilson et al. 1995, Smithet al. 2007, Freemast al.2012)

and a recent study also identified increased risk of SSlimidoperativédhypoxaemia

(PaQ <80mmHg)(CostaFarreet al.2014) Repeat laparotomy has been consistently
identified to increase thésk of SSI with a reported prevalence of 84% (Kobluk et

al. 1989, Freemart al. 2000, Mair and Smith 2005@nd to increase the risk of
incisional hernia formation 12 fol(lGibsonet al. 1989) SSl/incisionadrainage and
severe oedema are factors consistently identified to increase the risk of incisional
herniation(Gibsonet al. 1989, IngleFehret al. 1997, Frenclet al. 2002, Mair and
Smith 2005c, Smitlet al.2007) The use of a commercial hertualt was reported to
reduce the incidence of incisional hernia formation in horses that developed other
incisional complicationgKlohnenet 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 intervation.
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1.3.1.2Postoperativepain/colic

Postoperativgain/colic is a common complication following surgical management of
colic, occurring in 1135% of horsepostoperativiy (Proudmaret al.2002a, van der
Linden et al.2003, Mair and Smith 2005b, Mair and Smith 200%d} also the most
common cause gostoperativeleath or euthanasjilacdonaldet al. 1989, Proudman

et al.2002a, Mair and Smith 2005a, Mezerova and Zert 2008, Methalz2008)and
postoperativepain during hospitédation has been significantly associated with
reduced survivalFogle et al. 2008, van Loonet al. 2014) The prevalence of
postoperativecolic varies depending on the location of the primary gastrointestinal
lesion. Ratesf up to 61% have been reported following small intestinal resection and
anastomosigMorton and Blikslager 200&emevolot al.2002)and 41% in horses

that had strangulating large colon lesi¢bsiscoll et al.2008)

In many cases the definitive causgpostoperativain/colic is unknown as episodes
may resolve spontaneously or following medical therdpyddition if euthanasia is
performed on the basis of unrelenting pain/colic and a secogergus not an option,

it is not possible to be certain about the cause of colic recurrence polstssortem
examination is performed, which may be infrequent outside hospital fadiBm@sy

et al. 2008) Postoperativecolic may occur due taecurrence 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 2005dPostoperativain may also be related postoperative ileus
(POI) and nonrgastrointestinal causes including incisional infection and peritonitis
(Graubneret al. 2011) Horses that undergo surgical correction of right dorsal
displacement of the large colonveabeen shown to be more likely to develop
postoperativecolic (prevalence 41.9%) compared to other forms of large intestinal
displacemer#t including left dorsal displacement (8.3%) and +strangulating
volvulus (20.5%)Smith and Mair2010) Left dorsal displacement of the large colon
was associated with a recurrence rate of B)% following surgical or nosurgical
correction in two other studi€blardyet al. 2000, Rockeret 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 legierenchet al.

2002) The type of surgical procedure performed has also been shown to alter the
likelihood ofpostoperativeolic. Horses in which a side-side jejunocaecostomy was
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performed were reported to be at increased risk of developingpmsioperativiy
compared to those horses where an-terehd jejunojejunostomy was performed
(Proudmaret al.2007)

1.3.1.3Postoperativeileus (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, Tetfsl. 2009, Archeret al.
2011) to increase the likelihood of repeat laparotoifisrench et al. 2002)
dewlopment of laminitis and incisional drainage, and to significantly increase
treatment cost@Cohenet al. 2004) The reported prevalence of POI varies from 6.3
53% and was a reason for euthanasia or deathd®99 of horses that had undergone
surgical management of colic in these populatighsmtet al. 1986, Macdonalet al.
1989, Blikslageet al. 1994, Roussadt al.2001, Proudmaet al.2002a, Rendlet al.
2005, Torfset al. 2009, Archeret al. 2011) The criteria used to define POI differ
among studiemaking it difficult to make accurate comparisoe$vieen some studies

(Error! Reference source not found).

More recent studiehhave used an Eostdperativerad fi I(RBR)Ot er m
defined as >2 | of reflux after nasogastric tube passage at any time during the
postoperativeperiod (Stewartet al. 2014, Gazzerret 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 pathophieiy

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

of POI developingostoperativiy (Error! Reference source not found).

1.3.1.4Intra -abdominal adhesions

Intra-abdominal adhesion formation that was considered tdlibieally significant

has been reported iri 87% of horses undergoing repeat laparotomy or-pmstem
examination following gastrointestinal surggRarkeret al. 1989, Gerhards 1990,
Gorvy et al. 2008) Given that adhesions may not result in clinical signs of pain or
gastrointestinal obstruction aadefinitive diagnosis is dp possible at repeat surgical

exploration of the abdomen or necropsy, the prevalenpestbperativadhesions is
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likely to be underestimated following surgical management of ¢@mrvy et al.
2008) Confirmed formation of adhesions was reportedi 2286 of horses following
small intestinal surgerfBaxteret al. 1989, Phillips and Walmsley 1993, Freensn

al. 2000) in 8 17% in foals and young horses (< 2 years old) following laparotomy
for any reasor(Vatistaset al. 1996, Cableet al. 1997, Singer and Livesey927,
Santschet al.2000)and in 32% of horses undergoirgpeat laparotomf{Gorvyet al.
2008) Comparison of prevalenastimategeported between studies is difficult due
to differences in sidy design. For examplen the study byGorvy et al. (2008)only
horses that underwent repeat laparotomy were incjudatst in the other studighte

primary surgical colic patient cohorts were used.

Factors that have been identified to increase the risk of adhesion formation include
small intestinal surgergParkeret al. 1989, Phillips and Walmsley 1993, Kuebelbeck

et al. 1998) and performing intestinal resection and anastom@8lsllips and
Walmsley 1993, Mair and Smith 20056)ne sudy of 99 horses that underwent repeat
laparotomy demonstrated that adhesions develop irrespective of the site of the primary
lesion(Gorvyet al.2008) This and other studies concluded that resection and type of
anastomosis were not associated with increased likelihood of-aipti@minal
adhesion formatioiiBaxteret al. 1989, Kuebelbeckt al. 1998, Gorvyet al. 2008)
Clinicopathological parameters measured on hospital admission have been shown to
have no effect on likelihood of developnt of intraabdominal adhesionafter
surgery for management of colic. This would suggest that adhesion formation is more
likely to be related to surgical trauma rather tlaesystemic inflammatory response
syndrome (SIRS)/hypercoagulable systemic s{Bseteret al. 1989, Gorvyet al.

2008)

1.3.1.5Postoperativediarrhoea

Postoperative diarrhoea increases costs of treatment, reduces survival and
postoperativgperformance, and increases the risk of nosocomial infection developing
in other horses within the hospital environm@&thaeket al.2012a, Daviet al.2013)

Its prevalence varies widely depending on the location and pathology of the primary
gastrointestinal lesion and on thedgeaphical location of horseBiarrhoea is usually
defined as passagé onformed faeces for more than 24Mair and Smith 2005b,

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

poorly described.

Horses diagnosed with largatestinal lesions were significantly more likely to
develop diarrhoepostoperativiy compared with other intestinal lesiofGohen and
Honnas 1996)Diarrhoea has been reported to be a frequent complication following
surgical correction of strangulating large colon volvulusi £886) (Driscoll et al.
2008, Elliset al.2008) treatment of sand impaction of the large colon (4@36anot

et al. 2008) and following removal of large colon enteroliths (20d)erceet al.
2010) Horses treated surgically for small colon diseases were shown in one study to
be 17 times more likely to develop diarrhq@astoperativiy compared with other
surgical lesions(de Bontet al. 2013) with prevalence ranging from 170%
(Fredericoet al.2006, Pranget al.2010, de Bonét al.2013) This complication was

not as frequent following small intestinal resection and anassis witha reported
prevalenceof 2.7 25% (Freemanet al. 2000, Morton and Blikslager 2002The
prevalence opostoperativeliarrhoea would also appear to be higher in some studies
based in the USA (varying from 1.33.2%) (Blikslager et al. 1994, Cohen and
Honnas 1996, Parraghal.1997, Cohert al.2004, Davist al.2013)compared with

the UK (3.2 3.8%)(Proudmaret al.2002a, Mair and Smith 200500)hisis interesting

and could potentially reflect differences in gastrointestinal micr@zasystems and

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

Despite the high prevalence of diarrhoea following surgical treatment of colic, it is
usually sellimiting (Ellis et al. 2008, Pranget al. 2010) Infectious agents such as
SalmonellaandClostridiumspp. are seldom isolated from affected ho(Besragaet

al. 1997, Pranget al.2010) Studies that have conducted active surveillance émafla
shedding ofSalmonellain horses admitted with clinical signs of gastrointestinal
disorders demonstrated ttf&dlmonellaorganisms were isolated frdimeces of a large
proportion (4374%) of horses that did not develop clinical salmonellosis
postopertvely (Parragaet al. 1997, Ekiriet al.2009, Schaeet al.2012a) Molecular
studies of the horskind gut microbiota providevidence to suggest that colitis arises
as a result of imbalance amadifferent microbial species in the gut (dysbiosis) rather
than a disease caused by a single bacterial sg€wstaet al.2012) Development of

diarrhoea in colic patientpodoperativdy 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 thatay disrupt the normal microbial ecosystem
(Hird et al. 1986, Ernstet al. 2004, Schaeet al. 2012a) Characterisation of the
hindgut microbial communities usingon-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 maraprithese ecosystems, enabling

these to return quibtpebyrgocal psptanedbal ly

1.3.1.6Systemic inflammatory response syndrome, endotoxaemia and related
complications

SIRS and presence of bacterial endotoxins in the circulation (endoto)ammia
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 (Senioret 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 determinantpos$toperativenorbidity andmortality in

many studies reported in thisview.

Endotoxaemia has been identified to increase the likelihood of thrombophlebitis
(Lankveldet al. 2001, Frenctet al.2002, Dolenteet al. 2005)and laminitis(Parsons

et al.2007) The prevalence of thrombophlebitisgostoperativeolic patients varies
from 1.3 18% (Blikslageret al. 1994, Lankveldet al. 2001, Morton and Blikslager
2002, Proudmaat al.2002a, Garcigbecoet al.2005, Mair and Smith 2005b, Ellet

al. 2008, Freemaet al. 2012, Schaeet al. 2012b, Nayloret al. 2014) Risk factors

for catheterassociated thrombophlebitis identified in one study were endotoxaemia,
salmonellosis, low systemic total protein ahe location in which the horses were
hospitalisedDolenteet al. 2005) Other studies identified tachycardia and elevated
PCV on admissionFrerch et al. 2002) prolonged duration of catheterisation,
postoperativaliarrhoeaLankveldet al. 2001) colic and endotoxemic shock (SIRS)
postoperativiy (Frenchet al. 2002, Dolenteet al. 2005, Mair and Smith 2005bp

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 develbpteatassociated
complications compared to other groups of hor@dsnreal et al. 2000) The
frequency ofpostoperativdaminitis following surgical management of coldso

varies between studies, with reporfgévalencef 0.4 12% (Phillips and Walmsley

1993, Morton and Blikslag&?002, Proudmaet al.2002a, Mair and Smith 2005b)

1.3.1.70ther postoperativecomplications

The prevalence of other complications that megur following surgical management
of colic is generally low. These include septic peritonjBéikslager et al. 1994,
Morton and Blikslager 2002, Semevoktsal.2002, Mair and Smith 2005b, Nayler
al. 2014) haemoperitoneur(Stewartet al. 2014) intraluminal haemorrhag@oyle

et al.2003) myopathies, gastric ruptu(Btewartet al.2014) cardiac arrhythmias and
derangements in electrolyt@dorganet al.2011) clotting disorders and disseminated
intravascular coagulation, prandpostrenalazotaemia and renal failu(Blikslager

et al. 1994, Morton and Bliksiger 2002)

1.3.2Postoperative survival

1.3.2.1Signalment

Among allsignalmendetailsincluding breed, sex, age, weight, height and pregnancy
status, only age has been previously reported to be associated wifoptperative
survival following colic surgery. Geriatric horsegjed 20 years or more (mean 23.4
years) were reported to ve a reduced shetérm survival ratésurvival to hospital
dischargerompared witmongeriatrichorses (< 20 years old, mean 8.2 yeg@fsista
and Kuebelbeck 2009) Hor s es a g that wetelt@atey suegically or
medically for colic were also reported to bes@nificantly greater risk of shoiterm
mortality (Southwoodet al. 2010) Multivariable survival analysis of data collected
over a longperiod of followup has also shown a significaassociation between
increasingage and reduced postoperative survival rate in a popalafi637 equine
surgical colic patient@Proudmaret al.2006)and followingsurgicaltreatment of large
(Proudmanet al. 2005a)and small intestinal lesiondlacdonaldet al. 1989) By
contrast, a number of studies have reported either-gigaificant decrease in survival
with increasing ag€éProudmaret al. 2002b, Proudmast al. 2005b)or no relation

between age amubstoperativesurvival ratgPhillips and Walmsley 1993, Freemain
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al. 2000, Stepheet al. 2004a, Mair and Smith 2005d} may beapparenthat the
relationship between age apdstoperativesurvival is complex and varies based on

the hospital referral population thre study sample size.

1.3.2.2Cardiovascular parameters

Cadiovascular parameters measured on admission remain the most consistently
identified factors for predicting survival following laparotomy. Incregssacked cell
volume (PCV) and heart rate (HR)nd reduced levels of total plasma protein (TPP)
were significantly associated with reduced postoperative survivaoime studies
(Morton and Blikslager 2002, Proudmanal. 2005b)(Table 1-5). HR on admission

and at 24 h postoperatively and PCV measured 24 h postoperaterelgignificantly
associated with sheterm survival following correctiorof large colon volvulus
(LCV) (Levi et al.2012) Similarly, HR, repiratory rate (RR) and PCV on admission;

and intraoperative TPP were identified as riskdes for survival to hospital discharge
foll owing surgical corr &mtl56bansefddleheset r an g u |
al. 2013)

Plasmdactate measured on admisstwas also beereported in multiple studies to be
associated witllteredsurvival following surgry (Schulmaret al. 2001, Johnstoet

al. 2007, TennenBrown et al.2010, Borchergt al.2012, Leviet al.2012, Radcliffe

et al.2012, Kelleheet al.2013) Higher plasma lactate levels arise when production
rates exceedhe 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 rkgg in a switchfrom aerobic to anaerobic
fermentation of glucose witbroductionof large quantities of lactic acid. The capacity
of kidneys to excrete lactic acid is compromised dugypmperfusionandthe ability

of liver to recycle lactic acid iseduced since it i®verwhelmed withcirculating
endotoxing TennentBrown 2012)

1.3.2.3Peritoneal fluid parameters

Paracentesis (abdominocentesis) is an important parthef routine clinical
examination of equine surgical colic patients. It provides information aboclirtfcal
status of the patienend can assist in predicting postoperative surviatas (Furr et

al. 1995, Frederet al. 1998, van der Lindert al. 2003) Samples retrieved on
paracentesis arusually examined for physical appearance (colour and turbidity), total
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protein and lactate content, cytology and leucocytetcdine levels operitoneal fluid

lactate PFL) measured on admission have been shown to discriminate between horses
with or without a strangulating intestinal lesi¢batsonet al. 2005, Yamoutet al.

2011, Peloso and Cohen 201R)rthermore, PFL was reported as a reliable prognostic
marker for future surviva{Boom et al. 2010) with a greater sensitivity than blood
plasma lactatgLatson et al. 2005, Delesalleet al. 2007) Postoperatively, the
reliability of peritoneal fluid indices as diagnostic features decrease due to changes in
peritoneal fluidfollowing laparotomy Peritoneal fluid samples collected from horses
following laparotomy were found to be red in colougutly or had a sediment of
leukocytesfollowing centrifugation in 96%, 90% and 90% of samples collected,
respectivelySapper and Gerhards 200b¢ucocyte coustincreased markedly for up

to sevendays subsequent to castratiBchumacheret al. 1988) and following

laparotomy in an experimental stu@®antschet al. 1988)

1.3.2.4Lesion-specific survival rates andrisk factors

1.3.2.4.1Small intestinal diseases

Shortterm survival following small intestinal surgery melatively recent reports
ranged from 7B885% (Freemaret al.2000, van den Boom and van der Velden 2001)
Of horses recovered following general anaesthesia for surgical treatment of
pedunculated lipoma obstruction (PLO), 1®84% were dischargedhomefrom the
hospital (Freeman and Schaeffer 2005, Gai8ecoet 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 hathmarotomyfor treatment of epiploic
foramen entrapment (EFE), 78%, 50.6% and 34.3%\geoio hospital discharge, to

one year and to two years, respecti@ycheret al.2011)

Cox proportional hazard analysis of variables that niey associatedwith
postoperative survival following small intestinal surgery reveategnificant
associatios between PCV on admission, duratiof surgery, repeat laparotorand
poor postoperative survival, whereas TPP was inversely and significantlyaasdoci
with postoperative surviva(Proudmaret al. 2005b) High PCV and low TTP levels
may indicate amndotoxaemistate of the patiewith reduced intravascular volume

and protein loss through the capillary bed and the compromised intestinal wall
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(Proudmaret al.2005b) EFE of the small intestine has been repaddae associated
with poor longterm postoperative survival compared with other surgical lesions in
generd andother small intestinal lesion®roudmanret al. 2002b, Proudmaet al.
2002a, Proudmaet al.2005b) The authors of the latter studies proposed that reduced
postoperativasurvival in horses diagnosed with EFE may be due to prolonged duration
of surgery and reduced levels of TPRhich may indicate a state of severe
endotoxaemia in these horses. Contrary to the latter findingeman and Schaeffer
(2005) reported that horsesatjnosed with EFE at surgery had significantly better
survival to hospital discharge compared with PLO cases. Howevatireat
comparison between these studissnot possible due to differences in study

populations andesign, followup periods and statisal methodsised

1.3.2.4.2Large intestinal lesions

Large colon volvulustn an early repd of 122 horses diagnosed with varying degrees

of LCV (1801 >36() at surgery or gbost mortemexamination, only 34.7% of this
population survived to hospital dischar@¢arrison 1988)In the latterstudy, ron
survivors showed significagthigher levels of HR, RR, PCV and capillary refill time
(CRT) on admission compared with patients that were dischémg@dhospital An
interesting finding was that 11 of 15 horses that had normal peritoneasdiaples

on admission wereuthanaseat surgery due to irreversible large colon infarctions,
suggesting that peritoneal fluid analysis may not be a reliable determinant of the need
for surgery inhorses suffering from LCV. A recent report of the surgiecatome of

large colon resection and anastomosis in 52 horses showed 57.7% survival to hospital
discharge and 50% survival for more than one yBaiscoll et al. 2008) Surgical
correction %ih 116 IDiges (eSulte@ B F0.8% skerm survival to
discharge from the hospital while 48.3% and 33.7% of the horses survived to one and
to two yeas postoperatively. The median survival time of this population was 88 days
for all horsesecruited onto the studgnd 365 days for horses that recovered following
surgery(Sutherset al.2012) A more recent retrospective study which examined short
term survival foll owing surgical)incorrec
broodmaresiged 2 years or more over a@arpeliod reported 88% overall survival

to hospital dischargéHackettet al. 2014) Risk factors that were reported to be
associated with reduced survival rate in thackettet al. (2014) study included
increased duration of colic prior to surgeelgvated PCV on admission, tachycardia
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48 h postoperatively, increased durataf surgeryand shortehospitalisation period
(Table1-5).

A scoring system that was developed based on histopathological examination of
intraoperative colonic tissue specimens collected during surgical correction of LCV
has beemeportedto be a eliable marker for postoperative survival with a sensitivity
and a specificity of 92.9% and 95%, respectivelgn Hoogmod et al. 2000)
However, recently, this has beenledlinto question in a study hevi 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 histomorphometricexamination of colonic biopsies was significantly
associated with survival to hospital discharge, but with a positive predictive value of
only 54%(Gonzalezt al.2015) Limitationsto useof colonic tissugo 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 samplecollection) and severe changes sasheperfusion injury and endotoxemia

due to endotoxins absorption through the compromised gut wadtilasccur during

the early postoperative perigdan Hoogmoeet al.2000) Colonicluminal pressure

was also used to differentiate between survivors anesnprivors folbwing surgical
correction of strangulating LCV but with a limited usability and reliab{lioore et

al. 1996, Mathiset al.2006)

Sand colic and caecal impactiourgical treatment of sand colic in horses has a
reportedshortterm survival of 77.5% andong-term survival to one year of 60%
(Ragleet al.1989) A recent retrospective case series of 41 horsgeh#d surgery for
sand colic reportethat 4 horses died surgery, 34 horses were discharged from the
hospital andlong-termfollow-up was available for 28 horsesl of them had #dong-
term survival of more than 12 montl{&ranotet al. 2008) Regarding the surgical
outcome of horses diagnosed withecalimpaction, of 20 horses that underwent
caecalbypassor typhlotomy, 13 horses survived to hospital dischaayed 11 horses

survived to one year postoperativ€gmithet al.2010)

Small colon disease®LO was the main cause of resection and anastomo#ie of

small colon in a multicentre case serfEsangeet al. 2010) The study include 43
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horses, of which, 36 (84%) wedescharged from the hospital. Follawp information

was available for 30 horseshere2& f t hem survived for 06
long-term (over a tetyear periodrasecontrolstudy of horses diagnosed with a small
colon lesion at surgery reported 20.2% euthanasia at surgery, mostly due to inability
to exteriorize healthy intestine tarry out intestinal resection and anastom s
Bontet al.2013) Of the67 horses that recovered from surgery indterstudy, 81%

and 73.5% survived to one and to two years respectively with a median survival time
of 4.5 yearsin the latter study, drses that had their small colon resected were more

likely to die postoperatively compared with those diagnosed with aesiolygtruction.

1.3.2.5Surgical procedures

A recent study that investigated shahdlong-term survival following surgery for
treatment of strangulating small intestinal lesioreaged without resection reported
100% survival to hospital dischargereemanet al. 2014) Horses that underwent
small intestinal resection followed by etwlend anastomosis using two diffate
suturing techniques of 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 dischbegeeen groups
(Closeet al. 2014) Jejunoileosotomy, as opposed #unojejunostomywas not
associated with any increased risk of postoperative death in the latter amerin ot
studies(Rendleet al. 2005, Closeet al. 2014, Stewaret al. 2014) In contrast, side
to-sidejejunocaecabnastomositias been reported in many studies to be associated
with a reduced survival rate compared with other anastomosis tech(fgeesaret

al. 2000, van den Boom and van der Velden 2001, G&ecoet al.2005, Proudman

et al. 2007) Sideto-sidejejunocaecalanastomosis was also reported to result in an
increased need to perform a repeat laparotomy (1824%), increased prevalence of
POI (26% % 19%) and postoperative colic (38.7%27.7%, HR 1.95) compared with
jejunojejunostomyProudmaret al. 2007) However, as highlighted Bgroudmaret

al. (2007)t he choice of an anastomosis techni

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

The torseis a nonruminant herbivoreand digestion of plant fibress based on
anaerobic microbial fermentation in thaecumand lage colon. Volatile fattyacids

are the main end products of these fermentation processes,isgpfai80% of the
absorbed energy from poor quality hay and3 ofthetotal energy requirements

of the horse(Bergman 1990, Vermorel and MaHRosset 1997)Other primary
functions of theequinehindgut are the ability to store and absorb large amounts of
fluid, a volumeap pr oxi mat el y equal to the horseds
active absorption of minerals such as sodium, chloride, potassium and phosphate as
well as synthesis of B vitamin@dintz et al. 1978) The substrates fomicrobial
fermentationin the equine hindgut comprise outrients that escape enzymatic
digestion by the stomach and small intestinehichinclude 15% of starchntake 5i

10% of ether extract, 200% of protein and 8®5% of structural carbohydrates
(Vermorel and MartirRosset 1997)

In addition to the crucial role of hindgut microbial communitiescfotiota) in the
normal digestive physiology of the horse, themgrowing evidence to support the role
of gut microbiota in thelevelopmenbf many diseases ihumans and animalsn
humans, reduced bacterial biodiversity and phylewel differenceshawe been
associated with obesi{ffurnbaughet al. 2009, Elliet al. 2010) colic in infants(de
Weerthet al. 2013)and inflammatory bowel diseagarekhet al.2015) Alteration

of the horsehindgut microbiota in response to excessive-sactural carbohydrate
intake has been associated witlevelopmentof laminitis and simple colonic
obstruction and distentiazolic (Milinovich et al.2007, Milinovichet al.2008, Daly

et al.2012) It has been proposed that feeding large quantities of concentiai#s re
in a greater proportion of water soluble carbohydrates -¢tractural) escape
enzymatic digestion in the stomach and small intestim@& 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 d@ghe pH of the caecal and colonic
contentsculminating in perturbation of the gut microbiota and intestinal dysfunction
(Clarkeet al.1990, Medinat al.2002, Dalyet al.2012) Horses diagnosed with colitis

or postpartuncolic have also beerepored to have a gut microbiota composition that
is different from that of healthy hors€€ostaet al. 2012, Weeseet 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 thgut microbial community) concurrent with
technologic advances iterms of nextgeneration DNA sequencinNGS), have
placedmicrobiotaresarch at the forefront of biolog§Petrosincet al.2009) A large
amount of reseah has been conducted in this area in hupams to some extenn

some animal species such as cattigs and dogs. However, gresentthere are

limited studies investigating equine intestinal microbiota.

1.4.1Methods used for studyinggut microbiota

1.4.1.1Culture-based methods

Methods used for studying gut microbiota can be classified into two broad categories;
culturebasedmethodsand molecular techniques. Culttvased methods involve
isolation and culturef bacteriaon selective and neselective mediadilowed by
identification based on phenotypiand biochemical characteristi¢dorgan and
Huttenhower 2012) The methodis relatively inexpensive, widely availabknd
providesa good indication of ecosystem complexigurrie 2006) However,a major
limitation is thatmajority of bacterial communities cannot é&silycultured. Studies
have shown that only 1% of bacteria enumeratediregtmicroscopic count from an
aquatic habitat can be counted by plating procedi8tdey and Konopka 1985n
addition, only 10% of bacteria identified lyrect microscopic count from the small
intestinal contents and 30% frotime contents ofthe caecumand large colon of the
horsecouldbe culturedMackie and Wilkins 1988 Human microbiome studies have
also shown that 60°0% of human gut bacteri@ehot have cultutrepresentatives in
the existing databasédayashiet al.2002b, Hayashet al.2002a)

1.4.1.2Molecular techniques

Molecular techniques used for studying migabltommunities are dependent on the
bacteriall6Sribosomal ribonucleic aci¢RNA) gene. Tis gene has a homologous
function and a universal location in all microorganisihsontains conserved regions,
interspersed with nine variable regiong1(i V9), which allow phylogenetic
identification of different bacterial groupdniversal primesthat target the conserved
regions can then be used to amplifiye 16S rRNA genes from nearly all
microorganisms imcommunityof interest{Olsenet al.1986, De Rijket al.1992, von
Wintzingerodeet al. 1997, Blautet al. 2002) The 16S rRNA-based studies of

30



microbial communities involve either direct identification of the microb&brRNA
genes in samples using techniques such as fluorescence in situshtibndiFISH)
anddot-blot hybridisation or creation ofL6SrRNA gene amplicons using polymerase
chain reaction (PCR) followed by phylogenetic identification through direct
sequening (e.g. nextgeneration sequencijg DNA microarray techniques
production of clone librarie®r use of molecular fingerprinting techniquesg
denaturing & temperature gradient gel electrophoresid terminal restriction

fragment length polymorphisnfFraheret al.2012)

Possibleimitations of the PChbased molecular technigsinclude DNA extraction

bias;it has been shown that different extraction methods have resulted in extraction of
different quantities of DNAandvariatiors in phylotype abundance and composition

of microbial communitiegMartin-Laurentet al. 2001, Feinsteirt al.2009, Cabrokt

al. 2010, Davist al.2012) The presencef inhibitory substances isamples can also

be a major issue that may result in amplification failure of the isolated (BdAet

al. 2012) However, DNA isolation techniques usually integratgth an inhibitor
removal step. In addition, the use of certain substances such as bovine serum albumin
(BSA) and T4 gene 32 protein (gp3&reader 1996)or further dilution of the
extracted DNA(Nechvatalket al.2008)can protect against PCR inhibition.

Other limitations associated with th&NA amplification pocess itself include
differential/preferential PCR amplification of certain fragments of the DNA, formation
of PCR artefacts (chimeric molecules, deletion mgfaamd point mutasj, DNA
contamination ausingfalse positiveresulty and16SrRNA sequene variation due

to differencesn the number of rRNA gene regions (ribosomal RNA opertuon
Wintzingerodeet al.1997, Polz and Cavanaugh 1998)rthermoreuniversal primes
thatshould target rRA genes of all archaeal and bacterial groups in the community
have been shown to result in sdrle coverage rate@Nang and Qian 2009¥ith a
noncoverae rate of more than 10Béportedfor some primer setdlao et al.2012)

1.4.2Composition of the horsegut microbita

1.4.2.1Culture-based studies of the horse gut microbiota
A number of studies have used culttvased methodsto study the microbial

communitiesof the horse hindgut. The effect of feedingiat of silagewith a high
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crude protein contd after an adaptation period feleding a dgt of low crude protein
contentsilageon the colonic andaecalmicrobial populations has beamvestigated
(Muhonenet al.2008) Thelatterstudyreportedalterations irmicrobial counturing

the first 24h andin the longeiterm, at 14 and 22 days followirtige dietary change.

In another study,l@upt dieairy change from hay to haylage or silage did not result in
significant changes in colonic microbial count wolatile fatty acid production
(Muhonenet al. 2009) However,in a third study, dietary transition from pasture
grazing to concentrate feeding with stable confinement esbuit a significant
increase inthe countof Streptococcusspp. and Lactobacillus spp. microbial
populations irhorsefaeceqvan den Bergt al.2013)

The use of prebioticsuch as shoitthain fructooligosaccharid¢®espondelet al.
2008)and probiotics in the form dbaccharomyces cerevisi@edina et al. 2002,
Jouanyet al. 2009) to stabilise the hindgut microbial populations in response to
concentrate feedinigas also beemvestigated. Tésestudiesshowed some reduction

in lactate utilising bacteria, Streptococcusspp., andLactobacillus spp counts
compared with horses that did not receive- e probiotics before thelietary
transition. A significant increase inactate utilising bacteria and a reductiom
Streptococcuspp counts in the caecum during concentrate overload laminitis models
have also been reporté@arneret al. 1978, Milinovichet al. 2006) Garrettet al.
(2002) compared thefaecal microbial communities of healthy horsggh those
suffering from acute or chronic equine grass sickrasss$ reporteda significant
increase irthe counts of aerobic and anaerobic bacterial pofuriain equine grass

sicknesgatients

The influence of antimicrobial administration on the horse hindgut microbiota has also
been studied using cultutsed methodologieAnalysis of ecal samples that were
collected prior tadministratiorof trimethoprim-sulfadiazine antimicrobidgteatment

and then daily following antimicrobial treatmestioweda 1Gfold reduction in the
colony formirg unit count of coliform bacteria during treatmeiGustafssoret al.

1999) Oral treatmetwith oxytetracycline has also been reported to result in increased
counts of coliforms, Bacteroices, and Streptococcusspp, and disappearance of
Veillonella spp, with isolationof large numbers o€lostridium perfringenstype A
(White and Prior 1982)
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1.4.2.2Molecular-based studies of the horse gut microbiota

A variety of molecular techniquelsave been used to characterise the horse gut
microbiaa. One study that investigated the composition and diversity of the horse gut
microbiota usingL6SrRNA clone libraries consaiicted from DNA samples that were
extracted from large intestinal wall tissue and luminal contents generated only 276
sequences, which were annotated®8 operational taxonomic ung®TU) (Daly et

al. 2001) The majority of recovered sequences (92%) were assigned to two major
phyla: Low % G+C Granpositive bacteria (Fmicutes; 72%) and Cytophaga
FlexibacterBacteroites assemblag€20%). The remaining 8% of sequences were
classified intoSpirochaetaceaé3%), Verrucomicrobialeg3%), high %G+C Gram
positive bacteria (<1%) and Proteobacteria (<1%). The usk68frRNA clone
librariesmay, howeverpe limited bytheinability to characterise complex microbial
communities Additionally, it is an expensive andtime-consuming technique

(Macfarlane and Macfarlane 2004)

Oligonucleotide probe hybrigation: is another techniguused tocharacterise the
horse gut microbi@ This techniqueanvolves the use of radioactitabelled universal

or groupspecific probes which are incubated withe isolated DNA after being
denatured andoundto positively charged nylon membranes. fiembranes are then
washed several times to remove the unbound probes and are exposeaysdax
visualisation and quantificatigiBergmans and Gaastra 1988though the technique
may have the advantage of avoiding PCR amplification bias, novel bacterial groups
cannot be identifiedDaly and ShirazBeechey (2003have designed and validated
the use of 9 olignucleotidehybridisationprobes 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 = 98 The relative abundance of the main bacterial groups
identified were as ftbws: Eubacteriunrectale Clostridiumcoccoideggroup (13.6+
8.%0), Spirochaetaceae (15.6+2.96), CytophagaFlexibacterBacteroides
assemblagelé.5+ 2.5%), unknown cluste€ of theClostridiaceag(13.1+ 0.8 %),
Bacillus-LactobacillusSreptocacus group (5.6 1.5%) andFibrobacter (3.4 +
3.3%).0ligonucleotide probe hybridisation has also besed to compare the colonic
microbiota composition of foraged horses and those maintained on concentrate
feedingthatdid ordid not develop SCO[Daly et al.2012) The major differences in
microbial composition between forafed horses and thogbat developed SCOD
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colic were repded for the relative abundancelaichnospiraceaé9.6%in grassfed
horses v27.6% in horses diagnosed with SCOBacteroids(13.5%in grassfed vs
27.7%in horses with SCOP Bacillus, LactobacillusandStreptococcu§3.9% grass
fed vs9.2% SCOD)Fibrobacter(2.7% grassed vs0.5% SCOD)Ruminococcaceae
(1.4% grasged vs 0.2% SCOD) an&/eillonellaceag1.2%grassfed vs1.3 SCOD).
Failure of members othe Veillonellaceaefamily to proliferate in response to
concentrate feeding was consideredmtibuting factor to the development of SCOD,

as they are known for their ability to utilise lactate.

Denaturing gradient gel electrophoresis (DGGEas been used to evaluate the effect
of general anaesthesia and of penicillin administration on the fassal microbiota
(Gronvold et al. 2010) and to characterisd.actobacillus, Streptococcusnd
Bifidobacteriumspp.in horse faece¢Endoet al. 2007, Endoet al. 2009) During
DGGE, the 16S5rRNA gene amplicons are subjected to electrophoretic separation on
polyacrylamide gels containing linear gradients of DNA denatssuah as a mixture

of urea and formamidéMuyzer and Smalla 1998For further analysis, the gels are
stained with etldium bromide, SYBR Green or silver stain and the patterns of band
distribution arecaptured as an image aactcompared to a databaseapetransferred

to a nylon membrane for identification with hybsalion probes. Bands can also be
excised from the g, purified and sequenced or amplified to produce clone libraries
(Simpsoret al. 1999, McCartney 2002, Let al.2013, Murriet al.2013) Mostof the
variation identified in the DGGEesults obtained byronvold et al. (2010) was
attributed tanter-horsevariation andgeneral anaesthesia or peniciidministration
could not explain any remaining variation in the data. Endo @087, 2009¥ound

that Streptococcubovigequinuswere the predomina@reptococcuspp.identified,

L. equi, L. hayakitensisand Weissellaconfusdcibaria were detected in 80% of
samples and.. johnsoniiand L. equigeneroswere detected in 40% and 20% of
samples respectively. Bifidobacterium was only identifiedby a nestedPCR
suggesting that this bacterial group is presemtlatv concentratior(10°1 10°/g of
faeces)Limitations of the use of DGGE for studying microbial communities can arise
because heterologous sequences can show similar migrattems in other words,
bands on the same position in the gel may not be phylogeneticallgdiela

Furthermore, a single species may produce multiple bands in tdee&bpresence
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of multiple copies ofl6S rRNA gene resulting in an overestimate of microbial
diversity (Siqueiraet al. 2005)

Hastieet al. (2008)usedquantitativePCR (qPCR) to quantify three bacterial species
including Ruminococcuglavefaciens Fibrobacter succinogenesnd Streptococcus
bovisin 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 afuthis

three bacterial species investigated &dlavefaciensvas the most abundant. The
study also concluded thidiefaecal microbiota could reflettemicrobialcomposition

of thelargecolon.

Fluorescence in situ hybristion (FISH: is a molecular technique that can be applied
directly to samples without extraction of the bacterial DNA. It involves the use of
fluorescentlylabelled general or group specifid6S rRNA genetargeted
oligonucleotide probegCastilloet al. 2007) The probes are incubated with ethanol

or paraformaldehyd&reated samples and followingybridisation the cells are
counted usingan epifluorescence microscopéezirtzoglou et al. 2011) The
technique can be used to quantify the total bacterial cells in the ecosystem and/or the
relatve abundance of different bacterial gro@ppostolouet al. 2001, Bezirtzoglou

et al.2011) Auto-fluorescence seen with sorbacterial angrchaeal species such as
Pseudomonas legione]lRhodospirillumcentenunand Methanogens which can give

rise to misleading resulendlack of specificity of some poorly designed probes are

the potential pitfalls of FISHFurthermore, some bacterial groupaynbe missed due

to lack of target sites for the universal prelwe due to impermeabilitpf cells
particularlyin caseof Grampositive bacteri@dMoter and Gobel 2000, Macfarlane and
Macfarlane 2004)Milinovich et al. (2008) have used four molecular techniques
(gPCR, DGGE, clone library and FISH) to investigate changes in the caecal microbial
easystem in response tigofructoseinducedlaminitis. The study concluded that
equine hindgut streptococcal species (EHSS) is the most predominant bacterial species

that proliferats prior to the onset of the disease.

A number of studies have usésrminatrestriction fragment length polymorphism
analysis (FRFLP) to investigate the horse gut microbiorfilling et al. 2009,
Dougalet al.2012, Blackmoret al.2013, Schostegt al. 2013) T-RFLP is based on
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PCR amplifcation of 16SrRNA genes using fluorescently labelled primers followed
by digestion of thd 6SrRNA amplicons with restriction endonucleases. The digested
DNA fragments are then separated using capillary orygooylamide gel
electrophoresigproducingdigital outpus forfurther analysigLiu et al. 1997, Schutte

et al. 2008) This technique is robust and reproducible and can provide quantitative
information on compositional differences of ecosysté@sbornet al.2000, Liet al.
2007) The techniquean also be used in combination with other moleechbdesed
techniques such as qPCR amNGS for a thorough evaluation of microbial
communities. The main disadvantage eRFLP is its inability to precisely measure
the relative phylotype richness and low abundance(@xabaret al.2000) Willing

et al. (2009)used FRFLP and cliure-based methods to compare faecal micrzbio
profiles of foragefed and concentratied horses. Concentrated horses showed a
10-fold increase in culturable lactic acid bactemath no effect on the count of
culturable enterobacteria, increasesSimeptococcusovigequinusand Firmicutes
(73% vs 46%) and adecreasein Bacteroidetes(27% vs 49%). Comparison of
microbial community profiles of theght dorsal colon, caecum arfi@ecesof normal
horses using -RFLP showed clustering of the caecal seEs@way from those adfe
right dorsal colon and faeceshich were clustered togeth€aecakontentshad also
significantly lowered microbial richneseefers tonumber of taxa in the community)
(Dougalet al.2012) Theauthors of théatter study concluded that faecal samples may
partially represent microbial populations of the right dorsal colon, but not of the
caecum. Another study that usedRFLP to compare microbial community
compositions of ta duodenum, ileum, caecum, aoland faeces of healthy horses
reported limited similarity between different compartmenrtse faecalmicrobial
profile was found to be most similar to that of the cae(Bchosteet al.2013) which
contradictghestudy byDougalet al.(2012)

1.4.2.2.1Studies that have useeéxtgeneration sequencirtg characterise the horse
gut microbida

The advent ohextgeneration sequenci®GS) hasprovided deeper insights into
complex microbial communities includirthe gut microbiota Compared with non
seqiencing molecular approaches where only known bacterial groups are iddtified
using predesignated oligonucleotide probes, sequenaingidesan unrestricted view

of microbial communitieand, as a resultpany new taxa have been identifi@uylie
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et al. 2012) The major challenge of using NG$ to appropriately analyse and
interpret the huge quantities of daket the techniqueroduce (Inglis et al. 2012)

NGS technologies arbowever susceptible to DNA extraction and PCR amplification
bias. Furthermore, because of the shorter read length that can be obteneded

with first-generation sequencin@.g. Sanger sequencingnly I 3 hypervariable
regions (400bp) of th&6S rRNA gene can be sequenced. This resulteeduced
sensitivitysuch that many taxa cannot be defined to the species level and others can
be missed or misclassified. This highligtihe importance of rigorous processing and
quality checking of datéKunin et al.2010, Schlosst al.2011)

The typical process of gendrag ssquence data using NGS begmish a collection

of biological samplesDNA extraction fromsamples and PCR amplification of
targeted 13 variable regions of tHeacteriallL6STRNA genes using a universal primer

set. Primers are labelled with short oligonucleotide sequéduasode sequend@s
thatallow 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 checlparametersuch as read length, length of homopolymers and
maximum primer mismatches are consatkfor further analysis. Chimaesaquences

are then ideified and filtered out from the data and the remaining sequences are
annotated into operational taxonomic units (@flylotypes)(JervisBardy et al.

2015) Each OTU includes a cluster of similar segees with an identity threshold of

97% (Inglis et al. 2012) as this value has been reported to be abs@iminate
between different bacterial specig&tackebrandt and Goebel 1992he OTUs are
arranged ina matrix of count data that can then umed to answer stuelpecific

research questions using various stattiechniques.

Several characteristics of the OTU table have to be addressed in downstream analyses
in order to make accurate inferences from the datalyritee microbial community

of each samples usually represented bxariable numbersf sequenceeads, which

may not be due to biological variation between samplé¢gather aresultof unequal
sequencing efficacy among samples. Thus, samples with relatively fewer number of
reads can have inflated beta ¢r between samples) diversitue toshaed rare

species being erroneously scored as unique to samples with higher read counts
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(Lozuponeet al.2011) This problem may be particularly important in the horse faecal
microbiota due to a greatgaroportion of rare speciegProudmanet al. 2015)
Secondly, most OTU tables contain a large proportion of zero counts, meaning that the
data are spae(Paulsoret al.2013) Data sparsity means that the counts of rare OTUs
are uncertain, as they are at the limit of sequencing detection capacity iesantpl

a greater number of sequence reads (i.e. large library size) and are undetectable in
samples with a small library siz@Neiss et al. 2015) Thirdy, the dataare
compositional. Each sample is only a smafiresentativef the original environment
andconsequentlythe absolute counts of each type of OTUs are unknown, but their
relative abundance in relation to each oftievell et al. 2010) In order to address
these challenges, the data amrmalised(several techniqguesa proposed and are
discussed ICHAPTER § prior to calculation of diversity measures and idesatfon

of differentially abundant OTUs between samples.

A number of studies have recently utilised N@&8hniquego characterise the gut
microbiaa of healthy horses. The aiwf each of these studies, type of biological
samples collected, the type of NGS technology used, targeted variable regions of the
16SrRNA gene and key findings are summarised able 1-6. One of the earliest
studies was conducted Bepherebt al.(2012)and aimedtcharacterisinghe faecal
microbiota of healthy foragied horses. The study recruited only two horses with 2
samples collected from each. The main finding of this study wasrthay ofthe
identified taxacouldnot be assigned to taxonomic groups based on the used reference
database. They concluded that the horse faambbimewas diverse andequired
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 colonyne@nd faeces) foan

that the Fimicutes 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 colo(Costaet al.2015a)

Dougalet al. (2013)investigded 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 microbiomieifieum consisted of a fewer
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number of taxa that weregsent at high relativabundancewhile that of the large

intestine consistedf a greater number of low abundant taxa. A separate study that
investigated the core faecal microbiome of a group of Thoroughtaal horses

identified 34 different genera axore communit{O' Donnellet al.2013) In humans,

it has been suggested that a corerofiiome constitutea group of community

members that may play a role in the host survival or development of health problems

in thecase of perturbation of this core commuriitp 8 Ar geni o andt Sal va
hasalso been suggested thkabwledge othecore microbiome @y enable diagnosis

or prevention of certain diseag&ekeljaet al.2011)

NGS technigques have been used to characterise changfes gut microbita of
healthy horses in response to diet chariBesigalet al. 2014, Fernandest al. 2014,
Proudmanet al. 2015) or to foalirg (Weeseet al. 2015). Proudmanet al. (2015)
studied the effect of dietary supplementation with an amyiakamalt extract on the
faecal microbiome of Thoroughbred race horses and reported domination of the faecal
microbial communitiesby members of theFirmicutes and Bacteroides phyla
Significant changesin relative abundance of some bagkrgroups post
supplementatiowere also reporte@ able1-6). The effect of three types of dsg¢hay,

a hay with oitrich low starch diet and hay with low oil high starch diet) on faecal
microbiota composition revealed minimal variation in the sequence data obtained in
response t@ach die{Dougalet al. 2014) Thelatter studyalso reported significant
reductiors in community diversity and richness with increasing age of the horse.
Fernande®t al. (2014) studied theeffect on the horse faecal microbiotd dietary
transition froma commercial ensiled conserved foragrainbased ration to pasture
grazing. In the latterstudy, Becal samples were colledton 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 faushift in the
microbiaa profile by day 4 to be similar tthat ofthe pasturded horseswhich may
indicaterapid adaptation of the horgeat microbidato diet changed:oaling has been

reported to have a minimal effect on the mare faecal micropdeeseet al.2014)

The effects of fasting, transportation and general anaesthesia on faecal microbiota of

clinically normal horses werstudied in a controlled experiment. The horses were
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transported for 1 h followed by 1ibf fasting prior to induction of general anaesthesia.
Faecal samples were collected2grior to transportation, 12 h post transportation,
after 12 h of fasting andt 12, 48 and 78 after recovery from general anaesthesia.
The study found some signiéint changes irelative abundance of a number of genera
at different sampling time points, all belong to the Firmicutes phylum, whereas
alpha and beta diversitymeasure did not show any significant changéchosteret

al. 2015b) Another controlled study that invegated 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 wiroanity structure (number

of shared OTUs and their relative abundance) and membership (number of shared

OTUSs) in response to antimicrobial treatm@@ostaet al. 2015c¢)

Three studies have investigatéabcal microbita of neonatal foalsBordin et al.

(2013) investigated the effect of oral administration of live or inactivated virulent
Rhodococcus equiaccine on the faecal microbial profile of neonatal fodlse
vaccines were administer@th 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. Howeveg 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 theedominanphyla in samples collected at 2 days of
age, while Bacteroidetes (40.6%as the predominant phylum at 30 days of age. There
werealso significant increases in relative abundance of Euryarchaeota, Actinobacteria,
Bacteroidetes, Chlamydiae, Chloroflexi, Planctomycetes, Spirochdé#s, and
Verrucomicrobia and reductioim Proteobacteria with increasing ageostaet al.
(2015b)investigated the development of faecal m@ota of neonatal foals through
longitudinal collection of faecal sampliEem birthand until the age of 9 monthBhe

study reported thahe faecalmicrobial profile of foals shifted to become similar to

that of adult mares by 2 months of agehird study investigated the effect of probiotic
administration on the faecal microbial profile of neonatal f(thosteet al.2015a)
Probiotics were administered at 3 days of age and faecal samples were collected at 3
time points startingta2 weeks of age ansubsequenthevery 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 diversityeasureshowed significant changes in response to
either age or probiotic admistration.

A number of studies have compared the faecal microbial composition of healthy horses
to those withclinical conditions Costaet al. (2012) studiedfaecal microbiota of
normal horses and those affected with colitis and rep@tdnificantdecrease in
Firmicutes (68.1% control, 30.3 colitis) asthnificantincreasesn Bacteroidetes
(14.2% control, 40.0% colitis), Proteobacteria (10.2% control,%8&@litis), and
Fusobacterian colitis casesAn increase in microbiota diversity was reported for
horses that had chronic laminitis compared withlthg horse¢Steelmaret al.2012)
Weeseet al.(2015)have also reported significant differences in microbiome structure
and membership between pgstrturient mares that developpdstpartumcolic and
their normal counterpartsThe reponse ofthe caecal microbita to concentrate
overload was alsostudied usingNGS and revealed a significart increasein
Lactobacillus spp, Streptococcusspp, Veillonella spp. andEnterobacteriaceae
(Moreauet al.2014) findingsthatareconsistent with the results obtained from other

cultureindependent techniquéMlilinovich et al.2007, Milinovichet al.2008)

In summary, although theis some consistency iimdings among studies thatsed

NGS techniques to investigate the equine gut microbiome, the microbial profile
obtained was largely contingent upon the type of NGS technique A6BERNA
variable regions used. Bacteriodetes were consistently reported as the second most
abundah phyla in studies that usedi54-pyrosequencingtechnology, while
Verrucomicrobia was reported as a second most abundant phylum when the Illlumina
MiSeq technologyand the V4 regiorwere used. This observation is important to
consider when comparing differestudies. 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 preand postparum have not been fully investigateder the time period

of increased riskinally, changes that occur in the gutrobialcommunity following

surgical treatment of colic have not been investigated.
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1.5 Thesis aims and outline

The studies presented in thiesis aimedo further understandsk factors for acute
abdominal pain (colic) in horses afattors associated witmortality and morbidity
following surgical treatment of colic. A series of epidemiological amdrobiota

researchstudies were conducaten order to achieve this aim.

Chapter2 investigatd risk factors for colic in a working horse populationEgypt

using a crosssectional survey of 3bworking horses. Retrospieve data about the
horses andmanagement practices were collected amee 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.

Chapter3 detaikedrisk factors for morbidity and mortality following parotomy in

264 surgical colic patients admitted to the Philip Leverhulme Equine Hagspital
University of Liverpoolbetween 2012 and 2014. The study investijateanges in
disease presentation, management and prevalence of postoperative complications by
comparnga cohort of colic patients that was admitted in 2QD06 to those admitted

in 2012 2014.

Chapter4 evaluaté the effect of systemic lidocaine treatmenttbea prevalencejet
volume and duration of postoperatiraflux and rates of survival flWwing surgical

treatment of small intestinal lesions in 318 horses.

Chapter5 provided an introductioto a series of microbiot@searctstudies, in which
different faecal sample handling and micrdhidata normalisation techniques were
compared.The work performed in this chapter aimed to determine the optimum

methods to study the horse faecal microbiota.

Chapter6 investigate temporalvariation inthe horse faecal microbiota usimgext
generation sequencirigchnology. Longitudinal data were colledtfrom a group of

7 horses that wemaanaged at gras§his study aimetb 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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Chapter7 investigatel temporal gability of the mare faecal microbiota during the
periparturient periocR?ostpartunmareshave beempreviously reported to be at greater
risk of large colon volvulugor 90 days postoaling. The aim of this study was to
characterise faecal microbiota aérpparturient mares and to investigate the effect of

change in management on these microbial populations.

Chapter8 examinel faecal microbiota of horses diagnosed with a primary large colon
lesion at surgery and compdri¢ to that of orthopaedic patients. Large colon lesions
have been associated with a greater recurrence folitaving laparotomy and
increa®gd risk of postoperative colic. The aim of this study was to investigate gut
microbiota recovery/repopulation follong laparotomy.

Chapter9 summariseghe information obtained from these studies, discudszis
limitations andany reasons fodifferencesn findings between these and previously

reported studiegnd highlights areas that merit further research.
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Table 1-1: A summary of published studies thathaveinvestigated riskfactors for colic of any type.

Study Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence interval)
Reevest al. Retrospective A veterinary teaching Other horses Logistic Age (OR1.035; 1.11.03);horses aged >15 years were more
1989b cohort hospital (Minnesota, admitted to the regression frequentlydiagnosed with surgical colic
USA) hospital during the Quarter horse and mixed breeds hddwer risk compared with
study period Arabians(the reference category)
Proudman  Casecontrol Colic caseseen by a first Non-colic cases seel Correlation Horses aged >15 years had more surgical chticses agedi3.0 had
1992 opinion practic§UK) by veterinary analysis for more spasmodic/undiagnosed colic
surgeons in the weather data anc Increased incidercof colic in spring and autummonths
practice a chisquare test
Cohenetal. Casecontrol Caseand control horses Horses treated for Multivariable History of prevous colic (OR 5.72; 416.96)
1995b were recruited by 82 conditiors other than logistic History of previous abdominal surgery (OR ;52365 10.99)
practicing veterinarians ir colic regression Recent changes in diet (OR 2,2174i 2.79)
Texas, USA
Cohenand Casecontrol Case and control horses Horses treated for  Multivariable Risk factors for distory of previous colic (within last 12 months)
Peloso 1996 were recruited by 82 conditions other thar logistic compared to those withoathistory of colic
practicing veterinarians ir colic regression History of previous abdominal surgery (OR 3.08; 136)

Texas, USA

Age >8years (OR 1.52; 1.29.79)

Feeding coastal grass hay (OR 1.30611.7)

Recent change in stabling (OR 0.76; 08.96)

Arabian breed (OR 1.28; 1.10I.61)

Ri sk factors for chronic inte
History of previous abdominal surgery (OR 2.23; 14.3)
Age>8 years (OR 2.03; 1.42.77)

Gelding compared to female hor4&R 1.72; 1.282.42)
Feeding coastal grass hay (OR 1.65; 1207)

Low farm density (< 0.5 horse/acre) (OR 1.61; 12.8)
Arabian breed (OR 1.56; 1.02.44)

Recent change in diet (OR 2.09; 1.3%1)
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Table %1 continual

Study Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence interval)

Reevestal. Casecontrol Five veterinary teaching Horses admitted for Multivariable Arabian breed (OR.D; 1.0i 3.9), Standardbred (OR 0.6; 0.4)

1996 hospitals in the north treatment of a non logistic Daily worming using pyrantel pamoate for 60 days within the last
eastern region of the US; colic condition regression months (OR 0.1; 0.02.55)

No access to water theoutside enclosures (OR 222 4.3)

Access to three pastures 4 weeks prior to admission (OR 0i0,9).z
Older horses had accessatdry lot: 10 yearsld (OR 1.9 1.11 3.2),
15 yearqOR 3.7 1.6/ 8.6), 20 year$OR 7.4 2.2 24.4)
Non-roughage feed (kg) (OR 0.88.8 0.95)

Whole grain corn (kgjOR 3.4;1.457.8)

Interaction between previous colic hist@myd carer of the horse
(owner or norowner)

Kaneeneet al. Prospective

Horses in 138 randomly Horses in the cohort Multilevel

Foaling during the study (OR 2.55; 1i%33)

1997a cohort selected farms in that did not develop logistic Number of dewormings during the study (OR 1.23; 11054)
Michigan USA colic regression Age in years (OR 1.05; 1.01.09)
Showing activities (OR 2.3; 1.08.21)
Gelding (OR 0.48; 0.29.94)
Providing sources of water other than tanks, buckets and automa
waterers (OR 0.16; 0.08.72)
Tinkeretal. Prospective Data were collected from Horses in the cohort Multilevel level Horses agedi20 years (OR 2.8; 1i8.5) compared with those <2
1997b cohort 31 farms in Virginia and that did not develop logistic years of age

Maryland, USA colic regression

History of previous colic (OR.6; 1.96.8)

Concentrate intake >2.5 kg/day (OR 4.8;i18.6)

Feeding whole grain (OR 0.4; 028)

Changedn concentrate feeding during the study (OR 3.6t 3.4)
Change in hay feeding (>1 change) during the study (OR 2.13.8)2
Potomac horse fevemaccination (OR D; 1.2 3.6)

45



Table %1 continued

Study Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence interval)
Cohenetal. Casecontrol Caseand control horses Horses treated for Multivariable Diet change 2 weeks prior &xamination (OR B; 2.6/9.7)
1999 were recruited by 145  noncolic related conditional Hay change 2 weeks prior to examination (OR 9.8;81%)
practicing veterinarians ir illnesses logistic Previous colic history (OR 3.9; 4.6.9)
Texas, USA regression Weather change 3 days prior to examination (OR 3.2;9
Housing change 2 weeks prior to examination (OR 2.3;4112
Regubr deworming program (OR 0.4; 0(B7)
Not part of deworming program (OR 2.2; 1343)
Anthelmintic received days prior to examination (OR 2.1; 14)
Exercise at least once a weedpasture only (OR 1.6; 1i.2.2)
Arabian breed vs other bree@R 2.1;1.1i 4)
Age >10 years (OR 1.5; 1.2)
Hillyer etal. Cross Thoroughbred training  Horses in the cohort Multilevel A trend ofincreased incidence of colic during spring and autumn
2001 sectional premises, UK that did not develop logistic months
colic regression Numberof hor ses ihorseg®ROrB5; 8.868.850 3 1
Owner is the sole carer (OR 0.58; 0.639)
Flat premises (OR 0.14.01/ 1.89)
Hudsonet al. Casecontrol Case and control horses Horses treated for  Multivariable Recent (within 2 weeks) changelimtch of hay (OR 4.9; 2i11.4)
2001 were recruited by 20 non-colic related conditional Decreased exposure to pasture (OR 3;6.6)
practicing \eterinarians in illnesses logistic Thoroughbred breed (4.1.5 14.7)
Texas, USA. regression Recent change in type of concentrate feeds (OR 2.67 2P
Feeding hay from round bales (OR 2.5;i5.5)
Recent anthelmintic treatment (OR 0.4;i@2)
Feeding >2.7kg of oats daily (OR 5.9; 112@)
Traub Prospetive  Horses were recruited  Horses in the cohort Cochrafi Mantel  Higher incidence of colic during spring compared with summer or
Dargatzet al. cohort from 28 states in USA  that did not develop Haenszeltest  autumn.

2001

colic

Thoroughbred compared with stock horse breeds

Foals <6 months of age had lower incidence of colic

Rotation of anthelmintgand implementing parasite testing were
associated with increased risk of colic
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Table %1 continued

Study Study design Study population Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence interval)
Archeret al. Retrospective Horses admitted because - Time series Significant £asonapatternavereidentified for all colic cases
2006 cohort of colic to a UK equine analysis (medical or surgical), EFE, equine grass sickness, large colon
referral hospital over a 4( impaction and large colon displacement.
year period
Kayaet al. Retrospective Horses admitted to the  Horses admitted for Multivariable Univariable analysis:
2009 cohort equine clinic at the treatment of a non  logistic Daily concentrate feed intake
University of Veterinary colic related regression Low hygient quality of hay
Medicine, Austria condition 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 wegk#or to examination (OR 5.03; 2.1
12.3)

Scantleburyet Nested case 127 horses recruited via Horses that did not Multivariable

al. 2015 control first opinion veterinary  develop colic within logistic
surgeons and followed by a 30day time regression
periodic telephone window at each
guestionnairefor a year, questionnaire date.
UK

Crib-biting or windsucking behavieaCBWS) (OR 10.1; 2i541.0)
Weaving behaviour (OR 3.9; 1.50.1)

Fruit or vegetables in diet (OR 0.5; 0123)

CBWS x fruit/vegetable in diet (OR 0.03; 0.0025)

Time spent at pasturé/(veek) (0.99; 0.901.0)

Probiotics in diet (OR 2.4; 0.98.0)

Thetable details the population studied, the design of the study and factors that increased or decreased the risk oeselicdputations.
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Table 1-2: A summary of studies thathaveinvestigatedfactors associated with occurrence of specific types of colic.

Study Colic type Study design Study population  Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence
investigated interval)
Blikslageret Pedunculated Retrospective Single equine Horses diagnosed with Descriptive  Increasing age
al. 1992 lipoma cohort hospital population other types ofalic data analysis Gelding
(USA)
Edwards Pedunculated Retrospective 2 equine hospital Horses diagnosed with Descriptive  Increasing age
and lipoma cohort populations (UK)  other types of colic data analysis Gelding (OR 2.32; 1.161.75)
Proudman Pony (OR 3.72; 1.777.93)
1994
Edwards Spasmodic Casecontrol 25 veterinary Horses free from colic Conditional  Anoplocephala perfoliatanfection
and colic & ileal practices and for one year prior to
Proudman impaction referral centres sampling
1994 (UK)
Hassekt al. Enterolithiasis Retrospective Single equine Other horses admitted Descriptive  Arabian and Arabian crosses, Morgans, American
1999 cohort hospitalpopulation to the hospital during data analysis Saddlebreds, and donkeys
(USA) the same time period Female horses
Cohenet al. Enterolithiasis Casecontrol  Single equine Horses diagnosed with Polytomous  Feeding alfalfa hay (OR 3.7; 1.20.7)
2000 hospital population medical colic (Multinomial) Out d o or thidayf@Rut1.8B122)2
(USA) (nonsurgical control) & logistic Arabian and miniature breeds (OR 4.2;11.8.7)
horses diagnosed with regression
other surgical Isions
(surgical control)
Freeman Epiploic Retrospective Single equine Horses dagnosed with Descriptive  Increasing age (for pedunculated lipoma only)
and foramen cohort hospital population other small intestinal data analysis
Schaeffer entrapment & (USA) lesions
2001 pedunculated

lipoma
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Table 22 continued

Study Colic type Study design Study population  Comparison group Data analysis Risk factors (adjustedodds ratio [OR]; 95% confidence
investigated interval)
Hillyer et al. Simple colonic Casecontrol 2 equine hospital A general horse Conditional  Crib-biting/windsucking behaviour (OR 203.9; 10i55
2002 obstruction populations (UK)  population logistic 3941.42)
and distension regression No. of hours shbled per day (OR1.26; 1.107.48)
colic (SCOD) Change in exercise programme (OR 36.79; £268.48)

Ivermectine/moxedectin used in previous 12 months (OR
0.09; 0.010.86)

History of transport in previous 24 h (OR 203.42; 5.98
6924.37)

Resident in current premises >6 rtiws1(0.07; 0.010.6)
History of previous colic (OR 18.77; 1.6329.84)
Frequency of dental care (OR 0.29;i@B)

Little and  lleal impaction Case control Single equine Non-colic horses Multivariable Feeding Coastal Bermuda hayRK2.7; 1.26.5)
Blikslager hospital population (group 1), medical colic logistic Failure to administer a pyrantel salt witlire previous 3
2002 (USA) horses, (group2) & regression months (OR 3.1; 1i2.7)

surgical colic horses

(group3)
Archeret al. Epiploic Retrospectie Two equine hospita Horses diagnosed with Descriptive  Crib-biting/Windsucking behaviollOR 34.7; 6.2194.6)
2004a foramen cohort population (UK & other strangulating data analysis

entrapment USA) small intestinal lesions

(group 1) & all surgical
colic cases (group 2)

Archeretal. Epiploic Retrospective Single equine Other surgical colic ~ Multivariable Breed
2004b foramen cohort hospital population patients logistic Crib-biting/windsucking behaviour (OR 7.87; 4i(%.29)
entrapment (UK) regression  Season
GarciaSeco Pedunculated Retrospective Single equine All other horses Multivariable Age O15 vyears
etal.2005 lipoma cohort hospial population admitted to the hospita logistic Saddlebred and Arabian breeds
(USA) & horses admitted for regression  Gelding
laparotomy
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Table 22 continued

Study Colic type Study design Study population ~ Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence

investigated interval)
Stepheret  Primary small Retrospective Single equine All other horses Descriptive  No statistical differencgn signalment between cases and
al. 2004b  intestinal cohort hospital populaon admitted to the hospita data analysis rest of thehospital population

volvulus (USA)
Hassekt al. Enterolithiasis Casecontrol  Single equine Horses diagnosed with Multivariable A diet consisted of >70% alfalfa (OR 10.8; 244)
2004 hospital population nonstrangulating logistic Daily access to pasture (OR 0.15; G.032)

(USA) obstruction regression

Cohenet al. Duodenitis Retrospective Single equine Horses admitted for ~ Polytomous In relation to other colic diagnosis categories:
2006 proximal cohort study hospital populatin  lameness & horses (Multinomial) Pasture grazin@OR 0.28; 0.150.55)

jejunitis (DPJ) (USA) admitted for colic other logistic Concentrate diet (kg) (OR 0.75; 0i@489)

than DPJ regression Male horses relative to geldin@R 0.36; 0.180.99)

In relation to lameness control horses

Pasture grazing (OR 0.25; 0i1254)

Concentrataliet (kg) (OR 0.66; 0.580.81)

Female horses relative to gelding (OR 0.24; 00192)
Weight (kg) (OR 1.011.003 1.02)

Hasselet al. Enterolithiasis Retrospective Single equine Horses diagnosed with Multivariable A di et consi sted of 11353 %
2008 cohort study  hospital population colic for any other logistic A diet consisted of 10530 %
(USA) cause regression A di et consisted of QB8N
Lack of daily access tpasture (OR 2.84; 1.08.59)
Archeret al. Epiploic Casecontrol 9 equine hospitals Client owned horses  Multivariable Crib-biting/windsucking behaviour (OR 71.58; 14126
2008b foramen (UK) from the same logistic 359.19)
entrapment participating hospitals regression  Colic in previous 12 months (OR 5.13; 1i38.85)

Increasing stabling in previous 28 days (OR 3.7;11942)
Height per cm increase (OR 1.07; 1:012)

Easily frightened (OR 0.34; 0.16.93)

Access to anineral/salt lick (OR 0.34; 0.19.93)

No group feeding (OR 0.25; 0.07.79)
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Table 22 continued

Study Colic type Study design Study population  Comparison group Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence
investigated interval)
Archeret al. Epiploic Matched ase 23 equine hospitals Client owned horses Conditional  Crib-biting/windsucking behaviour (OR 67.27; 15i26
2008a foramen control (USA, UK, Ireland) from the same multivariable 296.54)
entrapment participating hospitals logistic Colic in previous 12 months (4.38; 119P2.68)
regression Owner/relative/spouse not involved in daily care (OR 5.5;
2.27113.33)
Easily frightened (OR 0.39; 0.15)
Sweats up when excited (OR 0.8213 0.77)
Very inquisitive to surroundings (OR 0.41; 0(283)
Goes off food when stressed (OR 0.29; 01084)
Height (per cm increase) (OR 1.05; 1.0108)
Crib-biting/windsucking x carer (OR 0.091; 0i@L66)
Scantlebury Recurrent Prospective  Horses admitted to Horses in the cohort  Multivariable Hoses with a known dental problem (OR 5.51231)
etal.2011 colic cohort first opinion that did notdevelop logistic Crib-biting/windsucking behaviour (OR 12.1; 1108.1)
practices recurrence of colic regression
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Table 22 continued

Study design Study population

Comparison group

Data analysis Risk factors (adjusted odds ratio [OR]; 95% confidence

interval)

Study Colic type

investigated
Sutherset  Large colon
al. 2013 volvulus

Casecontrol 4 equine hospital

popuations (UK)

Client owned horses
from the same

Multivariable
logistic

participating hospitals regression

Broodmares never foaled (OR 4.55;111.8.88)
Broodmarsfoaled at least once (OR 12.86; 3.58.27)
Height (OR 1.06; i 1.12)

Colic in previous 12 mahs (OR 8.73; 1.7812.74)

Threeor more carers (OR 11.86; 838.02)

No. of horses inhe premise (per horse increase) (OR 1.01
1i1.02)

Increasing stablingoursin previous 14 days (OR 5.48;
1.03'29.02)

Medicatiors being administereth thelast 7 day{OR 6.77;
1.52°27.36)

Quidding inthelast 90 days (OR 7.77; 1.823.15)

Change in pasture ithelast 28 days (OR 4.5; 1.453.92)
Fed hay inthelast 28 days (OR 7.23; 2.134.62)

Change irtheamount of forage ithelast 7 days (OR 7.41;
1.32141.71)

Paticipating hospital

Archeret al. Idiopathic
2014 eosinophilic
enteritis

Retrospective Single hospital
cohort study  population (UK)

Horses diagnosed with Spatic

other types of colic

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 associateebhsitti or decreased risk of colic.
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Table 1-3: A summary of studies thathaveinvestigated prevalence o&nd risk factors for postoperative incisional complications.

Study Study design Data analysis Years of Study population, Prevalence Outcome Risk factors (adjusted odds ratio [OR] or
recruitment  follow-up period (%) (case definition) hazard ratio [HR]; 95% confidence interval)
SSI/ Hernia
drainage
Gibsonet al. Retrospective Multivariable 19791987 210 horses, 4 - 16  Incisional hernias Incisional drainage@R 17.8 5.2/ 60.8)
1989 cohort analysis monthsi 8 years (diagnosis confirmed Chromic gut fodinea alba closure (OR 55.0
by veterinary 2.21110.5)
surgeons) Postoperativéeukopenia (OR 4.;61.3 16.0),
Repeat laparotomy (OR 1B 2i73.5)
Kobluk et al. Retrospective Univariable 19831985 78 horses, 6 26 5.7 Incisional Multivariable analysisvasnot performed
1989 cohort analysis monthsfollow up complicationrates
on 66 horses
Wilsonet al. Retrospective Multivariable 19801987 275 horsesof 36 17  Incisional Incisional complicationstncreasing weight
1995 cohort analysis which 161 had complications, andduration of surgery
surgery for GIT incisional drainage & Incisional drainageincreasing age angeight
lesions, 182 incisional hernia Incisional hernia:lncreasing weight
months
Honnas and Prospective  Multivariable 19901992 210 horseswasnot 25 8 Incisional infection ~ Preoperative peritoneal fibrinogen
Cohen 1997 cohort analysis stated (purulent discharge) concentration (OR 1.93.17 3.18)
Enterotomy (OR 1.931.11i 3.37)
Polyglactin 910 fotinea albaclosure (OR 2.0
1.133.61)
Galuppoet Randomsed  Multivariable Was not 53 horseswasnot 26 - Incisional infection Poor intraoperative drape adherence
al. 1999 clinical trial analysis stated stated (any evidence of High surgery room contamination
incisionaldrainage) Isolation of bacteria after anaesthetic recove
Frenchet al. Prospective  Multivariable 1998 2000 341 horses,i33 16 8.4 Incisional suppuration Incisional suppurationNone of the variables
2002, cohort analysis months Incisional herniation retainedn thefinal model
Proudmaret Incisional hernia:Incisional suppuration (HR
al. 2002a 4.3,1.4512.9)

Heart rate on admissiqbpm) (HR 1.041.01
1.06)
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Table 13 continued

Study Study design Data analysis Years of Study population, Prevalence Outcome Risk factors (adjusted odds ratio [OR] or
recruitment  follow-up period (%) (case definition) hazard ratio [HR]; 95% confidence interval)
Ssl/ Hernia
drainage
Mair and Retrospective Univariable 19942001 300 horsespwners 29 8 Incisional Multivariable analysisvasnot performed
Smith 2005b, cohort analysis were first contacte: complications rates
Mair and at 12months post
Smith 2005¢ discharge for
hernia formation
Coomeret al. Randomised Univariable 20042006 309 horses, 12 21 - Incisional suppuration No significant differences found between
2007 controlled analysis months (Gross drainage of  treatment (3 layarincisional closure) and
trial pus) intervention (2 layeyincisional closure)
groups on univariable analysis
Bischofberger Randomsed  Univariable Was not 100 hoses, 9 days 26 - Incisional No significant differences found between
etal.2010 controlled analysis stated complications rates  controland study group (antibacteriabated
trial suture material for subcutaneous tissue clos
Torfset al. Retrospective Multivariable 2004 2007 356 horses, to 15 - Incisional infection Incisional closure by year 1 or 2 resident (Ol
2010 cohort analysis hospital dischaye (serous discharge for 2.2, 1.16'4.18)

>24 h or purulent
discharge)

Linea albalavage (OR 0.380.20'0.74)
Skin closure with staples (OR 3;8504 7.29)
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Table 13 continued

Study Study design Data analysis Years of Study population, Prevalence Outcome Risk factors (adjusted odds ratio [OR] or
recruitment  follow-up period (%) (case definition) hazard ratio [HR]; 95% confidence interval)
drainage
Smithetal. Randomsed Multivariable 20032005 85 horses, 3 25 14  Incisional drainage Incisional drainage on hospital discharge:
2007 controlled trial analysis months (drainage started 12 GA >110min (OR 13.763.45 54.21)

h post surgery) &
incisional hernia

Subcutaneousuture layer (OR 0.19.05 0.76)
Incisional drainage 14 days post discharge:
Duration of colic signs prior to presentatiofi (8
24h; OR 10.51.7562.85, >24h; 13.29, 1.3D
126.67)

Heart rate on admissior6® bpm (OR 28.38;
3.091 260.19)

Primary lesion (large bowel obstruction; OR
0.03 0.00'0.58, small intestinal strangulation;
OR 0.03;0.00' 0.43compared with
displacemenis

Abdominal bandage (OR.08 0.02'0.37)
Pyrexia during hospitadation (OR 15.851.49
168.41)

Incisional drainage 30 days post discharge:
Severe pain on admission (OR 13.3215 74.5)
Duration of pain 824 h (OR 8.921.481 53.95)
Abdominal bandage (OR 0.13.03 0.63),
Drainage at 14 days (OR 12,2080 53.11)
Incisional drainage 3 months post discharge:
Dehiscence at 14 days (OR 20.6/63 262.70)
Incisional hernia (3 monthgost dischargge
Drainage at 30 days (OR 13.12; 1.560.48)
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Table 13 continued

Study Study design Data analysis Years of Study population, Prevalence Outcome Risk factors (adjusted odds ratio [OR] or
recruitment  follow-up period (%) (case definition) hazard ratio [HR]; 95% confidence interval)
Ssl/ Hernia
drainage
Andersoret Retrospective Multivariable 2003 2007 159 horses that ha 15.5 0.8 If a horse developed Quarter breed (OR 3.9; 1.B1.7)
al. 2011 cohort analysis laparotomy via a any of the incisional Abdominal bandage (OR 9.5; 2.30.8)
paramedian complications Fever (>38.3 UC for
incision and (drainage / infection, Postoperative day$PR 12.9; 2.858.2)
survived dehiscence, hernia or
days, 09 marked cutaneous
scarring)
Freemaret Retrospective Univariable 20062007 113 horses, >2 20 - Incisional infection Multivariable analysis was not performed
al. 2012 cohort analysis years (79% of the (discharge started 48
horses) postoperatively and
continued for >36 h
and needed treatment
Tnibaret al. Retrospective Multivariable 20052011 130 horses, 10 day 11 - Incisional infection Stent bandage (OR 0.1; 0i@R250)
2013 cohort analysis postsurgery (persistent serous
discharge with
extensive oedema or
purulent discharge)
Colbathet al. Retrospective Multivariable 2008 2010 199 horses, was hi 22 - Incisional drainage  Skin suture pattern (referent modified
2013 cohort analysis stated (persistent (>2 days) subcuticular closure of skin vs other pat&grn
serous discharge or (OR 4.9; 1.416.6)
purulent discharge)
Durward Prospective, Univariable 20082009 92 horses, was not 42 - Incisional drainage  No significant differences found between the
Akhurstet al. intervention  analysis detailed (drainage started 12 htwo study groups (72 vs 120 h of postoperat

2013 study,

postsurgery) antibiotic treatment)
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Table 13 continued

Study Study design Data analysis Years of Study population, Prevalence Outcome Risk factors (adjusted odds ratio [OR] or
recruitment  follow-up period (%) (case definition) hazard ratio [HR]; 95% confidence interval)
Ssl/ Hernia
drainage
CostaFarre Prospective  Multivariable Was not 84 horses, 2 week:34.5 - Incisional infection  Suture material (Polyglocolic acid vs
etal.2014  cohort analysis stated post hospital (discharge started 72 Polydioxanone in the subcutaneous Iay&R
discharge postsurgery or 3.88;1.212.3)

purulent discharge
combined with fever,
pain, or
ultrasonographic
evidence of
subcutaneous fluid
pockets)

Anaesthesia time >2 h (OR 4.6; 117.6)
PaO2 <80 mmHg@R 4.7; 1.313.9)

Andersoret Retrospective Multivariable 20002010 73 horses that had 25.3
al. 2015 cohort analysis their laparotomy
incision closed
with 7PD, 63 horse
followed for >1
year

3.2

Occurrence of one or
more of incisional
complications
including oedema,
drainage, infection,
dehiscence and herni:

Duration of hospitalisation (OR 1.2; 1i0645)
Duration of surgery (OR 1.2; 1.08.48)
Postoperative colic (OR 6; 1.29.4)
Postoperative feer (OR 4.3; 1.215.9)

GA = general anaesthesi&SI = surgical site infectiofppm = beats per minute. Studies marked with an * indicates odds ratio and confidence intervals were not @Rorted

= odds ratio, HR = hazardatio
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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 Years of Case definition Prevalence Risk factors (adjustedodds ratio [OR]; 95%
Population  recruitment confidence interval)
Blikslageret Retrospective Multivariable 148 surgical July 1990 Nasogastric reflux of2  21% PCV > 48% on admission (OR 6.9; 1i.35.8)
al. 1994 cohort analysis colic patients July 1992 litres() pl us HI Small intestinal obstruction (OR 10.5; P4..7)
beats per minute and Small intestinal ischemia (OR 16.2; B&®.6)
abdominal pain
Roussekt Retrospective Multivariable 376 surgical January 1990 Nasogastric reflux of20 18% PCV %dnadmission (OR 4.3; 2.8.3)
al. 2001 cohort analysis colic patients 7 December litresduring 24hour Duration of surgery 2 h (OR 1.9; >1.03.7)
1996 period afte surgery or Strangulating small intestinal obstruction (OR
reflux volume of 381 at 3.2,1.27.9)
any single sampling time Strangulating large intestinal lesion (OR 2.9;
after surgery 1.1V 8)
Nonstrangulating small intestinal lesion (OR &
2i12.6)
Pelvic flexure enterotomy (OR 0.5; 029)
Frenchet al. Prospective Multivariable 341 surgical March 1998 Nasogastric reflux of2 9% Pedunculated lipoma obstruction (OR 3.19; 1.
2002, cohort analysis colic patients August 2000 litreson at least 2 T 7.53)
Proudmaret consecutive occasions PCV on admissiofper% increaseJOR 1.07;
al. 2002a within 24 h, at any time 1.0111.13)
postoperativiy
Cohenet al. Prospective Multivariable 251 surgical Was not As inRoussekt al 2001 19% PCV >40% on admission (OR 2.9; 1i.6.1)
2004 cohort analysis colic patients stated Duration of anaesthesié>h (OR 3.0; 1.46.7)
Small intestinal lesion (OR 5.2; 2.B1.7)
Mair and  Retrospective Univariable 300 surgical 19942001  Gastric reflux of 2 litres 18% Multivariable modellingvasnot performed
Smith cohort analysis colic patients with no evidence of
2005b mechanical obstruction
Holcombe Retrospective Multivariable 233 horses 19952005  AsinRoussekt al.2001 17% PCV on admissiofper% increasefOR 1.05;
et al.2009 cohort analysis thathad small 1.6/ 1.10)
intestinal Age (peryear increase)OR 1.10; 1.041.16)
lesions
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Table %4 continued

Study Study design  Data analysis Study Years of Case definition Prevalence Risk factors (adjusted odds ratio [OR]; 95%
Population  recruitment confidence interval)

Torfsetal. Retrospective multivariable 126 horses March 2004i As in Roussekt al.2001 33% HR on admission (OR.05; 1.021.08)

2009 cohort analysis thathad small December Refluxof >8L on admission (OR 4.16; 1.1.3
intestinal 2006 15.4)
lesions Small intestinal resection (OR 6.4, 2(28.4)

Prophylactic lidocaine (OR 0.31; 011278)

PCV = packed cell volume, HR = heart rate
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Table 1-5: A summary of studies that reported onsurvival rates and risk factors for postoperativesurvival following colic surgery.

Author Study design Study Population Outcome measured Data analysis Survival rate Risk factors (adjusted odds ratio [OR] or
and survey period hazard ratio [HR]; 95% confidence
interval)

Risk factors foreduced likelihood of survival followy surgical management of colic:
Proudmaret Prospective 341 horses (1988 Survival days calculatec KaplanMeier  Cumulative probability of PCV% on admission (HR.Q5; 1.011 1.08)

al. 2002b,  cohort 2000) that from day of surgery to (K.M) estimate, survival of 0.87 by 10 days Resection lengtffeef (HR1.03 1.002 1.05)
Proudmaret recovered death orcensoring multivariable  postoperativly followed by a Duration of surgerymin) (HR 1.012 1.004
al. 2002a following Cox gradual decline in survival a: 1.02)
laparotomy proportional  depicted by K.M curves EFE (HR 2.111.4212.79)
hazard{CPH)
regression
Mair and Retrospective 300surgical colic Survival to discharge  Univariable 70.3% of all horses and Pain severityon admission
Smith 2005a cohort patients(1994 from the hospital analysis using ¢ 83.1% of horses that Faecal outpuprior to admission
2001) St udent recovered following general Heart rate and capillary refill time on

a chi square te< anaesthesia were discharge admission
from the hospital

Wormstrand Retrospective 297 surgical colic Shortterm survival Multivariable  219(73.74%)horses walked Variables associated with significantly
etal.2014 cohort patients (2006 defined as survival to  random effects out oftheanaesthetic improved survival included:
2011) hospital discharge logistic recovery box, of which 74% Large colon diseases (OR 2;d31% 3.71)
regression survivedto hospital discharge Normal mucous membranes on admission
model Board certified surgeons (OR 2:4721
5.06)

Risk factors foreduced likelihood of survivdbllowing small intestinal surgery
Macdonald Retrospective 140 horses @68  Survival to hospital K.M estimate  49% survived to hospital Age (years)(HR 1.04 1.002 1.08)

etal.1989 cohot 1986) had small  discharge and survival and discharge35% shortly after Heart rate on admissidbpm)(HR 1.0%
intestinalresection days recorded on follow multivariable  discharge, median survival 1.004 1.02)
and anastomosis up CPHregression time was8 days forcases Heart rate 24 Ipostoperativelyfbpm) (HR
and recovered fron admitted before Jarf'1980 1.03 1.02 1.04)
anaesthesia and 219 days focases

admitted after Jan®11980
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Table 15 continued

Author Study design Study Population Outcome measured Data analysis Survival rate Risk factors (adjusted oddsratio [OR] or
and survey period hazard ratio [HR]; 95% confidence
interval)
Freemaret Retrospective 74 horses (1994  Survival to hospital K.M estimate, 85% survival to dischge Jejunocaecostomy compared with other
al. 2000 cohort 1999) that survivec discharge and survival weighted log  75% survival to 7 months  procedures
surgery for mall  days recorded on follow rank test 68% survival to more than  Surgeons with leshan9 cases of colic
intestinal lesions o up (TaroneWare), one year surgery experience
which 63 horses Fisherd
had a strangulating andKruskal
lesion Wallis tess
van den Retrospective 224 (19931996) Sunvval from A chisquare 165horseq73%) recovered No risk factors wereeported
Boomand cohort horses that anaesthesia, survival to test from anaesthesia
van der underwent surgery hospital discharge, 112horses(50%) surviedto
Velden 2001 for strangulating  survival to one year hospital discharge

small intestinal
obstruction

76/90 of horse that were
available to followup
survived for one yar

Morton and Retrospective 92 horses (1994  Survival to discharge

Blikslager
2002

cohort

2001) had small
intestinal resectior
and anastomosis
and recovered
following surgery

form the hospital

Multivariable  76.1% survival to hospital
logistic discharge
regression

Heart rate O60 bpm
5.6; 1.520.6)

Repeat laparotomy (OR 18.0; 1187.6)
POI (29.7; 2.5354.6)

Proudmaret Prospective

al. 2005b

cohort

382 horses (1998 Survival days calculatec K.M estimate, Cumulative probability of
from day of surgery to multivariable  survival was depicted using

2004) that hd
surgery for small
intestinal lesions
andrecovered
following sumgery

death or censoring

CPHregression K.M curves

PCV (%) on admission (HR 1.09.03 1.07)
Total protein ¢/) on admissionHR 0.97
0.950.99)

Duration of surgery (min(HR 1.02 1.0%
1.02)

Repeataparotomy (HR 1.961.23 3.13)
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Table 15 continued

Author Study design Study Population Outcome measured Data analysis Survival rate Risk factors (adjusted oddsratio [OR] or
and survey period hazard ratio [HR]; 95% confidence
interval)
GarciaSeco Retrospective 102 horses (1987 Sur v 2 weeks O K.M estimate, 76/102horseg74.5%) Jejunocaecostomy compared to
etal.2005 cohort 2002) that were  postoperativelyandto  Multivariable  recoveredollowing surgery jejunojejunostomy
diagnosed with one year logistic 61/76horseq80%) survived Heartrate>80 bpmon admission (OR 1.5)
PLO at surgery regression t 02 woeks Abnormal peritoneal fluid (OR 1.36)
49/76 horse$64%) survived Surgery before 1992 (OR 1.45)
f oryeadl Body weight 409kg (OR 0.67)
Archeret al. Prospective 126 horses (2004 Survival to hospital K.M estimate, 109 horses walked out tie PCV (%) on admission (HR 1.04..007
2011 cohort 2006) that were  discharge, survival to  multivariable  anaesthét recovery boxpf 1.074)
diagnosed with one ando two yeas, CPHregression which 78.5%survived to Resection length (cm) (HR 1.001L.00X
EFE at surgery survival days calculatec discharge, 50.6% survad to 1.002)
from day of surgery to one year and 3498 survived POI (HR 3.2451.759 5.985)
death or censoring to two years, mediasurvival
time for all horses 39days
Stewartet al. Retrospective 112 horses (2005 Shat-term survival K.M estimate  90/112horseq80%) were  Horses hat underwenjejunocaecostomy ha
2014 cohort 2010) that defined as survival to  and generalisec alive at hospital discharge lower survival rate compared \hithose
recovered hospital discharge and Wilcoxon test. underwenjejunojejunostomy or

following small
intestinal surgery

survival to one year

jejunoileosotomy

Risk factors foreduced likelihood of survivdbllowing large intestinal surgery

Proudmaret
al. 2005a

Prospective
cohort

275 horses (1998 Survival days calculatet K.M estimate,

2004)that
recovered
following small
intestinal surgery

from day of surgery to
death or censoring

Cumulative probability of
multivariable  survival was depicted using
CPHregression K.M curves

Hear ratgbpm) on admission (HR 1.02
1.00'1.03)

PCV (%) on adnission (HR 1.061.02'1.1)
Age (years) (HR 1.071.031.12)
Intestinal esection (HR 2.41.17 5.07)
Repeataparotomy (HR 3.461.43 8.38)
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Table 15 continued

Author Study design Study Population Outcome measured Data analysis Survival rate Risk factors (adjusted odds ratio [OR] or
and survey period hazard ratio [HR]; 95% confidence
interval)
Levietal. Retrospective 141 horses (2060 Shortterm survival Exact logistic 100 horses (70.9%yere Heart ratgbpm) on admission (OR 1.25
2012 cohort 2008) that were  defined as survival to  regression dischargd from the hospital 1.02 1.96)
diagnosed with hospital discharge analysisonly Heart ratgbpm) 24 hpostoperativly (OR
0O 3 8LV, of the 28 horses 1.11, 1.031.26)
which 28 horses that hada PCV (%) 24 hpostoperativly (OR 1.75
hada colonic tissue colonic tissue 1.09'7.95)
biopsy biopsy were
included
Sutherset al. Retrospective 116 horses (2001 Survival to hospital K.M estimate, 89 horses walked out tfie  Model 1 Included the whole caint and
2012 cohort 2010) that were  discharge, survival to multivariable  anaesthetic recovery box, of investigated preoperative variables only
diagnosed with one ando two yeas, CPHregression which 70.8% survigdto PCV% on adhission (HR 1.08; 1.08..1)
036 0U L C)\survival days calculatec hospitaldischarge, 48% PCV xIn(time) (HR 0.960.95 0.97)
from day of surgery to survivedto one year and Model 2:Included surgical survivors and
death or censoring 33.7%6 survived to two years. investigated pre intra- andpostoperative
Median time of survival for variables
all horsesvas397days Heart ratgbpm) at 48 hpostoperativly (HR
1.04 1.02 1.06)
Abnormal serosal colour of colonic mucos:
(HR 3.6 1.55 8.44)
POC (HR 2.63, 1.005.95)
Kelleheret  Retrospective 156 horses (2000 Shortterm survival Exact logistic 129 horses (83%) survived Significant preoperative variables:
al. 2013 cohort 2009) that were  defined as survival to  regression following anaesthesia, 107 Heart ratePCV, respiratory ratetotal plasme
diaghosed with hospital discharge analysis for horses (69%) survived to  protein, blood lactate
03600 LC) survival dischage from the hospital ~ Significant intraoperative variables:
following Hypotension hypercapniatachycardia

anaesthesia an
to discharge

lowest total plasma protein
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Table 15 continued

Author Study design Study Population Outcome measured Data analysis Survival rate Risk factors (adjusted odds ratio [OR] or
and survey period hazard ratio [HR]; 95% confidence
interval)
Hackettet  Retrospective 896 Thoroughbred Shortterm survival Multivariable  88% survival to hospital to  Colic duraton prior toadmission > (OR
al. 2014 cohort mares (19862011) definedas survivako logistic discharge 11.6 5.11 26.5)
that had surgery fa hospital discharge regression PCV >46% (OR 2.31.3/4.3)
treatment oLCV Sur gery d unnatasfOR h4 141
3)

Mean blood pressure >60mHg for >10 min
during anaesthesia (OR 2.5 5)

Heatrate at 4& postoperatively48 bpm
(OR 28.313161.8)

Watery or haemorrhagic diarrhoea
Hospital stay <5 days

Risk factordor reduced likelihood of survivdbllowing small colon surgery

de Bontet  Retrospective 84 horses (2001  Survival to hospital K.M estimate, 67 horses walked out tffie  Resection performed at surgery (OR;3.3i
al. 2013 cohort 2010) that were  discharge, survival to  multivariable  anaesthiéc recovery box, of 7.6)
diagnosed with one ando two yeas, CPHregression which 91%survived to
smallcolon lesions survival days calculatec hospitaldischarge, 81%
at surgery from day of surgery to survivedto one year and 73.!
death or censoring % survivedto two years,

median time of survival for
all horsesvas1,664days

PCV = Packed cell volumé&M = Kaplan-Meier, CPH = Cox proportional hazargdbpm = beats per minut®OC = postoperative colic
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Table 1-6: A summary of studies that usedhext-generation sequencingNGS) techniquego characterise the hose gut microbiota

Study Samples collected, Researchaim 16SrRNA gene Results
Number of horses regions and
NGS technique
used
Shepherat Faeces, 2 horses Faecal microbiota of normal V4, 454 Firmicutes(43.73%), Verrucomicrobig4.11%), Proteabacteria
al. 2012 foragefed horses Pyrosequencing (3.75%), Bacteroigtes (3.65%), Spirochaetef2.06%), Unclassified
bacteria(38.14%
Dougalet  Luminal contents from the ileum ar Identifying the core V1iV2, 454 The core microbiome of the ileuconstituted32% ofthetotal
al. 2013 7 regions of the large intestine, 10 microbiome (taxgresentin pyrosequencing number of sequences which weepresented by only seven taxa
animals recruited from a local all horses with a minimum while the core microbiome dhelargeintestinewasrepresented by
abattoir relative abundance of 1%) only 5/ 15% of the total sequence reads aadstitutedrom
multiple low abundance taxa.
O' Donnell Faeces, 6 Thoroughbred horses  Identifying the core V4, 454 The community was dominated byemberof the Firmicutes
etal.2013 receiving different diets microbiome (tar presenin  Pyrosequencing phylum (43 74%) followed by Bacteroigtes (13 31%).There was
four horod% s w a dgnificant effect of diet on microbial community composition.
relative abundance) The coremicrobiomeconstituted34 genera
Costaet al. Luminal contents and mucosa of tk Microbial community profile V4, lllumina Firmicutes was the moabundabhphylum in all sampling sites,
2015a stomach, small and large intestine of different parts of the horse MiSeq Verrucomicrobia came seconghile the relative abundance of
11 horses (9 sampling sites) gastrointestinal tract Bacteriodetes was less than 3%. Samples from the large intesti
were clustered together compared with samples from the stome
and small integte. The micobial community ofaeces did not
differ significantly fromthat ofthe pelvic flexure, but was different
from that of the caecum
Proudmaret Faecal samples, 8 Thoroughbred r Characterisation of faecal V1iV3, 454 The community was dominated the Firmicutes (53%) and
al. 2015 horses microbiome and metabolom« Pyrosequencing Bacteroidetes (42%)hyla There veresignificant changes in gut

prior to and following dietary
supplementation witan
amylaserich malt extract

microbiotacomposition following dietary supplementation.
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Table 16 continued

Study Samples collected, Research aim 16S rRNA gene Results
Number of horses regions and
NGStechnique
used
Dougalet  Faecal samples, 17 healthgrses  Effect of age and of three V1iV2, 454 Faecal microbial communities were dominatedhsy Firmicutes
al. 2014 fed either hay o, hay with hgh oil different diets on faecal Pyrosequencing phylum(45%) followed byBacteroidetes (37%) with smaller
and low starch dieand hay with a microbiotacomposition proportions(0.5' 3.5%) of Proteobacteria, Spirochaetes,
low oil, starchrich dietin a cross Actinobacteria and Tenericutes. There was significant reductior
over design diversty and richness with increasiagie of the horses
Weeseet al. Faecal samples, 26 pregnant mare Effect of parturition on faeca V4, lllumina Four bacterial phylawer pr esent at O1% r
2015 and 5 control nofpregnant mares  microbial profile. Change in MiSeq including Farmicutes, Verrucomicrobia, Actinobacteria and
faecal microbial profile prior Proteobacteria. Minimal effect of foaling on faecal microbial pro
to development gbostpartum Significant increase in relative abundance of the Proteobacteria
colic phylum and reduction in k&tive abundance of Firmicutes,
Bacteroidetes and Tenericutes phyla prior to the ongmisipartum
colic
Bordinet al. Faecal samples, 42 healthy foals. Effect of oral administration V4-V6, 454 Firmicutes (40.4%) and Proteobacteria (36.6%) were the
2013 Sample were collected on day 2 ar of live or inactivated virulent Pyrosequencing predominant phyla in samples collected at 2 days of age, while

day 30 of age.

Rhodococcusqui on faecal
microbiota

Bacteroidetes (40.6%) was the predominant phydu80 days of
age. There was a significant increase in the relative abundance
Euryarchaeota, Actinobacteria, Bacteroidetes, Chlamydiae,
Chloroflexi, Planctomycetes, Spirochaetes, TM7, and
Verrucomicrobia and reduction in relative abundance of
Proteobadaria with increasing age.
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Table 16 continued

Study Samples collected, Research aim 16S rRNA gene  Results
Number of horses regions and NGS
technique used
Costaet al. Faecakamples fronil mares and Development of faecal V4, lllumina Faecal microbial profile of nedworn foals shifted to become muct
2015b 11 foals. @mples were collected at microbiota of neonatal foal MiSeq similar to that of the adult mares by the age of 60 days.-baw
theday of foalingfrom themares foals had significantly more abundant Acidobacteria and
and foals then at 8 time points unti DeinococcusThermus and less abundant unclassifieddyact
the foals reached 9 months of age compared to mature mares. Young foals (Day 1 and Da@)zad
significantly more abundant Fusobacteria compared to animals
within 121 and 180 dayaf age
Schosteet Faecal samples, 38 foals (21 foals Effect of probiotic treatmer V4, lllumina The predominant phyla in all age groups were Firmicutes (61%,
al. 2015a received probiotics, 17 received  on faecal microbial profile MiSeq Fusobacteria (1%), Proteobera (10%), Verrucomicrobia (7%
placebo). Probiotics were of newborn foals Bacteriodetes (2% Actinobacteria (1%) and Chlamydiae (1%).
administered at day 3 of age and tl There was no effect of probiotic administration or age on apha
daily for 3 weeks. Faecal samsple beta diversitymeasures.
were collected 3 times; at 2 weeks
age and then every 2 weeks.
Schosteet Faecal samples, 8 horses. Faecal Effect of fasting V4, lllumina The predominant phyla were Firmicutes (median: 63%, quartile:
al. 2015b  samples were collected P4rior to transportation, and genera MiSeq 561 71%), Proteobacteria (median: 6&tiartiles: 219%),
transportation, 12 h post anaesthesia on faecal Verrucomicrobia (median: 12%, quartile$:19%), Bacteriodetes
transportation, after 12 h of fasting microbial profile of (median: 1% quartiles:i2%), Fibrobacteres (median: 1%, quartil
and at 12, 48 and #Rafter recovery clinically normal horses 0.5/ 1%) and Spirochaetémedian: 3% quartiles:i2%). There
from general anaesthesia. were $gnificant changes in relativ@bundane of a number of
generaat different time pointxall belongingto the Firmicutes
phylum.
Moreauet Caecal fluid, 8 healthy horses and Change in caecahicrobiota V4, lllumina The caecal microbial profile of normal horses consisted of
al. 2014 horses that had laminitis induced during a starch overload MiSeq Firmicutes (50.4%), Bacteroidetes (18.2%), Proteobacteria (13.

either with corn starch (n 6) or model

oligofractans (r= 6)

and Verrucomicrobia (10.5%). There were significant increases
Lactobacillusspp, Streptococcuspp, Veillonellaspp. and
Enterolacteriaceagn laminitic horseswhile Bacteroidetes,
Bacillus Solibacillus RuminococcaeceandAkkermansia
decreased significantly
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Table 16 continued

Study Samples collected, Research aim 16S rRNA gene Results
Number of horses regions and
NGS technique
used
Steelmaret Faecal sample4,0 normal horses Comparison of faecal V51 V9, 454 Firmicutes (69.21% control, 56.72% laminitis), Verrucomicrobia

al. 2012 and 8horsegliagnosed with chronic microbiota ofnormal horses Pyrosequencing (18.13% control, 27.63% laminitis), Bacteretes (5.71% control,
laminitis to thosediagnosedvith 9.94% laminitis), Spirochaeté8.5299, Proteobacterié0.95%) and
chroniclaminitis 11 other phylg0.13%.
Costaet al. Faecal samples were collected fror Comparison of faecal V3iV5, 454 Firmicutes (68.1% control, 30.3 colitis), Bacteroidetes (14.2%
2012 6 healthy horses and 10 horses wil microbiota ofhealthy horses pyrosequencing control, 40.0% colitis), Proteobacteria (control 10.2%, 18.7 coliti
colitis. and those with colitis Actinobacteria and Spirochaetesreased significantlin healthy
horseswhile Fusobacteria was greater in horses with colitis. Tht
class Clostridia was significantly higher in healthy harses
Rodriguez Faecal samples were collected fror Faecal microbial pra of V1-V3, 454 Significant reductionn population diversity in horses affected wit
etal.2015 10nondiarrhoeichorses and 10 horses with diarrhoea Pyrosequencing diarrhoea. Samples did not cluster with disease stasaherichia

horsegddiagnosedvith diarrhoea.

compared with nowliarhoea
cases

andStreptococcugenera were significantiyjoreabundant in
horses diagnosed with colic whilkkkermansiaFusobacterium
Porphyromonasind Xylanibacterwere greater in the Diarrhoea

group
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CHAPTER 2

A CR&ESESCTI ONAL STUDY OF COLI C | N
HORSE POPULATI ON I N EGYPT

The work presenteith this chaptehas been published.

Salem, S. E., Townsend, N. B., Refaai, W., Gomaa, M. and Archer, D. C. (2015)
'Prevalence of ordental pathology in a working horse population in Egypt and its
relation to equine healtiEquineVeterinary JournglDOI: 10.1111/ev).12533.

Salem, S. E., Scantlebury, C. E., Ezzat, E., Abdelaal, A. M. and Archer, D. C. (2016)
'‘Colic in a working horse population in Egypt: prevalence and risk fackmsine
Veterinary JournglDOI: 10.1111/ev}.12573
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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 determirpeedtalence 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 crosssectional survey design where the owners of 350 working ©ioves2
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 tapeWamnaplocephala
perfoliata) infection. Multivariable logistic regression analysis was used to identify
risk factors for a history of colic in the preceding 12 months.

The 12month prevalence of colic was 54.6%. Severe and moderate tapeworm
infection intensity was identdd in 3% and 26%f horses testedespectivelyHorses

that had severe dental diseas@ds ratio [ORB.8, 95% Confidence interval [C1].9
24.3,p-value<0.001), that displayed stereotypic behaviour (OR 2.0, 95% Ci13.85

p-value= 0.013, were fedground corn duringhe6dr y seasoné (OR 1.
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, p-value= 0.003) were more likely to have a history

of colic in the preceding 12 montidor ses fed on rice bran du
(OR 047, 95% CI 0.20.9, p-value = 0.015) and that displayed
geophagia/coprophagia (OR 0.19, 95% CI 00033,p-value= 0.001) were less likely

to have a history of colic. Wasconcluded that colic isommon in this working horse
population and this study has identified factors associatedaiéhedlikelihood of

colic in the previous 12 months. iSlstudy provides important information that may

be used to inform future prospective studies investigatiolic in working horse
populations and to assistevelopmentof preventive healthcare strategies to help

prevent colic.
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2.2 Introduction

Abdominal pain (colic) is common in horses aing frequently associated witteath

or euthanasia in managed horspydationgKaneeneet al.1997b, Irelanet al.2011)
Based on estimates from the UK and tH&A, colic has a reported incidence rate of
4i 26 episodes per 1€forseyearsat-risk (Uhlinger 1992, Tinkeet al.1997a, Hillyer

et al. 2001, TraukDargatzet al. 2001)and a case fatality rate of 6171% (Tinker et

al. 1997a, TraudDargatzet al. 2001) At presentthere is limited information about
prevalence and impact of colic in other countries, particularly where working equid
populations predomine. Colic was reporteals a significant welfarssueand of great
concern among owners of working equids in EthidBigjia et al. 2006, Shelimaet

al. 2006) A twelvemonthprevalencef colic of 32.5% and a fivénonth prevalence

of 13.2% were reported by the owners of working equids in Romania and India
resgectively (Mohite 2014, Popescet al. 2014) A hospital case fatality rate of 27%
was reported in Ethiopid@ojia et al.2006)

Many horse and managemeitével risk factors have been reported to be associated
with altered likelihood of colicldentified risk factors in managed horse populations
(predominantly in the USA anthe UK) include;age, breed, previouskc episodes,
crib-biting/windsucking behaviour, internal parasitesnd changes in feeding
practicesfeed ype exercise and tuout regimes (Archer and Proudman 2008}his
knowledge has been used to inform colic prevention strategies relevant to these equine
populations. Howeverfor working equid populations, sh 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 atzc@ssphylactic veterinary

care are likely tovary. Intestinal obstruction and impaction due to eating coarse
feedstuffor nonfood substances suchaalyethendags(Bojia et al.2006, Mirazcet

al. 2012)and intestinal parasitisifCurranet al. 2014)were thecommorty reported
causes of colien some working equine populations. Previously, a few case reports
ard experimental studies of coliBhety 2007, Yousset al.2012, Ibrahim 2014)ave
originated from Egypt, but these may have limitations based osntaé number of
cases involved and were largely drawn from a referral casatadttiereforewere not
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able to provide estimates of the prevalence or risk factors of colic withiretreral
horsepopulation.

Therefae, the aims of the currestudy 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 UniverfyLiverpool Veterinary Research Ethics
Committee (VREC247). Informegerbalconsent was obtained from all participating

horseowners.

2.3.1Study population

A flow chart detailing recruitment of participants, data acquisition and reporting of
results is given irsupplementary Figura-1. The study populatiomcluded working

horses from two provinces in Egypt. Horses were recruited from 41 villages and 2
cities within 10 different regions ithe Al Sharquiya province and 3 different regions

in the Al Dakahliya province (a mapf the area is shown iBupplenentary Figure

2-2). Village selection was based awailability of a local veterinary surgeon or a
village resident who was willing to assistrecruitmentof horse owners. A mobile

clinic was used to visit the study areas and on arrival, announcements were made using
a microphonBoudspeaker systenHorses of allagesregardless of any history of
dental examination or any concurrent medical conditiong wkgible 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 hoesesposed to between the

green OBer seemd Maggs amd( Nd\wee migdctéber). c e 6

Sample size calculatiofor population survey was performed using Epi fnfd
software (Centre for Disease ControAtlanta, Georgia, USA). Dueotlack of
information about the expected prevalence of colic among this population and number
of working horses in the study areae number of working horses in the study area
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was estimated tbebetween P00 and4,000 horses and an estimate that 50%hese
horses might have moderate to severe dental disosdsraade Using these figures,
sample size calculationsvealedthat a sample size of 34350 horses was required
toidentifythis prevalence of dental disorders at a study power of 80% amfidere

level of 95%. This figure increased to $525 when a design effect of W&s added
Similar sample size calculations were performed for the prevalence giestimating

that a 12month prevalence of colic of 10% could be identified as a l@sgmate.
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.

2.3.2Data collection

2.3.2.10wner questionnaire

A questionnairgdGeneral appendi®) was constructed using information available
from previous epidemiological studies colic (Archer and Proudman 200@&nd
knowledgeof management practices of working horses in Egypt. Questions were
grouped into the followingections: horse identificatiosignalmet; medical history
including detailsof any previous colic episodes; horse behaviaatails of use,
stabling and turnout regimgnutritional management including types of feeds during
green and dry seasqrad history of any deal and anthelmintic treatent.

The questionnaire was sofevarée @Cengedfor Disdaseg Ep |
Control Atlanta, Georgia, USA) and question formats included closederended
questions. The questionnaire was piloted the teaching hospital, Faculty of
VeterinaryMedicine, Zagazig University, Egypt by one of the study collaboratmls
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 vetarary surgeon. In an attempt to validate owregorted colic
episodes, horse owners were asked to describe clinical signs (behavioural alterations)
that horses demonstrated during the colic epis@d#iyer et al. 2001) In order to

record a second colepisode for a given horse, an intervening period of normal work
and feed of at least 48between episoddsad 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 conservatiliefaative therapigs an estimation of
the duration of colic (in hours) and the owr@aginions about what they thought may

have causedeAc col i ¢ epi sode. The dadofawarsmer e ent

2.3.2.2Clinical examination

Horses underwent a full deitexamination 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
(Salemet al.2015) All dental examinations were performed by a single investigator
(the author of thighesis) and consequently the chances of obtaining inconsistent
examination results were lowAge estimation was based on history taken from the
owner and examination of incisor morpholdijuylle et al.1997) Weight and height

were determined using a measuring tape (Bdsgsur€, Chandelles Saddlery, UK)
andthebody condition score was evaluated on gt scale of zero to fivgCarroll

and Huntington 1988)Ten ml of blood was dlected 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 laboratoryagauRy 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 &0 °C prior to transport to #h UK for

immunodiagnosis cAnoplocephalgerfoliatainfection under appropriate licencing.

2.3.2.3Immunodiagnosis oftapeworm (A. perfoliata) infection

One hundred serum samples were randomly selected using a random number generator
to undergo testing foA. perfoliatainfection. This excluded horses with a history of
receiving an anticestodal drug (n = 18) in the previous twelgrth period and
sampleswere divided equally between horses that did (n = 50) and did not (n = 50)
have a history of colic in thprevious 12 monthsSamples were submitted to the
Diagnostedaboratoriesthe University of Liverpool for testing usingnzymelinked
immunosorbent assay (ELISAptical density (OD) values specific for the 12/13 kDa
excretory/secretory antigen &. perfoliata (Proudman and Trees 1998&)ptical

density (OD) values of <0.2, 0..7, and >0.7 were used to assign horsesro ae

low, moderate and high infection intensitgspectively(Proudman and Trees 1996)
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2.3.3Data analysis

Using data collected from horses that were under their current owndrship O 1 2
months, thet2-month prevalence of colic was calculatedrenumberof horses that
experienced one or moreliwoepisodes divided by the total number of horses recruited

into the study thavereu nder current ownership for 012

Preliminary descriptivanalyses excluded any variable nt ai ni ng O30 % mi
Categorical variables containing few obséiat@as 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 unigake logistic regression. The functional
form of the relationshipbetween continuous predictor variables and theokbds of

the outcome variable was examined usgeneralsed additive models (GAMS)
(Hastie and Tibshirani 1990)here variables witha nonlinear associatiorwere
categorised using dathkiven cuto f f p 0i n & sorrelatioe eoefficient 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 lowegp-value)or biologically plausible variable was
selectedArcheret al.2008b)

Variables with a univariable likelihood ratio tgstvalue <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 addeddession and
were retainedf their inclusion resulted isignificant changes in likelihood ratio test
statistic p-value <0.05) when nested models were compared. The final model was
tested by forcing excluded variablgisose that did not satisfy agsificant likelihood

ratio test)back intothe modelto assess for confoundinghis was defined as a 25%
change inthe regression coefficientf 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 Hasmeshow
goodnessf-fit test statistic. In order to test for influential observatiodeviance
residuals and deklbetas foreach variable in the final model were exardine
graphically. Finally, a mixe@ffects 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 horsesandto assess fowithin horseand within interviewer
clustering. This model was built using thme4 statistical packagéversion 1.1.Y
(Bateset al.2014)on R software environmefersion 3.2.p(R Core Team 2014)

A chi-squared test of independence was used to temh&msociation between positive

A. perfoliata ELISA results (OD >0.2) and colic history. Data analysesre

performed using Epi |InfoE 7, Stata (Stat
Station Texas, USA, and R softwareThe critical probability was set at 0.05 for all
analyses.

2.4 Results

2.4.1Study population

A total of 460 horses were presented to iiabile clinic. Of these, 350 horses had
been under the present ownerso6é6 care for
Dental examination was performed on 342 of these horses; horses that were either too
aggressive to be examined-sedated (n = 3) avhose owners were unwilling to have

the r hor s exarined(o w5) Wwese excluded from dental examination. Horses
included 239 (68.3%) females, 109 (31.1%) stallions and 2 (0.6%) geldings.

Additional data on characteristics ofglhorse populatiomare given infable2-1.

Table 2-1: Characteristics of the studied Egyptian working equid population.

Variable Number of % Median Mode IQrange Range
observations Missing

Age (years) 343 2 7 15 3.5,12 1i 30

Weight (kg) 342 2.3 300 285 272,332 1511470

Height (hands) 340 2.9 14.2 14.3 14.05, 14.3 12.316

Been in owner possession 350 0 3 2 2.25,5 1i 20

(years)

Owner sd6 wor ki 344 1.7 10 10 5.5,15 1i 50

with horses (years)

Total plasma protein (g/dl) 330 5.7 6.3 6 6.05,6.8 5i8.2

Packed cell volume (%) 334 4.6 29 26 25.5,33 18144

Watering frequency during 338 3.4 3 3 3,45 1i9

dry season (times/day)

Watering frequency during 338 3.4 2 2 15,2 05

green season (times/day)

Data were collected for 350 working horses, descriptive data are presented as median and interquartile
range (1Q).
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2.4.2Medical history and stereotypic behaviour

At least one medical problemas reportedy owners over the preceding 12 months

in 292 horses (83%] hese wergastrointestinal 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), preghancy diagnosis (n = 2), pruritus (n = 2), fever
(n = 1) and treatment of lameness (n =39¢gventy(20%) horseswere reported to
exhibit crib-biting/windsucking stereotypic behaviour, 5.14% (n = 18) exhibited
weaving kehaviour and 0.6% (n = 2) exhibited baalking behaviour.

2.4.3Colic episodes

A total of 371 colic episodeas 191 horsesvere reported by the horse owners within
the previous12 months, contributing a fdonth colic prevalencef 54.8%6 (95% CI
49.259.9). Figure 2-1shows the seasonal distribution of these colic episodes
suggesting that a higher frequency of colic occurred during the dry seasoii (July
October). A single colic episode was reported foh88ses; 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 \detaot recorded for the
number of colic episodes in 1 horse). The most fretiyesported 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%)efla&i(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 epdes while a range of treatmemissought on

246 (92.5%) occasions. Treatments administered included; alternative/conservative
treatments { = 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 workinghe 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 charg 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 antinflammatory druggn = 8) which
included diclofenac sodium, ketoproferddtunixin meglumine; spasmolytic drugs (n

= 26) including hyoscinebutyl bromide atropine, dipyrone, tiemonium iodide;
intravenoudfluid therapy (n = 8) and oral administration of liquid paraffin (n = 3).
Urinary catheterisation was performed by a vetay surgeon in 7 horses with colic.
Questionsabout 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 colicev@rst noticed by the owners was

6 h (range 1192h) and horses exhibited colic signs for a median duratiorhdgfahge

1i 360h) prior to recovery.

Among 183 reports of what owners believed caused each colic episode, urine retention
was the most commdy proposed caus@ = 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),ekding 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 pateal cause of colic.

2.4.4Management practices

2.4.4.1\Work features

Seventyeight percent (n = 263) of horses were used for agricultural work e.g. moving
crops, 12.4% (n = 42) performed Ragricultural work e.g. building material delivery

and 10% (n = 34) performdabth types of work (11 horses had not started wotteat

tmeof data collection). Agricultural wor k
237; 80%), hired out to other farmers (n = 26; 9%) or both (n = 23; 11%).
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With respect to work intensity, 9@spondents 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 Mawhich is consistent with transporting clover from fields to
feed other farm animals. Thirthiree owners reported increased workloads during
harvesting seasons in general which include Mayly (wheat harvesting season) and
Octoberi November (rice haesting season).

2.4.4.2Stabling 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 stdphme

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 summe

(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%).

2.4.4.3Carers, feeds and wagr

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, Trifoliuatexandrinium 6 Ber seemd (n =
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; 215%), 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 eithea water pump or tap water for 89.6% of horses and both clean
water and water from ponds/water canalss 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 summemd twice during winter.
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2.4.4.4Preventive 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 horgeytation have been reported
separatelySalem et al. 2015Nine 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 programad beenmplemented in 31% (n = B) 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)
werewormedless frequently. The most recently administered anthelmintic product
were ivermectin (n = 125), doramectin (n = 57), albendazole (n = 20), pytantriaie

(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 aychari
mobile clinic (n = 4), malodorous faeces (n = 2) and loud bowel sounds (n = 2).

2.4.5Immunodiagnosis ofA. perfoliatainfection

The ELISA OD values indicated that 3% (n = 3) and 26% (n = 26) of the horses tested
had high and moderate infection intensitiesspectively Figure 2-2 shows the
distribution ofELISA OD valuesin horses that did or did not hagehistory of colic

in the previous yeaiTheprevalence of positive tapeworm infection (29%) did not vary

between horses with and without a reported history of cofie (X05,p-value= 0.82).

2.4.6Univariable and multivariable analysis

The results of univariable analyses of potential explanatoryblasidor risk of colic
during the previous y& are available iBupplementary TabR-1 andSupplementary
Table2-2. A final multivariable model is shown ifhable2-2. Horses identified to have
severe oralental disease durirtfpe 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 andhosethat had received anthelmintic in the previousraonth period
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were more likely to have B2-monthhistory of colic. Increased likelihood of colic in

the previous 12 months was also associated with feegfimgd cor n dur i ng
season. drses fedoncde br an dur i ragdthdsg reporeed to digplays o n 6
pica (geophagia and coprophagmgre less likely to have a history of colic. No
significant multiplicative interaction terms were found betweanables in the final

model. The HosmerLemeshow ést statistiandicated 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 tfie horse and of the interviewarasnot significant(had

variance of 0.025 and zeroespectively)and thereforethese variables were not
includedin the final model.

Table 2-2: Multivariable logistic regression model of risk factors for owner reported colic
in the previous twelvemonth period in a working horse population in Egypt.

Variable Coefficient Standard Odds 95% Cl of LRT p-
error ratio  odds ratio value

Severe oralental pathology No Ref.

Yes 1.92 0.65 6.8 1.9124.32 <0.001
Stereotypic behaviour No Ref.

Yes 0.7 0.3 2.0 1.153.5 0.013
Feeding ground corn during No Ref.
Juné October Yes 0.5 0.24 1.65 1.032.6 0.035
Anthelmintic administered No Ref.
during the last 6 months Yes 0.7 0.24 2.1 1.3'3.3 0.003
Feeding rice bran during No Ref.
Novembeii May Yes 10.75 0.24 0.47 0.260.9 0.015
Geophagia toprophagia No Ref.
(pica) Yes T11.65 0.7 0.19 0.050.73 0.001

Ref. = reference category, Cl eonfidence intervalLRT = 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 enzymelinked
immunosorbent assay (ELISA) optical
density (OD) valuesamong horses with
(a) and without (b) a history of colic in
the previous 12 months



2.5 Discussion

This study has docuemted the 12Znonth prevalence of colic in a working horse
population in Egyptind hasdentified factors thatvere associated with a history of
colic. It has also providedinformation about management practices and owner
perceptions about causes of colithis 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%n this working horse popation exceeds the
prevalence of colic reported for working horses in Romania (32(B#gescLet al.
2014)andthe 12-month cumulative colic incidencef 5.8 6.5% reported for horse
populations based in the USA and the HKnker et al. 1997a, Hillyeret al. 2001)
These differences may be due &rigtion in horse types, management practices and
different study designsr overreporting of historic colic episodes by the horse owners
A greater frequency of colic episodescurred from June t@ctober. This apparent
seasonal pattern differs from thareviously reported for colic in the UK and USA
(Proudman 1992, Tinkeet al. 1997a, Hillyeret al. 2001, Archeret al. 2006)
However, this finding may also be related to recall bias with owners reporting colic
episodes that occurred more frequently relative to the timinguestionnaire
administrationIn 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 diagnosedagigiveradental disease were more
likely to have develogd colic during the precedingvelve monthscompared 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 possiltie 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 epig&dastleburyet al.
2011)and those with a history of less frequent dental examinations wend fo be

at increased risk of simple colonic obstruction and distension colic (SQ@IBer

et al.2002) Increased risk of large @i volvulus was also reported in horses that had

a history of quiddingSutherset al.2013) Thereforeimplementation of a programme
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of dental prophylaxis by appropriately trained veterinary surgeons might help to
reduce the icidence of colic in this population of horses.

Stereotypic behaviours were significantly associated with a horse having a history of
colic in thepreviousl2 monthsand thigs also consistent with previous repdéscher

et al. 2008b, Malameckt al. 2010, Eantleburyet al. 2015) The prevalencefarib-
biting/windsucking stereotypic behaviour (2P%ithin this working horse population

was greater than the prevalence of between 4.4 and 6ep#ited for horse
populations in the USA and the UflcGreevyet al. 1995, Albrightet al. 2009)

These behaviours were described by owners as horses grasping the wood of the carts
without attempts to suck in air. If thebehavioursvere to be described as a wood
chewing behaviour, our reported prevalence may be coatparto the prevalence
(17.2%) of wood chewing behaviour in other horse populatitMsGreevyet al.

1995) There is a need to more accurately define and dessutiebehaviours in

working horses.

The association between certain types of feedstla@alteredlikelihood 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 forcolic (Cohenet al. 1995b, Tinkeet al. 1997b, Curtist al.2014) This

study provides preliminary data that may be used to abksisiesignof prospective

cohort studies that investigate further any seasonal variation and relationship between
the likelihood of colic and feedypes givenin this type & equine populationPica
(geophagia/oprophagiajvas 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 foa youngage, 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 faots.

Horses that hatleen giveranthelmintic treatment during the precedsig months
were more likely to have had a colic episode within the previous year. This finding

may initially seem countentuitive compared to other studies reporting risk factor
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for colic (Hillyer et al. 2002, Little and Blikslger 2002) Anthelmintic preparations
may have been administered in response to cotaraag (Upjohn et al. 2010), or

due to evidence of parasitelated 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 resistémoeims
population is largely unknown. A single pilot study, reporting anthelmintic
susceptibility tavermectin andenbendazoléund no evidence of resistan@éeragy

et al. 2014) Further work is required texamineanthelmintic practices and efficacy

of treatment within this working equid population.

The study, for the first time in Egypt, has identified a high seroprevalenge of
perfoliatainfection of 29% in horses tested. This is comparable to the infection rate
(34%) reported in working donkeys in Ethiogfaetachewet al. 2012) but islower

than the seroprevalence (56%) reported in other equine populéliatzsWilliams

et al. 2008) The frequencyof positive resultsdid not differ significantly between
horses with or without a history of colic. The decision for lidted number of
samples tested was based on available funding, and this may have reduced the power
to detect any significamtifferencesHowever posthocpower calculationperformed

based on the results obtained from the current study showed that in order to identify a
significant relationship (odds ration >1) betwe®rperfoliatainfection (ELISA OD

value >0.2) ana histoty of colicin the preceeding 12 monttessample size &0,554
horsesvould be required whicts 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 witl. perfoliatainfection such as ileal impaction

and spasmodic coli®roudman and Edwards 1993, Little and Blikslager 2002)

Urinary retention was a commonly perceived cause of colic reportedvbgrs 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 sfgradic (Duesterdieck
Zellmer 2007) or whether this observation could be associated with other aetiologies
that are relevant to this working horse populatidor example, dehydration.
Behaviour may have been misinterpreted by ownersvamatever the underlying

aetiology, it is of note that urinacathetesationand the use of diuretics were among
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the commonly reported treatments given by veterinary susgeowolic. Other owner
perceptions about causes of colic were in agreement with previous réfraub
Dargatzet 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 thesist
developmentof training programmes for local veterinary surgeons and owofers
working horses about colic prevention, diagnosis and treatment. The results of the
current study will be disseminated via social media to weter surgeons and lecturers

in relevant areas to demonstrate areas where improved owner and veterinary stude

education is required.

In commonwith all retrospective crossectional 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 horsédmostall 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 ascertaingithin this crosssectional format, and our reliance on
horse owners to classify cases with coliayhave introduced misclassification bias.
The findings from the current study ,dwowever provide useful insight into factors

that require investigation ifuture longitudinal studies. Due to requirements to gain
consent from local government and logistical issues relating to access to equine
populations, the recruitment strategy was-rmmdomised and therefoitemaynot be
appropriate to extrapolate tharcent resultgo 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 dédiclinical examination of horses with coéad

where relevant, poghortem examination.

This study has reported the-tr#nth prevalence of coliandassociated riskactors

in a population of working horses in Egypt. This information together withlgletai
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 texamine risk factors for colic further within this and other working

equid populations.
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2.6 Appendix to Chapter 2

Supplementary Tabl 2-1: Descriptive statistics and univariable analysis of categorical variables investigated for association with colic occurringeov
a twelve-month period in an Egyptian working horse population.

Variable No colic in Colic in previous Coefficient  Standard Odds 95% Clof  Likelihood
previous year  year 191 error ratio  odds ratio ratio testp-
159 (45.43%)  (54.57%) value

Sex Female 113(47.28) 126 (52.72) Ref.

Male 46 (41.44) 65 (58.56) 0.23 0.23 1.26 0.81.99 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 0.882.29 0.15
Wind sucking /cribbing No 133 (47.5) 147 (52.5) Ref.

Yes 26 (37.14) 44(62.86) 0.43 0.27 153 0.9262 0.12
Weaving No 155 (46.69) 177 (53.31) Ref.

Yes 4 (22.22) 14 (77.78) 1.12 0.58 3.1 0.9995 0.04
Pica (coprophagia/geophagia) No 148 (44.05) 188 (55.95) Ref.

Yes 11(78.57) 3(21.43) 115 0.66 0.21 0.060.8 0.01
Reactiontowards humans Aggressive 19 (52.78) 17 (47.2) Ref.

Calm 139 (44.55) 173 (55.45) 0.33 0.35 1.4 0.712.8 0.35
Use Agricultural 114 (43.35) 149 (56.65) Ref.

Nonragricultural 21 (50) 21 (50) 10.26 0.33 0.77 0415

Both 17 (50) 17 (50) 10.26 0.36 0.77 0.371.56 0.59
Stabling regima Out day and night 15 (40.5) 22 (59.46) Ref.

Stabled at night 64 (48.85) 67 (51.15) 710.34 0.37 0.71 03415

Stabled day and night 80 (44.44) 100 (55.56) 710.16 0.36 0.85 0.421.75 0.6
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Supplementary Table-2 continued

Variable No colic in Colic in previous Coefficient  Standard Odds 95% Cl of  Likelihood
previous year  year 191 error ratio  odds ratio ratio testp-
159 (45.43%)  (54.57%) value

Stabling regima patterns Constant 127 (46) 149(54) Ref.

Day to day or seasonal 9 (45) 11 (55) 0.04 0.46 1.04 04226 0.93

changes
Stable floor Sall 68 (47.89) 74 (52.11) Ref.

Concrete 77 (44.25) 97 (55.75) 0.15 0.23 1.16 0.741.8 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 0.641.72 0.85
Source of feed Owner 6s | an: 30(40.54) 44 (59.46) Ref.

Purchased 39 (47.56) 43 (52.44) 710.29 0.32 0.75 0.401.42

Both 86 (45.74) 102 (54.26) 710.21 0.28 0.81 04714 0.65
Roughagdrequency Ad libitum 62 (44.93) 76 (55.07) Ref.

At set times 94 (45.19) 111 (54.81) 710.01 0.22 0.98 0.641.52 0.96
Threeor more watering frequency No 31 (49.2) 32 (50.8) Ref.
in dry season Yes 123 (44.73) 152 (55.27) 0.18 0.28 1.2 0.721 0.52
Green season feeds (Novembéeviay):
Wheat straw No 69 (46.31) 80 (53.69) Ref.

Yes 90 (44.78) 111 (54.81) 0.06 0.22 1.06 0.691.62 0.78
Barley No 142 (45.95) 167 (54.05) Ref.

Yes 17 (41.46) 24 (58.54) 0.18 0.33 1.2 0.622.32 0.59
Rice bran No 125 (43.71) 161 (56.29) Ref.

Yes 34 (53.13) 30 (46.88) 710.38 0.28 0.68 0.411.17 0.17
Whole Wheat No 146 (44.24) 184 (55.76) Ref.

Yes 13 (65) 7 (35 710.85 0.48 0.42 0.161.09 0.07
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Supplementary Table-2 continued

Variable No colic in Colic in previous Coefficient  Standard Odds 95% Cl of  Likelihood
previous year  year 191 error ratio  odds ratio ratio testp-
159 (45.43%)  (54.57%) value

Silage No 154 (45.7) 183 (54.3) Ref.

Yes 5 (38.46) 8 (61.54) 0.3 0.58 1.35 0.434.2 0.61
Bran No 87 (46.8) 99 (53.2) Ref.

Yes 72 (44) 92 (56) 0.12 0.22 0.12 0.741.7 0.6
Ground beans No 143 (44.5) 178 (55.5) Ref.

Yes 16 (55.2) 13 (44.8) 710.43 0.4 0.7 0314 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 0.751.8 0.5
Whole corn No 126 (45.1) 135 (54.9) Ref.

Yes 126 (46.5) 38 (53.5) 10.05 0.3 095 0.561.6 0.8
Wheat straw No 69 (46.3) 80 (53.7) Ref.

Yes 90 (44.8) 111 (55.2) 0.06 0.22 11  0.71.63 0.8
Commercial feeds No 152 (55) 186 (55) Ref. 0.36

Yes 7 (58.3) 5(41.7) 710.5 0.6 06 0219 0.36
Dry Season Feeds (JuinéDctober)
Green corn No 76 (42.94) 101 (57.06) Ref.

Yes 83 (47.98) 90 (52.02) 710.20 0.22 0.82 0.5411.24 0.34
Rice bran No 125 (44.64) 155 (55.36) Ref.

Yes 34 (48.57) 36 (51.43) 710.16 0.26 0.85 0.5111.44 0.55
Barely No 127 (45.36) 153 (54.64) Ref.

Yes 32 (45.71) 58 (54.29) 710.01 0.26 0.99 0.581.67 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 continued

Variable No colic in Colic in previous Coefficient  Standard Odds 95% Cl of  Likelihood
previous year  year 191 error ratio  odds ratio ratio testp-
159 (45.43%)  (54.57%) value

Whole Wheat No 143 (44.27) 180 (55.73) Ref.

Yes 16 (59.26) 11 (40.74) 710.6 0.41 0.55 0.251.21 0.14
Silage No 130 (45.45) 156 (54.55) Ref.

Yes 29 (45.31) 35 (54.69) 0.005 0.28 1.005 0.581.73 0.98
Ground Beans No 137 (45) 168 (55) Ref.

Yes 22 (49) 23 (51) 10.16 0.32 0.9 0.451.6 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 0922 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 0.331.25 0.21
Commercial feeds No 149 (44.6) 185 (55.4) Ref.

Yes 10 (62.5) 6 (37.5) 10.72 0.53 0.5 0.171.4 0.17
Flour No 154 (45.6) 184 (54.4) Ref.

Yes 5(41.7) 7 (58.3) 0.16 0.6 1.2 0.363.8 0.8
Hay No 111 (44) 141 (56) Ref.

Yes 48 (49) 50 (51) 0.2 0.24 0.8 0.51.31 0.4
Source of water Clean 134 (44.37) 168 (55.63) Ref.

Both (clean and unclean) 16 (45.71) 19 (54.29) 710.05 0.36 094 047191 0.88
Anthelmintic administered over tt No 64 (51.2) 61 (48.8) Ref.
last 12 months Yes 95 (42.79) 127 (57.21) 0.34 0.22 1.4 09218 0.13
Anthelmintic administered over tt No 107 (51.94) 99 (48.06) Ref.
last 6 months Yes 49 (36.57) 85 (63.43) 0.62 0.22 1.87 1.212.92 0.005
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Supplementary Table-2 continued

Variable No colic in Colic in previous Coefficient  Standard Odds 95% Cl of  Likelihood
previous year  year 191 error ratio  odds ratio ratio testp-
159 (45.43%)  (54.57%) 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 0.731.83 0.52
Body condition scoreil No 120 (45.48) 141 (54.02) Ref.
Yes 30 (40) 45 (60) 0.24 0.26 1.28 0.762.15 0.36
Dentalexamination 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 0.892.14
Severe dental disease 3(12.6) 22 (88) 2.029 0.64 7.61 2.1926.44 0.001
Severe dental disease No 149 (47) 168 (53) Ref.
Yes 3(12) 22 (88) 1.87 0.63 6.5 1.91122.17 <0.001

Descriptive cta are presented as number (%). Cl = confidence interiRaf. = reference category
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Supplementary Table2-2: Descriptive statistics and univariable analysis of continuous variables investigated for association with colic occurring pve
a twelvemonth period in an Egyptian working horse population.

Variable No colic inprevious  Colic in previous year Coefficient Standard Odds ratio 95% Cl of  Likelihood
year 159 (45.43%) 191 (54.57%) error odds ratio ratio testp-

value

Estimated age (years) 709 7 (7.5) 710.001 0.019 0.99 0.961.037 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

Ownersbdé experien 10(13) 10 (10) 10.013 0.012 0.99 0.96'1.01 0.26

horses (years)

Time the horse been in owner 34 3(3) 10.018 0.03 0.98 0.921.04 0.58

possession (years)

Watering frequency during dry seast 3 (1) 3(1) 0.18 0.12 1.2 0.941.52 0.14

(times / day)

Watering frequency during green 2 (1) 2(1) 10.069 0.13 0.93 0.721.21 0.6

season (times / day)

Packed cell volumé) 29 (7) 29 (7) 0.001 0.02 1.001 0.961.04 0.95

Total plasma protein (g/dl) 6.3 (1) 6.3 (0.8) 10.07 0.19 0.93 0.641.35 0.72

Descriptive data are presented as median (interquartile rar@ley. confidence interval
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CHAPTER 3

APROSPECTI VE COHORT STUDY OF RI
FOR MORTALI TY AND MORBI DITY FO
COLI C€C SURGERY
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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 complicatitmiowing laparotomy for treatment

of colic. Horses that underwent laparotomy and recovered from general anaesthesia
wererecruited prospectively onto the study during the period from October 2012 to
November 2014. Data were collected for variables considepetbri as risk factors

for survival or postoperative complications amereinputted into a database. Follow

up informationwas collected through telephone interviews with the owner/cafer

each horsdollowing discharge from the hospital. Logistic regression and survival
analysis models were used to examifoe risk association between different
postoperative complit@ns or survival angbutativerisk factors. Data from another
cohort of colic patients which was a part of an earlier colic survival studyi(2008)
performed in the same hospital were collected and combined with the current dataset.
This increased thetudy powerthat allowedidentification 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 ordevelopment 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 witidiopathic focal eosinophilic enteritis arasignificant
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 teeegal horse population
(Kaneenest al. 1997b, Irelancet al.2011) Although most colic episodes can resolve
spontaneously (28.7%) or folving medical treatment (63.1%), 8% are fatal unless
surgical treatment is performéHillyer et al. 2001, TraubDargatzet al. 2001) The
prognosis following surgical treatment of colic has improved considerably. Current
survival to discharge from hospital ioises that recover from anaesthesia is reported
to be 7485% (Freemaret al. 2000, Morton and Blikslager 2002, GarSacoet al.
2005, Mair and Smith 2005a, Nayler al. 2014, Stewareét al. 2014, Wormstranet

al. 2014)with 63/ 85% of those cases returning to athletic performéBaatschet al.

2000, Daviset al.2013, Tomlinsoret al.2013, Hariet al.2014) Clinical research has
contributed to ongoing improvemerssurvivalby identifying risk factors associated
with mortality and morbidity fdbwing colic surgeryFrenchet 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 usepefioperativelidocaine continuous rate
infusion to treat or prevent postoperative reffdansson 2006, Coomet al. 2007,
Smithet al.2007, Bischofbergest al.2010, Colbattet al.2013, Tnibaet al.2013)

A long-term survival studyof surgical colic horseswas conducted at the Philip
Leverhulme Equine Hospital (PLEH), thaiversityof Liverpoolbetween 1998006
(Proudma et al.2002a, Proudmaet al.2002b, Proudmaat al.2005a, Proudmaet

al. 2005b) The study provided evidentsed information about rates of morbidity
and mortality follaving 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 tnoduced to the hospital. These included inclusion of lidocaine in
the general anaesthetic protoemidbr 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 coli¢Blikslager and Mair 2014 )ut whether they have improved rates

of mortality and morbidity in this hospital population is currently unknown
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It was hypothesised that themeuld be a reductiom mortality and morbidity rates of
equine surgical colic patients over the last 8 yé¢since théntroductionof previously
described interventiofsThis 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 usecktermine rates of morbidity and
mortality and to investigate risk factors for survival and particular morbidRresnich

et al. 2002) The results from this dataset were compared to those obtained from a
previous dataset thawas collected prospectively between October 2004 and
November 2006A second phase of analysis involved combining these two datasets to
increase the study power to identify other risk factors for postoperative complications
and nomsurvival Fromnowont h e tDert masaen O aAbda swalltbe uBedl to

refer to the 2012014 and 20042006 hospital admission yearsspectively.

3.3 Materials and methods

This study was approved by the University of Liverp@eterinaryResearch Ethics
Committee RETH0003&, VREC207) and informed owner consent was obtained.

3.3.1Dataset Acollection

3.3.1.1Study population

The study population includdubrses that underwent exploratory laparotomy at the
PLEH fortreatmenbf gastrointestinal lesions (colic) and recovered following general
anaesthesia. Horses were recruited between October 2@l N@rember 2014.
During this 26month period 264 horses were eligible to be included in the study.
Sample size calculations fonmatched cohort anctosssectionalstudies (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 exampla 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 (POGFrenchet 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 infectiorfSmith et al. 2007) Sample size calculations were performed

using Epi Info 7 softwareQentre for Disease Contrdhtlanta, Georgia, USA).
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3.3.1.2Data recording

Data capture forms were designed based on published evidence of risk factors for
morbidity and mortality folbwing 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 antheresults of clinical ad clinicopathological examinationthé

data collectionform is providedin General appendid). Throughout surgery, an
anaesthetic chart wasaintained and following surgery a detailed surgical report was
compl et ed. Il nf ormati on about each horsebo
any complications that developed during hospitalisation were recorded in specifically
designed hospital forsn(General appendixs). Immediately following hospital
discharge of each horse, all information was transferred to a dedicated database that
was creaté in Microsoft SQL Server 2012 with a browdsased user interface. The

owners or carers of the horses were contacted through telephone interviews and were
asked questions about their horsesé post
whether the hoeswas still alive, if it had developed postoperative colic, any incisional
complicatiors, or had exhibited diarrhoea or weight I¢&eneral appendiX). 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.

3.3.1.3Survival 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 veetbanasedn humane grounds. The
cause of postoperative death or euthanasia was also recorded. Observations from
horses that werlost to follow up either due to owners being uncontactable or due to
changesn 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 atlte last telephone interview date were cens@edudmaret al.2002b)

3.3.1.4Case definition

Postoperative colicwas defined as overt signd abdominal pain such as flank

watching, kicking the abdomen or pawing the ground at any time after suPgesty.
hospitaldischarge, a colic episode was defined as colic that was severe enough to
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warrant veterinary intervention and/or administration whlgesia. The dates of all
colic episodes were recordeddid not differentiate between colic episodes that

happened during initial hospitalisation or following hospital discharge.

Postoperative reflux (PORvas defi ned as a ndttesamatsogast

least two consecutive occasions within 24 h during the immediate postoperative period
(Frenchet al.2002)

Incisional aehiscencewas classified into superficial if separation of the edges of the

incision was iimited to the skin and subcutaneous tissue at a portion (superficial
partial) or along the entire length of the incision (superficial complete) deep if
suture failure extended to involve theea albawith or without visceral prolapse
(Wilson et al. 1995)

Incisional dischargewas defined as incisional drainage on at least two consecutive
abdominal bandage changé&be presencef some serous discharge on the dressings
at the first bandage change was considered normal. The discharge was described as
serous or puruleritased on its physical characteristics. Horses that developed purulent
incisionaldischargeduring initial hospialisation underwent swabbing of the surgical
site and these weibmitted for culture and antibiotic sensitivity testiBgcterial
culture cmsisted of direct plating onto 5% sheep blood agar (Oxoid, UK) and the
plates were incubated aerobically and anaerobically f@rdays. Microorganisms
isolated from positive cultures were identified using API @®merieux, France)

and GNID Sensititrédentification plate§TREK Diagnostic Systems, West Sussex,
UK).

Incisional herniavasdefined asa palpable and visible defect of the abdominal wall

(Smithet al.2007) This informationwas obtained byelephone interviews with the
horse owner or the referring vet. The time when the owner first observed the swelling

was used to calculatbetime from surgery to haia formation.

Jugular_thrombosisdiagnostic criteria included presence of local pain, heat and

swelling at the catheter sind clinical or ultrasonographic evidence of partial or
complete occlusion of the vein. No differentiation was made betweeatenail or
bilateral lesions and between complete or incomplete occlusion of the jugular vein
(Frenchet al.2002)
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Laminitis: diagnostic criteria included palpably elevated digital pulses, standing with
increased weight through the hedEminitic stance), shifting weighdnd lameness

with or without radiographic evidence of pedal bone rotation.

Diarrhoea: was defined aspassageof unformed faeces for more than 24 h
postoperativelyvhich was not associated with enteral fluid therapy administered pre
or postoperativelys a therapeutic intervention for treatment of large colon impaction.

3.3.1.50utcome and explaatory 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 variablas/estigated included age, weight, sex, height,
breed, timdo referral, severity of pain, coat condition (clean clipped, clean unclipped,
moderate, filthy), presence of nasogastric reflux, clinical parameters on admission
(heart rate, respiratory rate pdéary refill time, rectal temperature, packed cell volume
[PCV], total protein [TP], and systemic lactate), peritoneal fluid physical
characteristis (normal, turbid, sanguineossfosanguineous), peritoneal lactate,
peritoneal total protein, if surgewas performed out of hours and season of admission.
Out of hours (OOH) was defined as surgery performed between the héuypsnf9

amon Mondayi Friday and at any time over the days of Saturday or Sunday. Season
of admission was classified into spriflglarchi May), summer (Juné& August),
autumn (Septembé&rNovember) and winter (DecembieFebruary). Time to referral

was calculated as number of hours between admission and initial identification of colic
signs by the owner/carer (or if unknown, therage 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 surgeoricaudipgnosis, strangulating or
nonstrangulating lesion, whether enterotomy or resection was performed, length of
resected intestine, type and method of anastomosis, if surgery was clean contaminated
(involved an openediscug, the condition of the ildastump if applicable (none,

viable, nonviable), abdominal incision closure technique (three lalpes [alba
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subcutis and skin] as opposed to two laydreed albaand skin] and anaesthesi
recovery score {5 scale).

Postoperative data collected inded 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 postoperatomplication days of POR and total reflux
volume, if repeat laparotomy was performed and clinical parameters (packed cell
volume, heart rate, total plasma protein and respiratiie) measured at 12 and 36
hourspostoperatively. Duration of hospitalisation ahe resits of microbiological
culture of incisional dischargend of faeces from horses that developed diarrhoea were

also recorded.

3.3.2Dataset Bcollection

This data set was collected prospectively between October 2004 and November 2006
and was a part of the colgurvival study previously describgroudmanet al.

2002a) The methods of data collection and case definitions were identiDaléset

A. All the information reorded in this Dataset was revised against the hospital records
and modified accordingly. Thatasets (A and Byere combined to enable greater
study power, allowing investigation of risk factors for less frequent postoperative
complications such as jugulaein thrombosis and diarrhoeaalso reinvestigated

risk factors for other common postoperative complications and reduced survival, as a

large dataset may have the statistical power to identify other risk factors.

3.3.3Statistical analysis

3.3.3.1Descriptive dataanalysis

Descriptive data were generated for variables extracted from the study database and
survival time was used to construct KapMeier plots of cumulative probability of
survival. The logrank test was used to compare survival between differegicalr
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. Asgbared test was used to
identify any significant differences in the prevalence of postoperative complications

between the datasets.
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3.3.3.2Postoperative survival modelling Dataset A

3.3.3.2.1 Univariable analysis

Preliminary descriptive anal yses excludec
categorical variables with few observations among some of the categories were
condensed into fewer, biologically plausible groups. Horses diagnosed with equine
grass sicknegEGS)were excluded from statistical analy$esoudmaret al.2002b)
Explanatory variables were screened for univariable association with time to death or
censoring using a ivariable Cox proportional hazards mo@d€bx 1972) and those

variables that were significant at a likelihood ratio test (LRNMalue <0.25 were
considered for inclusionintoamulv ar i abl e model . Pearsonos
was used to test for collinearity between potential explanatory variables prior to
mul tivariabl e model buil ding. (Shuerbra@ir i a b |
et al.2007)or if they were considered to be measuring the same exposure, the variable
with the lowestp-value or which was most biologically plausible was selected.
Examples of highly correlated variables were resection, amasis type,
strangulating lesion and length of resected intestine. The variables strangulating lesion
and resection length were selected forittiggal model building. The functional form

of the relationships between continuous predictor variables and/autime was

explored usingpenalisedCox regression model@herneau and Grambsch 2000)

These models fit Bpline smoothers to the data and generatsaqlrarep-values for

nonlinear relationships with a null hypothesis of linearity. The results can also be
displayed graphically to examen the shape of the relationship/ariables
demonstrating aignificant nonlinear association with the outcome variable were

fitted as Pspline smoothergtherwisea linear fit was chosen. Statistical anab/sere
performedusing thesurvival statistical package (version 2.38(Therneau 2015)n

R software environmer{iversion 3.2.0. Critical probability was setted.05 for all

analyses.

3.3.3.2.2Multivariable modetbuilding

A multivariable Cox proportional hazards model including only variables measured
pre- and intraoperatively was built using a forward stepwise selection procedure
(model one)Variables were added seanuially into themodeland were retained if
they significantly improved model fit. This was indicated by a [jRalue <0.05 and

a reduction in Akaike information criterion by at leasDAIC>2) (Sakamotoet 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 considerpdtestial
evidence of this. Interaction terms between variables remaining in the final model were

evaluated for statistical significance in relation to the cripe@hlueof 0.05.

Because of some of the explanatory variables recorded such as posteperati
complications and postoperative cardiovascular parameters were measured beyond the
defined time of origin (recovery from anaesthesia) and this would introduce immortal
time bias to mode{Levesqueet al. 2010) a second multivariable Cox proportional
hazards model which includgubstoperative variables in the form of thdependen
covariates was builnfodel two) The model is an extended Cox proportional hazards
model in whichtime-dependent covariatese defined as products of tirmedependent
variables multiplied by time or some function of time such as natural log (In(time)).

order to build this model, the data were changed to a counting processt(giart
formatusingtheéd sur euva&lSpi i td function in R and

built as detailed previously.

3.3.3.2.3Model diagnostics

The proportional hazard (PH) assuriop of the Cox proportional hazards model was
evaluated using the Therne@wambsch noiproportionality test(Grambsch and
Therneau 1994implemented using the s u r \ciow a fanetiordin R Graphical
evaluation of this assumption was performed by plotting complementarpépgnd
KaplanMeier survival curves for categorical variables and scaled Schoenfeld
residuals for all variables (continuous or categorical) remaining in the final model. The
PH assmption was also tested using extended Cox regression models which included
all variabks remaining in the final modeVjth time-dependent covariatéging added
oneatatime, and the product terms were tested for statistical significance
(Kleinbaum and Klein 20125caled changes in regression coefficients associated with
exclusion of individual data points (del@tas) were plotted in order to identify
influential observations. Observations with large delta bé@g<deltabetas>0.4)
were removed and the model wasrue to evaluate their leverage on parameter
estimates(Proudmanet al. 2005b) Poorly fitted datapoints were evaluated in a

deviance residual plot. A data point was considered outlying if the corresponding
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deviance residual value wasitside the range 6f2.5 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 Martimgaiéuals
against the value of the covariate for each subject followed by fitting a loess regression
line to the plo{(Therneatet al. 1990)

3.3.3.3Postoperative survivd 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 fdataset A Postogrative variables were not
considered for inclusion into an extended Cox regression model because some of the
postoperative clinical parameters were not recorded for horsBsitaset B The
variable strangulating lesion was not also recorded for hors&ataset Band
thereforethe variable intestinal resection was used instead for initial model building.
Residual variability in the probability of survival that may be attributed to the
timescaleof data collection was investigat by including anaesthetissurgeon and

admission year as frailty terms (random effent#) the final model.

3.3.3.4Modelling risk factors for postoperative complications

3.3.3.4.1Models based on Dataset A only

Risk factors considered 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
wereper f ormed and variables with O 30% of
model building. Categorical variables found to have few observations in some of the
indicator groups were condensed into fewer, biologically plausible categories.
Generalisedaddtive models (GAMs)(Hastie and Tibshirani 1990ere used to
describe the furtonal form of the relationship between each of the continuous
predictor variables andhe relevant outcome variabl&&AMs are extensions of
generalised linear models that fit aparametric functions such as cubic smoothing
splines to estimate the relatic hi p.gam@ het at i st (Hastel20lj)ac k a g
provides a chsquaregp-value for the noparametric effect with a null hypothesis of a

linear relationkip. Variables that demonstrated a significant-hioear relation with
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the outcome variables were evaluated as sedegdee polynomial terms. To reduce
the effect of collinearity, continuous variables were centred by subtracting the mean
of the variablefrom all recordedobservations(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 pRTal ue O0. 2 5. P
multivar i abl e model buil ding, Pearsonbds <corr
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
smallestp-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 andereretained if their inclusion resulted in a significant improvement

in modelfit (LRT p-value<0.05).

The final models were tested by forcing all excluded variabdéek into the model
oneat-a-time to ensure that no significant or confourgdvariable had been excluded.

A variable was considered confounding if its inclusion resuin a change in a
regression coefficient of >25%ox 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 Hosthemeshow goodness of fit test statistic
using 10 groups divided by deciles of fitted values. The standardiseebd&itafor
variables remaining in the final model were examinsihigSPSS statistical software
(IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk,
NY: IBM Corp) and those observations with large déitas [0.4<dbetas>0.4) were
removed and the model wasun to assess for stabilifjhe deltabeta statistics reflect

the numler of standard errors by which the regression coefficient for an exposure
variable of interest changes when a specific observation is délxibdoet 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 sigaifce of individual variables in
relation to the criticap-value of 0.05(Cox et al. 2007) Statistical analyses were

performed using Epi Info 7 (CentrerfDisease ControlAtlanta, Georgia, USA) and
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Stata softwareStata Statistical Software: Release 9, College Station, Texas). USA
Statistical significance was setm@v a | 0.65. O

3.3.3.4.2Recurrent event analysis of postoperative colic

Postoperative colic episodes were modelled as a recurrent event sdatézdh this
approach to thanalysisof 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. Theydathisadifferent

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 episodeafatth, or alternatively, the

time was reset to zero at each of subsequent colic episodes depending on the approach
of model building. In the Prentié®illiams-Peterson stratified counting process
approachused in the current stud{Prenticeet 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 recordedh® 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 ep{stmleseet al.2013)

These modelare stratifiedCox regression models so the assumption of proportional
hazards throghout the survival time should hold. The model was subjected to the same
diagnostics previously described when building models for exploring risk factors for
postoperative mortalityf he model was built wusing the
(version 2.8.1) (Therneau 2015)n R software environmef¥ersion 3.2.D(R Core

Team 2014)

A shared gamma frailty model was also built usimgeaalisedikelihood 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 wdhimal
correlations between colic episodes and baseline hazard is étowary with each

episode of coliqUIlah et al. 2014) This model w draltypaclkoi | t us
statistical packaggRondeatet al. 2012)on R software environmeiersion 3.2.9

(R Core Team 2014)
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3.3.3.4.3Models based on Datasets A and B

The outcomes considered were purulent incisional discharge, postapeediux,
jugular thrombosis and diarrhoea. Repeat laparotomy (RL) is frequently performed to
investigate and manage complications that may dodlowing laparotomy. Although
many horses that are eligible for RL might have begthanasedue to econmic
factors, identifying factors that may incredke 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
dichotonous outcome variables using multivariable logistic regression metlsods a
detailed previously.
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3.4 Results

Results of descriptive data analysis are mdmiyorses irDataset Aunless otherwise

stated.

3.4.1Study population

In total, 264 horses were recruitedio 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 ofstively because the owners were un
contactable. Dignosis of EGSvas confirmed in 9 cases leaving 255 horses available
for inclusion irto further statistical analyses. Proportions of cases in common
diagnostic categories fdbatasets A and Bire shown inTable 3-1. Thee was a
significant increase inumberof horses diagnosed with idiopathic focal eosinophilic
enteritis(IFEE) in Dataset A( Gp2value= 0.004) Seventeen horses underwent RL.
This was performed during initial hospitalisation in Bdrseswhile three horses
underwent RL at a second hospital admission for investigation of postoperative colic
episodes. Reasons for undertaking Riemain pathological findings at initial surgery

and atRL, and days elapsed from initial surgery to RL are listebaible3-2.

3.4.2Patterns of survival

Figure3-1 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. TWesfollowed by a period

of a stady 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 followrup 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 vdsek,
showed a much steeper decline in survival during the first faellpwear with a
median survival time of 130 days. Five horses diagnosed with epiploic foramen

entrapment had non-strangulating lesion whil® horses had a strangulating lesion.
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The lay-rank test of therobability of survival between these small intestinal lesions
was not significant-value = 0.06)However, this margingl-value together with the
pattern of survival depictday the KM plot Figure3-2A) 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 categoriesDataset A
and B.

Diagnosis Dataset B(2004 2006) Dataset A(20122014) ¢ 2-
Frequency Percentage Frequency Percentage value
Small intestinal lesions 198 61.5 151 57.2 0.3
Pedunculatetipoma 52 16.2 39 14.8 0.7
Idiopathic focal eosinophilic 14 4.3 29 11 0.004
enteritis
Small intestinal entrapment 7 2.2 15 5.7 0.05
(location unknown)
Epiploic foramen entrapment 29 9 14 5.3 0.1
lleal 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 col @®80° vol 27 8.4 22 8.3 1
Large colon volvulus 18®70° 15 4.7 21 8 0.1
Primarylarge colon impaction 23 7.1 31 11.7 0.06
Non-strangulating displacements 26 8.1 30 11.4 0.2

the large colon

G 2-vajues for the difference in these proportions between the datasets are shown.

The probabilityof survival of three large intestinal lesions is illustrateéigure3-2.
Non-strangulating displacements of the large colon had the greatesability of
survival compared wi t h-staigulaing@le@7ecxldargeg ( O3
colon volvulus. The logank test showed a nestatistically significant differencep{

value = 0.6) between these probabiliti@hie probability of survival for horses
diagnosed with small as opposed to large intestinal lesions and for horses diagnosed
with strangulating compared with natrangulating lesions are shownRigure 3-3.

The logrank test showed a nestatistically significant difference in survival between
small and large intestinal lesions\{alue = 0.15) while a significant difference was
identified between horses diagnosed with strangugats nonstrangulating lesions
(p-value = 0.001)A significant satistical difference in probability of survival was also

evident between horses that had single surgery compared with those that underwent
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RL (log-rank testp-value <0.001). The median sural time for horses that had RL
was 66 daysHigure3-4).

3.4.3Causes of mortality

Of 86 horse deaths, 50 (58%) occurred prior to hospital dischargendstdrequent
causes of death are givenTiable3-3. Postoperative colic was the most common cause
of death. These were colic episodes that either resulted directathof the horse

or where the horse wasuthanasedn humane grounds due to mR@sponse to
analgesia and where further surgery was nattion for the owner. When causes of
death were compared between the two datasets, death d@©Rodiffered
significantly between the two datasets where POR was responsible for 15.1% of total
deaths irDataset Acompared with only 3.2% iDataset B( Gpzvalue = 0.001).

3.4.4Postoperative complications

The prevalence of postoperative complications recorded for horBedasets A and

B are presented ihable3-4. The prevalence of POR, incisional hernia formation and
laminitis were significantly higher in horsesataset Awhereas the prevalence of
jugular thrombosis was significantly higherDrataset B The time intervals between
surgery and developenmt of each othe postoperative complications for horses in

Dataset Aare shown imable3-5.

Two hundredorty-threecolic 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 colat 1.04 (95% CI 0.911.17) episodes/horsgearsat-

risk. Figure 3-5 illustrates the frequency and prevalence of postoperative colic
episodes. Seventfiree (28.6%) horses exhibitadsingle colic episode26 (10.2%)
developed two colic episodes and 31 (12%) horses developed three or more colic
episodes. KaplaMeier estimator oftime to the first postoperative colic episode
demonstrated that 50% of Ises that recovered following surgery would exhibit an

episode of colic by 284 days postoperdii&igure3-6).

Purulent incisionaldischargewas icentified in 51 horses during hospitalisation.
Bacterial culture of surgical site swalvaspositive 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 devedpurulent incisionallischarge Swabbing

and culture and sensitivity testimgereonly performed in one of these hors&dotal

of 98 bacterial isolates were identified, of which 59/98 (60 %) Beemnegative

and 40/98 (40%) wer&rampositive bacteria The three most commonly isolated
bacteria wer&. coli, Enterococcuspp andStaphylococcuspp., whichwerecultured

in 73.80(36/49), 34.% (17/49) and 26.5% (13/49) of horses that had bacterial culture
and antibiotic sensitivity performed respectively. Proportions of incisional
complications that developed durihgspitalisatiorand following hospital discharge
are shown inTable 3-6. Faecal bacterial cultures were performedlO horses with
diarrhoea or with suspecteslalmonellainfection, none of which was confirmed
positive for salmonellosis. POR (lognk tesp-value <0.001) and POC (legnk test
p-value = 0.01) weraignificantly associated with decreased likelihood of suryival
while surgical site infection and incisional hernia formation had no significant impact

on postoperative survival

0.4
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Figure 3-1: Kaplan-Meier plot of the probability of survival for the study population,
excluding 9 equine grass sickness cas@se 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 Days from  Reasons for RL  Surgical findings at RL

surgery first surgery
to 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 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 lleal impaction 8 POC Small intestinal ischemia
10 lleal impaction 352 POC Adhesions
11 Jejunal impaction 4 POR Small intestinal distension
12 Large colon 33 POC Adhesions
impaction
13 Large colon 3 POR Adhesions
impaction
14 Strangulating large 12 POC, surgical Large colon ischemia
colon volvulus incision dehiscenct
(O360A) with visceral
prolapse
15 Nonstrangulating 2 POC Non-strangulating large colon
large colon volvulus torsion
16 RDD 4 POC RDD
17 Diaphragmatichernia 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
= postoperativaeflux

114



>
w

1.0 H

a

0.8 P Yo k- HHH

Cummulative survival probability
Cummulative survival probability

0.4 —

0.2 4 — Pedunculated lipoma n=39 0.2 -

— = IFEE n=29

=== Small intestinal entrapment n=15 —— Non-strangulating torsion n=21

-— EFEn=14 = = Strangulating torsion n=22
0.0 lleal impaction n=13 0.0 4 --- RDDINSE n=30

I ] I | I I I ]
0 200 400 600 800 0 200 400 600 800
Time in days Time in days

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 fommen entrapment; IFEE = idiopathic focal eosinophilic enteritis; RDD = right dorsal
displacement, NSE = nephrosplenic entrapment

Table 3-3: Causes of death in 86 horses iDataset Aand 95 horsesn Dataset B

Cause of death Dataset B(2004 2006) Dataset A(20122014) ¢ -
Frequency % of all Frequency % of all value
deaths 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 11 11.6 6 7 0.3

syndrome (SIRS)

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

T h e -ealResfpr 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, aqde, 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,otlapse, caecatupture, salmonellosis hyperlipidaemia, severe weight loss and
pleuropneumonia.
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Table 3-4: Prevalence of postoperativeomplications in 255 horsegDataset A and 307
horses Dataset B that recovered following laparotomy for treatment of gastrointestinal
lesions

Postoperative complications  Data set B(2004 2006)

Frequency prevalence

Dataset A(20122014) G 2-
Frequency prevalence Valué

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 sutur. 14 5.5

Entire dehiscence akin 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 54* 21.2

the incision

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 initie 17 5.5 14 5.5 1

hospitalisation)

T h e -v@al@edqr 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 ofthe number of days elapsed between thdate of colic
surgery and time of development of each of postoperativamplications

Variable Mean + SD Median Interquartile Range
range
Daysto first postoperative colic 59.13+121.7 6 25,495 01 757
episode
Days to repeat laparotomy 35+89.5 4 35,4 1i 352
Days topostoperative reflux 1.25+0.97 1 15,15 05
Days to severe oedema 74+46 7 4,115 2118
Days toseroudncisional discharge 7.9 +£9.1 4 3.5,12 1i 42
Days to purulent discharge 11+15 7 6, 10 1i 107
Days toincisionaldehiscence 22 +30 12 9,19 21107
Days to incisional hernia formation 101 +52.8 89 61.5, 135 421232
Jugular catheter duration (days) 6.1+£29 6 4,7 1i 25
Days of postoperative reflux 27+1.9 2 1,3 1i8
Total nasogastric reflux volume (litre 86 + 89.9 48 21,1125 51363

0 means the complication started on the day of surgddy= standard deviation
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Table 3-6: Prevalence of incisional complications duringhospitalisation and following
discharge from the hospital

Incisional Total Hospitalized Discharged home

complications 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

Partialincisional 14 5.5 6 43 8 47

dehiscence

Completeincisional 1 0.4 1 100 - -

dehiscence

Deepincisional 1 0.4 1 100 - -

dehiscence

A B
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Figure 3-3: Kaplan-Meier plots of probability of survival comparing small and large
intestinal lesions (A) and strangulating anchon-strangulating lesions (B) p-valuesfrom the
log-rank tests were 0.15 and 0.Q@&spectively. The curves are marked at each censoring time.
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Figure 3-4: Kaplan-Meier plot of
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at each censoring time.
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that developed postoperative colic
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3.4 .5Differences between the two Datasets

There was significant increasetime number of horses diagnosed with IFEE during
the recent admission years ilataset ASurgical management of IFEE lesions also
varied between the two groups: 78.6 % (11/14) of horses diagnosed with IFEE lesions
in Dataset Bhad intestinal resection and anastomosis during surgery compared with
none inDataset A There were also significadifferences inthe number of horses
diagnosed with POR, laminitis, incisional hernia formation and jugular vein
thrombosis. The pvaue=a0.08l) masiomalfherradd®matioa 2
(egval ue = 0. 01) pwha= 0.04)masnghificandy higher2in
Dataset A wher eas the preval encpealue £ 0.002) gvasl ar
significantly higher irDataset BThe median duration of POR (days) (Wilcoxon rank
sump-value= 0.7) and of total reflux volume (litres) (Wilcoxon rag4mp-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 perforralsad differedsignificantly between the

two datesets. Sixtyfour (25.1%) horses had undergone intestinal resection and
anastomosis iataset Acompared with 124 (40.4%) horsesDataset B Jejune

caecal sidg¢o-side anastomosis was performed in 5.526 (L4) of horses iDataset

A compared with 16.7%n = 51) of those irDataset B Cumulative probability of
survival did not differ significantly betaen horses in the two Datas@tsy-rank test
p-value= 0.5) Figure3-7). Table3-7 shows the differences in the proportion of horses

in which lidocaine wasdministered during general anaesthesia, were administered
lidocaine continuous rate infusion (CRIpr received other prokinetic drugs
postoperatively or where the surgical incision was protected by an abdominal bandage
postoperatively. A significant inera s e p-valee2<0.001) in the use of these

interventions was identified for horseshxataset A
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Table 3-7: Comparative use of prokinetic drugs and abdominal Bndage to protect the
surgical incision between the twodatasets

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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3.4.6Results of postoperative survival modelling@ataset A

3.4.6.1Univariable analysis

Results of univariable associations between potential explanatory variables and
likelihood of postoperative death at LR)fvalue <0.25 are given imable 3-8 and

Table 3-9. The functional form of the relationships between continuous predictor
variables and survival time was explored by fitting unafale penalised Cox
regression models. The results from these models showed linear relationships between

these variables and the risk of postoperative d&tpplementary Figure-B).

3.4.6.1.1Multivariable models

Model one (preand intraoperative variables)/ariables retained in this model were
PCV on admission, time to referral, epiploic foramen entrapment and strangulating
lesion Table3-10. A contour pbt depicting the combined effect of PCV and time to
referral on the probability of survival is given kigure 3-8. The Globalp-value for

the Therneai Grambsch nomroportionality testvas not significantg-value = 0.13)
indicating that the proportional hazards (PH) assumption was met for this model.
However, the tegt-value for the variable PCV on admission was marginphatiue

= 0.05 suggestindurther testing of PH assumption for this variable was required.
Extended Cox regression models were used in whichdependent variables in the
form of variable x In (time) were addedeat-a-time. The product terms were only
significant for the varidle PCV on admission (PCV x In (time), meaning that this
variable should be treated atrae-dependentariable in the final modelhe values

of parameter estimates in this model are givehaible3-11.

Examination of a deltbetas 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 leveragéobservation 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 observationdutioraghorse

that was diagnosed with EREsurgery. 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 thesénfluential datapoints, the timedependent PCV on

admission variable was no longer significam-value = 0.@). Therefore, a
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multivariable Cox proportional hazards model with these two influential observations
excluded and all explanatory variables ut#d as timéndependent covariates may
be acceptable. A deviance residual plot revealed two poorly fittingpoaits. The

two datapoints had deviance residual ek 2.5 and the values were positive which
meant observed death happened before the ma@dehble to predict it. The first horse
was diagnosed with large colon impaction at surgery, had a relatively short time to
referral (10.5 h), yea diagnosis ohtypical myopathywas confirmedshortly after
recovery from anaesthesand the horse wasuthanasedThe second horse was
diagnosed with a PLO of tremallintesting had a PCV of 36% on admission and a
time to referral of 4 h. The horse wasthanasedt RL due to ischaemic necrosis of
the small intestine which was not resected at the irstiegery. Finally, Martingale
residual plots against PCV and time to referral (from the model with influential
observations excludedhowed no evidence to suggest tihat functional form of the
relationship wasotlinear forboth variables.

Table 3-8: Risk factors for postoperative death in255 horsesthat survived following
laparotomy for treatment of colic.

Variable Median/ Coef. SE HR 95% Cl of LRT p-

mean (b) the HR value gi
X

Time toreferral (h) 11.5 0.012 0.005 1.012 1.0031.02 0.02 10
Pain score (clinician 3.65 0.1 0.05 1.12 1.021.2 0.015 34
perspective) (010 scale)
Heart Rate (bpm) 48 0.01 0.005 1.012 1.0011.02 0.046 1.2
PCV (%) 38 0.04 0.01 1.04 1.0131.06 0.04 2.7
Total Protein (g/l) 68 0.03 0.01 1.08 1.0081.06 0.01 3
Blood lactate (mmol/l) 1.9 0.09 0.08 11 0.941.3 0.26 5.9
Peritoneal total protein (g/l) 18 0.04 0.01 1.04 1.021.06 <0.001 44
Peritoneal lactate (mmol/l) 1.4 0.13 0.04 1.14 1.061.2 0.002 44
Resectiorlength (metre) 0.72 0.15 0.06 1.16 1.041.3 0.018 O
Duration of surgery (min) 90 0.006 0.003 1.006 1.0011.01 0.03 2.3
Heart rate at 12 h (bpm) 48 0.019 0.006 1.02 1.0061.03 0.008 1.6
Heart rate at 36 h (bpm) 40 0.03 0.006 1.029 1.0161.04 <0.001 3
Packed cell volumat 12 h 38 0.03 0.015 1.03 1.0041.07 0.04 1.2
(%)
Packed cell volumat 36 h 35 0.07 0.016 1.07 1.041.1 <0.001 3
(%)

The table presents results of univariable Cox regression analysis of continuous variables investigated
for association with noisurvival at pvalue <0.25. Coef xegression oefficient, SE = standard error,

HR = hazard ratio, ClI = confidence interval, LRTlikelihood 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 thagurvived following
laparotomy for treatment of colic.

Variable Coef. SE HR 95% Cl of LRT p- Missing
(b) HR value data %

Sex Female Ref.

Male 0.48 0.25 1.62 0.982.7 0.05 0
Reflux onadmission No Ref.

Yes 066 029 19 1134 0.03 16.1
Gastric or small intestinal No Ref.
lesion Yes 033 024 1.4 0922 015 0
Strangulating lesion No Ref.

Yes 0.75 023 21 1.3433 0.002 0
Type of anastomosis No Ref.

Side to side 08 04 23 1.055.1

End to end 06 027 18 1.083.1 0.028 0
Jejunocecal sido-side No Ref.
anastomosis Yes 08 0.37 22 10747 0.05 0
Resection No Ref.

Yes 06 024 18 11529 0.013 0
Idiopathic focal No Ref.
eosinophilic enteritis ~ veg i05 043 061 02624 0.21 0
Epiploic foramen No Ref.
entrapment Yes 11 035 29 14458 0.009 0
Nonstrangulating large No Ref.
colon displacement Yes i0.64 042 053 02312 0.1 0
Repeat laparotomy No Ref.

Yes 123 032 34 1.856.4 0.001 0
Anaesthetic recovery 1i2 Ref.
score 3i5 10.34 023 0.7 05113 0.15 1.9
Polymyxin B No Ref.

Yes 0.93 032 25 1.364.7 0.008 0
Postoperative colic No Ref.

Yes 06 024 185 1.1529 0.008 0
Postoperative reflux No Ref.

Yes 245 024 25 1539 <0.001
Incisional hernia No Ref.

Yes 1.3 102 0.27 0.042 0.12 21.2
Lidocaine continuous rat¢ No Ref.
infusion Yes 066 023 1.9 1231 0004 O

The table presents results of univariable Cox regression analysis of categorical variables investigated
for association with noisurvival atp-value <0.25. Coef xegression oefficient, SE = standard error,
HR = hazard ratio, Cl = confidence interval, LRTlikelihood ratio test, Ref. = reference category
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linear predictor
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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))

Time to referral
60 80 100

40

20

30 40 50 60 70

Packed cell volume

Table 3-10: Multivariable Cox proportional hazards modelof risk factors for reduced
probability of survival following colic surgery (Dataset A.

Variable Coef. SE HR 95% ClI Wald p- PHp-
(b) value value
Final Cox proportional hazards regression madel
PCV on admission (%) 0.03 0.01 1.034 1.00711.06 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 1.657.3 0.001 0.4
Strangulating lesion 0.66 0.26 1.94 1.163.2 0.01 0.13
Final Cox proportional hazard modekcluding two influential datpoints
PCV on admission (%) 0.045 0.014 1046 1.021.08 0.001 0.08
Time to referral (h) 0.015 0.005 1.02 1.0051.03 0.004 0.5
Epiploic foramen entrapment 1.29  0.38 3.6 1.n7.7 0.001 0.5
Strangulating lesion 0.67 0.26 1.95 1.173.3 0.01 0.15

The table presents the results of the final Cox proportional hazards model that investigataddpre
intra-operative risk factors for nesurvival. The initial model with all observations included and the
model following exclusion of two influential dgiaints are shown. The-¥alues from the Grambsich
Therneau test of proportional hazards assumption (PH) are shown. Caefressioncoefficient, SE

= standard error, HR = hazard ratio, Cl = 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.(b) SE HR 95% CI Wald p- PH p-
value value
Extended Cox proportion&lazard model with Inifnhe) x PCV on admissiaon
PCV on admission (%) 0.07  0.02 1.07 1.031.1 <0.001 0.54
Time to referral (h) 0.015 0.005 1.015 1.0051.03 0.005 0.34
Epiploic foramen entrapmen  1.27 0.38 3.6 1.87.2 <0.001 0.36
Strangulating lesion 0.67 0.26 1.95 1.213.2 0.007 0.11
PCV x In (time) 710.013 0.007 0.99 0.9710.99 0.02 0.52

The table presents the results of the final extended Cox proportional hazards model that investigated
pre- and intraoperative risk factors for nesurvival. The model investigated all variables as time
dependent covariates, but only the variable PCVamiasion remained significant. ThevBlues from

the GrambschTherneau test of proportional hazards assumption (PH) are shown. Cagfression
coefficient, SE = standard error, HR = hazard ratio, Cl = confidence interval, PCV = packed cell
volume, In = mture log

Model two (pre, intraoperative and postoperative variabldg):this model, the
variables measured postoperatively were considered for inclusion into a multivariable
model as timalependent covariates in the form variable x In (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 shownTiable3-12. Postoperative variables retained in the
final model were timalependent apart from postoperative colic and PCV at 36 h
postoperatively which had significant positive thneependent effects on the
probability of survival. The scaled Schoenféjge residials plot showed an increase

in the regression coefficient for POC with tifbat this was not statistically significant
(TherneauGrambsch notproportionality testp-value = 0.07) A diagnostic plot
indicated a single influential data point for the vaeaBOC. Removal of this data
point from the data and s®inning the model resulted i@ 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 propational hazards model of pre, intra- and
postoperative variables investigated forassociation withthe risk of poor postoperative
survival following laparotomy.

Variable Coef. SE HR 95% ClI Wald p- PH p-
(b) value  value
Epiploic foramen entrapment 1.4 039 41 1.9/8.7 <0.001 0.8
Postoperative colic 085 0.27 23 1.4i4 0.002 0.07
Postoperative reflux 186 0.6 6.4 2120 0.002 0.5
Heart rate measured 36 h 0.09 0.016 11 1.061.12 <0.001 0.87

postoperatively (beats/min)

PCV measured 36 h postoperativel 0.04  0.016 1.04 1.0%1.08 0.01 0.81
(%)

Heart rate at 36 h x In(time) 710.015 0.006 0.98 0.9710.99 0.004 0.66
Postoperative reflux x In (time) 1043 0.17 0.65 0.46'0.92 0.015 0.23

Thep-values from the Grambsthiherneau test of proportional hazards assumption (PH) are shown.
Coef =regressiorcoefficient, SE = standard error, HR = hazard ratio, Cl = confidence interval, PCV
= packed cell volume, In = naturéddg

3.4.7Modelling of postoperative survival usingDatasets A and B

3.4.7.1Univariable analysis

Potential explanatoryariables for postoperative survival identified based aon
univariable LRTp-value <0.25 are shown ifable 3-13. UnivariablepenalisedCox
regression models were used to investigate the functional form of the relationships
between continuous predictor variables and survival tirgpliResmoother plat

from these models are available 8upplementary Figurg-2. The relationship was
nortlinear for the variables PCV and heart rate on admissiotilength of resected
intestine Consequently, these variables were evaluatgutaalisedsmoothed terms

in the multivariable Cox regression model. A high correlation was identified between
variables anastomosis type performed, intestinal resection andordeagth The
variable intestinal resection resulted in the greatest reduction in residual deviance, so

was considered for inclusion into the multivariable m¢Bebudmaret al.2005a)

3.4.7.2Multivariable analysis

A final multivariable Cox proportional hazards model included PCV on admission,
sex, epiploic foramen ém@mpment and duration of surgery. Due d@ononlinear
relationship between heart rate on admission and survival time, the variable was fitted
asa penalisedspline smother with 3 degrees of freedomfigure 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 nodinear relationship = 0.09)Table 3-14 gives details of
parameter values for variables remaining in the final model, adjustdgtfoonlinear
relationshipbetweenheart rate on admission and tpheobability of survival The

residual variation that may be attributed totihee of hospital admission was explored

as a random effect (frailty) term. This involved includihgvariables admission year

(6 years of admission), surgeon (17 surgeons) and anaesthetist (14 anaesthetists) as

rancbm effects in the final modd\None of these variables was foundesignificant.

3.4.7.3Model diagnostics

Complementary logog, KaplanMeier survival cuves and scaled Schoenféigpe
residuals plotgonfirmedthat the PH assumption was satisfied for all variables in this
model. A single influential observation was identified for the varig®&/ on
admission. When this observatiaas removed and the meldvas rerun, there was

a27% 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 dat@oints were identified in a deace residual ploThese
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 anaesthéldie deviance
residual values corresponding to these data points were positive, meaning that the

horses died before the modeluld predict mortality.
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Table 3-13 Risk factors for postoperative death in 56Zhorses Dataset A and B that
recoveredfollowing general anaesthesifor treatment of colic.

Variable Coef. SE HR 95% ClI Wald p-
(b) value

Continuous variables
Age (years) 0.02 0.013 1.02 0.991.05 0.14
PCV on admission (%) 0.05 0.01 1.05 1.031.07 <0.001
Heartrate (bpm) 0.021 0.004 1.021 1.011.03 <0.001
Total plasma protein (g/l) 0.021 0.01 1.021 1.0041.04 0.014
Surgery time (min) 0.01 0.002 1.01 1.0061.014 <0.001
Length of resected intestine 0.14 0.03 115 1.081.2 <0.001
(metre)
Categorical variables
Sex Female Ref.

Male 0.64 018 355 1327 <0.001
Small intestinal lesion No Ref.

Yes 045 017 1.6 1322 0.005
Type of anastomosis No Ref.

Sidetoside 0.67 0.22 195 1.33

End to end 062 018 185 1327 <0.001
Jejunocecal sido-side No Ref.
anastomosis Yes 053 0.2 1.7 1.112.6 0.015
Resection No Ref.

Yes 065 0.16 192 1426 <0.001
Epiploic foramen entrapmen No Ref.

Yes 077 0.2 2.2 1.4i3.4 0.002
Largecolon displacement  No Ref.

Yes 1055 0.3 0.6 031.1 0.06
Clean contaminated surgery No Ref.

Yes 0.6 021 1.8 1.2i12.7 0.003

The table presents the results of univariable Cox proportional hazards analysis of contamgbus
categorialvariables investigated for association with the risk of-sarvival. Only variabls significant

at p-value<0.25 are shownRef. = reference categargoef. =regressioncoefficient, SE = standard
error, HR = hazard ratio, Cl = confidence interydCV =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% Clof Wald p- PHp-
HR value value
PCV on admission (%) 0.03 0.01 103 1.011.05 0.001 o0.12
Sex (female vs male) 061 019 18 1.262.7 0.001 0.5
Epiploic foramen entrapment (no/yes 0.85 0.25 2.3 1.413.8 <0.001 0.8
Duration of surgery (min) 0.008 0.002 1.008 1.0041.01 <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 1.0111.06 0.002 0.12
Sex (female vs male) 064 019 1.9 1.327 0.001 0.6
Epiploic foramerentrapment 086 025 24 1538 <0.001 0.82
Duration of surgery (min) 0.007 0.002 1.007 1.0031.01 <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 feraptckeintraoperative
variables investigated for association with raurvival in Datasets A and B. The model is adjusted for
the nonlinear relationship between heart on admission and the log hazard of déatp-values from
the GrambschiTherneau test of proptional hazards assumption (PHgst are shown. Coef. =

coefficient, SE = standard error, HR = hazard ratio, Cl = confidence inteiv&@V = packed cell
volume

Figure 3-9: The adjusted
relationship betweenheart 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 regssion
model are illustrated. The adted
horizontal line is at log hazard of zero.
p-value for nonlinear relationship is

/ . Lpe
significant(p-value= 0.02).
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3.4.8Modelling of postoperative complications

3.4.8.1Models based orDataset Aonly

3.4.8.1.1Purulent incisional discharge

Continuous and categorical explanatory alea associated with the risk of purulent
incisional discharge @ LRT p-value <0.25 are gen inSupplementary Tabl& 3 and
Supplementary Table8-4. All continuous variables investigated had a linear
relationship with the outcome variable apart fna@otaltemperature measured at 36 h
postoperatiely and so this was evaluated as a seasygtee polynomial ternidorses

that did not develop purulent incisional discharge were hospitdbsedignificantly
shorter time (7 days, 1Q range 665) compared with those with purulent incisional
discharge (8 days, 1Q range 713..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 datéariables 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 episodegTable3-15). Although thredayer closure of the laparotomy incision
(linea alba, subcutis and skin) was protective on univariable analysisl(ie =
0.026), it was not significant mfinal multivariable model. No significaiologically
plausible multiplicative interactions were found betweanables in the final model.
Model diagnostics did not identify any influential observations and the Hosmer
Lemeshow tst statistic indicated that there was no evidence of laéik (f-value =
0.78).

3.4.8.1.2ncisional hernia formation

Continuous and categorical explanatory variables associated with the risk of incisional
hernia formation at a LRT-palue < 0.2%are given inSupplementary Tablg-4 and
Supplementary Tabl@6. The variable®CV measured at 12 and 36 h postoperativel
had nonlinear relationships with the log odds of incisional hernia formasorwere
evaluated as secoftégree polynomial terms. A final multivariable model is shown

in Table3-16. The risk of incisional hernia formation was significantly and positively
associated with heart rate measured at 12 h postoperajgjehgcaecasideto-side
anastomosisJCSSA and development of postoperative reflidorses that had a
JCSSAwere 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 estimasswide (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 incisiod&charge was
significantly related to theccurrenceof anincisional herniaon univariable analysis
(p-value = 0.03), it was not significant in the final model. No significant biologically
plausible multiplicative interactions were found between vargioldhe final model.
Examination of deltdetas identified a single influential observation for the variable
JCSSA Removal of this data point resultedaiB0% increase in the odds ratibthis
variable. This observation was from a horse thatJ@8SA had aheartrate of 96
beats/min at 12 h postoperatively, but did not develop an incisional hernia. The
Hosmer Lemeshow test statistic hadpavalue of 0.68 that suggestetiere was no

evidence of lack ofit.

3.4.8.1.3Postoperative reflux (POR)

Variables foundto be associated with postoperative reflux on univariable analysis
(LRT of p-value <0.25) are detailed Bupplementary Tablg-7 and Supplementary
Table3-8. The risk of postoperative reflux was associated with heart rate on admission,
horse weightIFEE and strangulating lesiorn@able 3-17). There was aignificant
multiplicative interaction -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 vadavith different values of heart rate on admission. No
influential observations were identified and the Hosrhemeshow test statistic was

not significant p-value = 0.42) which indicated thtere 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 inclusida ihe
multivariable model building due to the perceived opposite direction of the
relationship with POR i.e. altered postoperative cardiovascular parameters,
administration of lidocaine CRI andedelopment of postoperative pain were

considered outcomes of POR and not risk factors for this complication occurring.
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3.4.8.1.4Postoperative 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 meadetomparable
apart from the variablbeart rate on admissidhat was not significant in tHerentice
Williams-Peterson stratified counting procesedel. Model diagnostics showed that
the proportional hazards assumption was satisfied for all variabbsgnce of
influential datgpoints,and the ability of the model to differentiate between reotisat
developed postoperative colic from those did not was confibmadieviance residual
plot. The valance of the frailty termvasnotsignificantly different from zer@p-value

= 0.5) meaning that then@ashomogeneity between subjectigure3-10 shows the
baselinesurvival and hazard functions from the shared gamma frailty mblelplots
indicatethat 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 multivaria ble model of variables associated withpurulent incisional
dischargein 255 horses that survived following laparotomy.

Variable Coef. 0) SE OR 95 % Clof LRT p-
the OR value
Systemic lactate on admission  0.31 0.11 1.36 1.11.7 0.005
(mmol/1)
Postoperative colic No Ref.
Yes 0.63 0.3 1.9 1.043.4 0.04

TheHosmer Lemeshow test statistievalue = 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, Cl = confidence interval, LRT = likelihood rtdgi, Re. = reference
category
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Table 3-16. A multivariable model of variables assdated with incisional hernia
formationin 255 horses that survived following laparotomy.

Variable Coef. SE OR 95% Clof LRT P-
(b) the O.R. value

Heart rate measured 12 h postoperatively 0.034 0.016 1.03 1.0031.07 0.036
Jejunocecal sido-side anastomosis No Ref.

Yes 2.1 0.8 8.2 1.838.3 0.01
Postoperative reflux No Ref.

Yes 1.26 0.9 35 1.21110.3 0.026
The model following removal of a single influential dptént:
Heart rate measured 12 h postoperatively 0.04 0.016 1.04 1.011.07 0.01
Jejunocecal sido-side anastomosis No Ref.

Yes 2.5 0.8 119 2.360.6 0.003
Postoperative reflux No Ref.
Yes 1.18 0.6 3.25 1.1i9.6 0.03

Diagnostics from the first model; thdosmef Lemeshow test statistigvalue = 0.68, number of
observations equals 195, percentage of correctly classii@d%, and area under the curee0.77.

Coef = regression coefficient, SE = standard error, OR = odds ratio, Cl = confidence interval, LRT =
likelihood ratiotest, Re. = referese category

Table 3-17: A multivariable model of variables association wittpostoperative refluxn
255 horses that survived following laparotomy.

Variable Coef. o) SE O.R. 95 % ClI of Wald P-
O.R. value
Heart rate on admission (bpm) 0.05 0.01 1.05 1.0171.07 <0.001
Wight (kg) 0.004 0.002 1.004 1.0011.006 0.01
IFEE lesion No Ref.
Yes 15 0.51 4.5 1.6112.2 0.003
Strangulating lesions No Ref.
Yes 4.8 1.12 125.7 13.91134.7 <0.001
Strangulating lesion x heart rate 10.06 0.02 0.94 0.9110.98 0.002

The Hosmer Lemeshow test statistfgvalue = 0.42, number of observations 251, percentage of
correctly classified= 80%, area under the curwe 0.8. Coef = regression coefficient, SE = standard
error, OR = odds ratio, Cl = 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 anda shared gamma
frailty model investigating variables associated with recurrentpostoperative colic
episodes.

Variable Coef. SE Robust HR 959% Cl of Wald p-
(b) SE HR value
Prenticé Williams Peterson stratified counting process
Repeat laparotomy (y/n) 0.81 0.22 0.2 2.24 15328 <0.001
Epiploic foramen entrapment (y/n) 0.7 0.26 0.31 1.99 1.113.64 0.03
Large colon torzs 073 0.22 0.2 21 1431 <0.001
Postoperative reflux (y/n) 04 0.16 0.16 145 1.111.99 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 1.483.84 0.004
Large colon tors 0.85 0.19 - 2.34 1.623.38 <0.001
Postoperative reflux (y/n) 0.68 0.15 - 1.97 1.462.67 <0.001
Heart rate on admission (bpm) 0.01 0.005 0.99 0.981.00 0.04

Coef =regressiorcoefficient, SE. = standard error, HR = hazard ratio, Cl = confidence inteiyan
= beats per minute

- — event
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Figure 3-10: The baseline survival and hazard functions ofecurrent postoperative colic
episodes derived from the shared gamma frailty modelThe figures indicate that majority of
horses developed postoperative colic towards the end of the study period and that the risk of
postoperative colic ithegreatest during the first 50 days postoperatively.
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3.4.8.2Models based orDatasets A and B

3.4.8.2.1Purulent ircisional discharge

A multivariable model for the risk of purulent incisional discharge is showialiie

3-19. Significant variables remaining in thisodel included postoperative colic (as in
the model based obataset A and packed cell volume measured on admission
(instead of blood lactate in the model basedDataset A. Blood lactate level on
admission was not recorded for horses admitted inTZ0®6 and consequently was
not available for model building. Severe oedema surrounding the surgical incision was
significantly p-value <0.001) associated with tevelopmenof purulent incisional
discharge on univariable analysis. The variable was naidered for inclusion into
amultivariablemodeldue to inability to infer the direction of this relationship; either

a cause or an effect. The thileger closure techniquéirfea alba,subcutis and skin)

of the laparotomy incision was not associated vaitteredlikelihood of purulent
incisional discharge on both univariabfealue = 0.94) and multivariable analyses.
There were no significant biologically plabke multiplicative inteaction terms
between variables remaining in the final models. Model diagnostics did not identify
any influential observation@nd the HosmétLemeshow test statistic was not
significant p-value = 0.88), meaning thttere was no evidence of lackfaf

3.4.8.2.2Postoperative reflux

A final multivariable model is shown ifiable3-20. PORwas significantly associated
with heart rate on admission, horse body WeidgFEE lesions andpedunculated
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 wigsiicantmultiplicative
interaction p-value= 0.03) between the variables heart rate on admissio? b@d
meaning that the effect of PLO on the log odds of POR varied with different values of
heart rate on admission. RL and postoperative cardiovaspal@meters were
significantly associated with tH&elihood of POR on univariablanalysisbut were

not considered for inclusioimto a multivariablemodel. The reason for this was that
they were considered outcomes of postoperative reflux rather than explanatory
variabledor this postoperative complication. No significant multiplicative interaction

terms were identified between variables in the fmadtel. Influential statistics did not
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identify any influential observations and the Hosihemeshow test statistic
suggested the modilere was no evidence of lackfif(p-value = 0.8).

3.4.8.2.3Jugular thrombosis

A final multivariable model is shown ifable 3-21. The risk of jugular thrombosis

was significantly and positively associated with heart rate at 12 h postoperatively, if
guaiacol glycerine ethefGGE) was a part of the anaesthetic induction protocol,
surgical di agnosis of strangulating (036
negative effect of total plasma protein on admission was also identified. Heart rate
measured at 36 h postoperativ was significant on univariable analysig\value
<0.001), but because of high correlation (r = 0.71) with heart rate measured at 12 h
postoperatively,it was excluded fronmultivariable model building. Duration of
catheterisatioror the type of intrav@ous catheter were not recorded. No significant
biologically plausible multiplicative interactions were found betweamables in the

final model. Model diagnostics did not identify any influential data points and the
Hosmer Lemeshow test statistic indieal thathere was no evidence of lackfaf(p-

value = 0.2).

3.4.8.2.4Postoperative diarrhoea

The risk of developing diarrhoea postoperatively was significantly and positively
associated with PCV on admission and increasing(@gkle 3-22). No significant
biologically plausible multiplicative interactions were found betwestables in the
final model. Model diagnostics did not identify any influential dgaints and the
Hoameili Lemeshowtest statistic showed that there was no evidence of laftk(pf
value = 0.33).

3.4.8.2.5Repeat laparotomy

The univariableanalysis did not identifyptvalue <0.25) any diagnosis category or
particular surgical interventiore.g. intetinal resectio and anastomosgpecifically
associated with an increased likelihood of RLa final multivariable model,drses
that developed postoperative colic wareund 9 times more likely to underéi..
Increased heart rate at 36 h postoperatively was alsoiatel with increased risk of
RL (Tade 3-23). Although postoperative reflux was significant on univariable analysis

(p-value = 0.002) it did not renrain the final model. Eleven influential dapaints
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were identified. Removal of influential observations from dataset and reunning

the model had minimal effect on values of parameter estimates.

Table 3-19: Multivariable logistic regression model of variables associatd with purulent
incisional dischargen 562 horses that survived following laparotomy.

Variable Coef. p) SE OR 95 % Cl of Wald p-
O.R. value
PCV on admission (%) 0.025 0.012 1.025 1.0011.05 0.04
Postoperative colic No Ref.
Yes 0.6 0.2 1.82 1.2i12.7 0.003

The Hosmer Lemeshow test statistigz- viue = 0.5, number of observatiorss 535, percentage of
correctly classified= 74.6%, area under the curve0.6. Coef = regression coefficient, se. = standard

error, OR = odds ratio, Cl = confidence interval, LRT = likelihood ratio test, Re. = reference category
PCV = packed cell volume

Table 3-20: Multivariable logistic regression model of variables associad with
postoperative reflux irb62 horses that survived following laparotomy.

Variable Coef. SE OR 95 % CI of Wald p-
(b) O.R. value
Heart rate on admissidbeats/min) 0.031 0.01 1.03 1.0211.05 <0.001
Weight kg) 0.004 0.001 1.003 1.0051.005 0.001
Intestinal resection No Ref.
Yes 0.7 0.3 2.04 1.163.6 0.01
Pedunculated lipoma No Ref.
Yes 3.1 0.9 22.36 3.91130.2 0.001
IFEE No Ref.
Yes 1.4 0.4 3.9 1.8i8.3 0.001
Pedunculated lipoma xeart rate 10.03 0.013 0.97 0.9410.99 0.03

The HosmdrLemeshow tesstatistic p-value = 0.8, number of observations 543, percentage of
correctly classified= 84.7%, area under the curee0.79. Coef = regression coefficient, SE = standard
error, OR = odds ratio, Cl = confidence interval, LRT = likelihood ratio test, Re. = reference cgfego
IFEE = idiopathc focal eosinophilic enteritis
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Table 3-21: Multivariable logistic regression model of variables associad with jugular
vein thrombosisn 562 horses that survived following laparotomy.

Variable Coef. SE OR 959% Clof  Wald p-
(b) O.R. value

Total plasmarotein on admission (g/l) 10.04 0.017 0.96 0.930.99 0.008
Heart rate at 12 h postoperativebp(n) 0.04 0.01 104 1.021.06 <0.001
Strangulating large colon torsion  No  Ref.

Yes 1.12 0.5 3.1 1.168.14 0.02
Guaiacol glycerine ether (GGE) No Ref.

Yes 1.4 046 4 1.619.8 0.003
Repeat laparotomy No Ref.

Yes 1.4 047 414 166104 0.002

The Hosmer Lemeshow test statistigvalue = 0.2, number of observatiors 507, percentage of
correctly classified= 92.7%, area under the curee0.75. Coef = regression coefficient, SE = standard
error, OR = odds ratio, Cl = cofidence interval, LRT = likelihood ratio test, Re. = reference category

Table 3-220 Multivariable logistic regression model of variables associated with
postoperative diarrhoe@ 562 horses that survived fdbwing laparotomy.

Variable Coef.( p SE OR Lower 95 LRT p-
% CI value

PCV on admission (%) 0.06 0.018 1.063 1.031.1 0.001

Horse age (years) 10.076 0.03 0.93 0.870.98 0.01

The Hosmer Lemeshow test statistfgvalue = 0.33, number of observatiors530, percentage of
correctly classified= 92.5%, area under the curee0.67. Coef = regression coefficient, SE = standard
error, OR = odds ratio, Cl = confidence interval, LRT = likelihood ratio test, Re. = reference category
PCV = packed cell volume

Table 3-23: Multivariable logistic regression model of variables associad with repeat
laparotomyin 562 horses that survived following laparotomy.

Variable Coef.p) SE O.R. 95%Clof O.R. LRT p-
value
Heartrate at 36 h (beats/min) 0.04 0.01 1.04 1.0211.06 <0.001
Postoperativeolic No Ref.
Yes 2.23 0.48 9.3 3.7123.7 <0.001

The HosmérLemeshow test statisticy@alue = 0.6, number of observatiors 523, percentage of
correctly classified= 92%, area under the curve 0.78. Coef = regression coefficient, se. = standard
error, OR = odds ratio, Cl = confidence interval, LRT = likelihood ratio test, Re. = reference category
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3.5Discussion

This study has praded 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 vailteredlikelihood of survival and
occurrence of postopenat complications have also been identified. This information
is important to assist informed decisioraking by clinicians and horse owners, when
deciding upon treatment options based on likely surgical outcome. The atady
compared case presentatisaygical and postoperative management of two surgical
colic patient cohorts admitted over two time periods with-gea& gap.Frequent use

of new interventions such as intend postoperative lidocaine treatment and use of
abdominal bandage to protettte surgical incisiordid not appear to result in a

significant improvement in lapterm survivalor rates ofpostoperativeomplicatiors.

3.5.1Postoperative survival

The shorterm survival rate (81%) for horst#satrecovered from general anaesthesia

in the study reported here is comparable to other published st(Mas and Smith
2005a, Wormstrandt al. 2014) Furthermore, the pattern of survival described has
been previously reported in tH{Broudmaret al.2002a)and in other equine hospitals
(Stewartet al.2014) Among horses diagnosed with small intestinal lesions, those that
underwent surgery to treat an ileal impaction had the highest probability ofaurviv
(0.85) durng the first pstoperative yeakHowever survivalprobability thendropped

to around 0.7. The finding is partly consistent with data analysed from the same
hospital at an earlier time perigdroudmaret 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 dutimg2012 2014admission years compared
with 2004 2006 (29 vs 14 cases). Thssconsistent witlithe results obtained frow
retrospective study performed in data from the same hospital population over a ten
year period (200@2010)(Archeret 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. STisi consistent with dafeom the

same hospital at an earlier tinffleroudmanet al. 2002a, Proudmaset al. 2002b,
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Proudmanet al. 2005b) The median survival time reported for EFE cases in the
current study is less than that previously reported for the same hospital pog@@@ion
days)(Proudmaret al. 2002a)and for horses recruited into a multicentre study (397
days) (Archer et al. 2011) Contrary to the latter findings;reeman 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
directcomparison between studies is inaggiate due to differences in study design,

follow-up periods and statistical methagsed

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 reffodsdmaret

al. 2005a, Dunkett al.2015) Postoperative colic (POC) was the most frequeson

for undertaking RL in the present study, a finding that is in agreemeniMaithand

Smith (2005d)butis in contrast tdunkelet al. (2015)where perstent nasogastric
reflux was the predominant reason for RL. Factors found siginéficantlyassociated

with increased likelihoodf RL in the current study included postoperative tachycardia
(heart rate at 36 h postoperativelnnd POC This informationcan help to identify

horses in which RL may be required.

3.5.2Postoperative complications

Postoperative reflux (POR) was diagnosed in 53 (21%) horses and resulted in
euthanasia of 1@4.5%)of them. The definition of POR used in the current study is
consistenwith other studiegFrenchet al. 2002, Mair and Smith 20@), where the
prevalence of POR was reported to hd®%. Approximately half of the horses
recently admitted(Dataset A)to the hospital received lidocaine CRI during general
anaesthesia or postoperatively, compared with onlythd¥%eceivedidocaine during
general anaesthesia and 8%t received postoperatively in horses admitted between
2004 and 2006. However, it was surprising to find that the percentage of horses that
developed POR was significantly higherDataset A(2012 2014) than irDataset B

(2004 2006) (21% vs. 11%). Furthermore, there was no evidencenpifoved
probability of survival in horses that received lidocaine either during general
anaesthesia or postoperativeélfese 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 2002006 and 2012014 admission years,
respectively) A prevalence of 1i135% has been previously repor{@toudmaret al.
2002a, Mair and Smith 2005b, Mair and Smith 200Bqj it is difficult to make direct
comparison with the current studgs 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 timefactor when calculating occurrence of POC episodes. The incidence rate of POC
in the current study was 1.04 (95% CI 0.9117) episodes/horsgearatrisk, which

is almost double thereviously reportedhcidence ratef POCfor the same hospital
populaton (0.55 episodes/horgearat-risk) (Proudmaret al. 2002a) However,the
currentstudydid not differentiate between colic episodes that occurred dimitia
hospitdisation and those reportéallowing hospital discharge, and is likelydaplain

the difference in the incidence rates betwtnes study and the study Broudmaret

al. 2002a.The reported incidenaateof colic in the general equine population ranges
from 0.04 to 0.26 episodes/horgearatrisk (Uhlinger 1992, Tinkert al. 1997a,
Hillyer et al. 2001, TraubDargatzet 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 alic (Cohen and Peloso 1996O0C episodes we the

most common cause of postoperative death or euthanadls@adaorrent stud{44.2%),

which is also consistent with previous rep¢iscdonaldet al. 1989, Mair and Smith
2005a, Muno=zt al.2008)

The prevalence gdurulent incisional discharge (27.1%) in the current stuelytisin

the range of those previously reportedi@2%) (Phillips and Walmsley 1993, Mair

and Smith 2005b, Colbatst al. 2013, DurwardAkhurst et al. 2013, Tnibaret al.

2013) The latter rates are variable, likely due to variaiothedefinitions of surgical

site infection used and in the quality and length offtlew-up periods. The present
study showedthat alarge proportion of purulent insional discharge (26%) can
develop following hospital discharge and failure of studies to extend faifplaeyond

the period of hospitalisation may contribute to an underestimation of the prevalence of

incisional discharge.
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Almost all horses (49/5®8%) 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 infedqti@bluk et al. 1989, Honnas and
Cohen 1997, Mair and Smith 2005Ir) the currenstudy,60% of bacterial isolates
were Grarmnegative and 40% were Grgpositive. This contradicts a previous study
that obtained intraoperative culturé®m the linea alba following closurewhere
predominantly Granpositive bacteria were culturefingle-Fehr et al. 1997)
However, in the latter study, isolates were obtaimechfnormal surgical incisions
beforeestablishmenof any infection and bacterial skin commensals were therefore
more likely to be isolated. This knowledge of surgical site bacteriology is crucial for
monitoring antimicrobial restance and nosocomial icteon and should be a key

component of hospital clinical audMair and White 2008)

3.5.3Risk factors for postoperativemortality

3.5.3.1Preoperative variables

To investigate risk factors associated with postoperative mortality, three multivariable
Cox proportional hazards regression models were constructed. Two models
investigaed pre and intraoperative variables in both datasets, while the third model
considered pre intra, and postoperative variablés Dataset Aonly. 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. IRCNR

can be considered markers for the degree of dehydration and endotoxaemia on
admission(Proudmaret al.2005a) These findings emphasise the importance of early
referral beforedevelopment omarked physiological derangemeirt improving the
probability of postoperative survival. Interestingly, in the presstidy, 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, andemphasises the importance of early diaghasd
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 broodmai@tackettet al. 2014) and

following laparotomy in all colic casg®roudmanet al.2002b, van der Lindeet al.
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2003) findings that are consistent with the results reported hetbe current study,

male horses were found to be at #iigantly greater risk of postoperative death
compared with females. A significantly greater number of male horses were diagnosed
with EFE at surgeryg 2 5.96,p-value = 0.015) or had undergone intestinal resection
and anastomosis (2 18, p-value<0.001) in the currerdtudy population, potentially
contributing to the higher risk of mortality in this group of horses.

3.5.3.2Intraoperative 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 hors@&oudmanet al. 2005b) TPP was not a significant
predictor of survivaln the multivariablemodelsin the present study.here is a need

for further work to determine the reasons fos thoth 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 imyegsdtn (van Bergenet al.
2016)

Other surgical variables identified to be significantly associated with poor
postoperative survival includeduration of surgery and presence of strangulating
lesions. Prolonged surgery duration was previously reported in a number of studies to
be associa&d with reduced survivgProudmaret al. 2002b, Proudmast al. 2005b,
Hackettet al. 2014)andmay be an indicator of the need for lengthy procedures such

as intestinal resection and anastomasithese casedn the present study, 79% of
horses diagnosed thi 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 avidch weremanaged without
resection had 100% survival to Ipatal dischargéFreemaret al. 2014) In the latter

study, the decision to neoesectstrangulated intestineag subjective and based on
cliniciansd decision. Finding objective |
need for intestinal resection, thereby resulting lmgherprobability of postoperative

survival (Proudmaret al.2002b)

143



3.5.3.3Postoperative variables

Postoperatively, elevated PCV and HR at 36 h were positively and significantly
associated witlreduced likelihood of survivalThese parameters may relate to the
degree of systemic inflammatory response present following surgergaandssist
clinicians n identifying horses agreater risk of poor postoperative survival.
Postoperative cardiovascular parametée/e beenpreviously reported to be
associated with reduced shahd longterm survivalMacdmaldet al. 1989, Morton

and Blikslager 2002, Sutheet al. 2012, Hacketet al. 2014) consistent with the
findings of the current study.

Horses that developed POR during hospitalisation had increased risk of mortality, an
observation tht has been previously reported in horses that had undergone surgery for
treatment of EFEArcheret al.2011)or had undergone small intestinal resectiod
anastomosigMorton and Blikslager 2002POC was also associated with reduced
probability of survival in this hospital population. This finding is sotprising,
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 (Sutherset al. 2012) In the presenstudy,the riskassociation witiPCV and

POC was independent of time, meaning that horses with elevated PCV at 36 h
postoperativelprwhichdeveloped POC are continuously at greater rigleath This

was in contrast to HR measured at 36 h postoperatively and POR where the impact on

survival diminishd overtime.

3.5.4Risk factors for postoperative complications

3.5.4.1Endotoxaemia on admissia

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. Theskndings have frequently been reported in published stfiesnch

et al.2002, Smithet al.2007, Torfset al.2009)and confirm that the clinical status o

the patients on admission is an important determinfdikedy postoperative outcome

and that early referral of surgical colic patienta key to a better surgical outcome.
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3.5.4.2Risk factors for postoperative reflux

In addition to endotoxaemia on admission, other risk factors identified to increase the
risk of POR includedbody wieght IFEE, PLQ diagnosis of atrangulating lesioat
surgery and intestinal resection and anastomosis. Some of these risk factonsgnclud
intestinal resection and strangulating lesioage previously been reportéglikslager

et al. 1994, Roussedt al.2001, Torfset al. 2009)

Compromise othe gut wall associated with PLO and other stranguldéisigns may

result in mucosal barrier dysfunction and subsequent translocation of
lipopolysaccharides ofsramnegative enterobacteria (endotoxins) into peritoneal
cavity and circulatiorfSenioret al.2011) which may have detrimentakffect onthe
gastrointestinal motilitfKing and Gering 1991) PLO was previously reported as a
risk factor for POR in the same hospital populatibrenchet al. 2002) while the
association between IFEE and POR has not been previously reportedodsiisie

that the localised nature of the obstruction in these lesions and the rapidboild

fluid and excessive distension of large portionghaf small intestinglace horses
diagnosed with theséesions atgreaterrisk of POR (Frenchet 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 ttirae periods of hospital adission examined in

the current study. Significant twway 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 admissieless

likely to develop POR. These findings again highlight the importance of early
diagnosis and referral of equine surgical colic patients prior to developmanty of
cardiovascular compromida order to minimise the risk of POR. Increasing body
weightwas also associated with increased risk of POR, a finding that has not been
previously reported and the reason for which was uncteat needs further

investigation

3.5.4.3Risk factors for jugular thrombosis
Low levels of TPP on admission, strangulating lazg®n volvulus, and tachycardia
at 12 h postoperatively weigentified assignificant risk factors for jugular thrombosis

in the current studyProteirtlosing enteropathyand postoperativendotoxaemia are
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likely to be associated with a hypercoagulabédestvith agreatempropensityof these
horses to developatheterassociate@omplicationgMonrealet al. 2000, Dolenteet

al. 2005) RL was also associated with greater risk of thrombus formation. It is
plausible that horses that underwergegond surgery had a jugular vein catheter in
place for dongertime, which has previously been reportedincrease the likelihood

of jugular thrombosi¢Lankveldet al.2001)

The use of guaiacol glycerine ether (GGE)haanaesthesia inductigerotocolwas

also a significant risk factor for jugular thrombosis postoperatively. This finding is in
agreement with a previous experimental sttitgt found evidence of judar vein
inflammation and thrombus formation in all horses that had general anaesthesia
induced with GGE and thiopental sodiybicksonet al. 1990) A previous study
(Frerch et al. 2002) performedin the same hospital did not find any significant
association between GGE use for anaesthesia induction and thrombus formation.
However, the current study might have Haetter statistical power to detect this
negative effect of GGEs a result of itlargea sample size.dentification of horses at
greater riskof jugular thrombosis is important, as meticulous care can be directed to
these animals including frequent ultrasonographic examination of the catheter site for
any evidence fovein inflammation and removal of the catheter prior the

developmenbf overt clinical signs of thrombophlebiti§eraghtyet al.2009)

3.5.4.4Risk factors for incisiona complications

Horses that developed POC in the current study were at increased likelihood of
purulent incisional discharge, a finding that is consistent with thes¢cait studies
(Andersoret al.2015, Isgreret al.2015) POC may result in increased frequency and
duration of recumbencyCoomeret al. 2007) and may increasthe 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
erdotoxaemia or systemic inflammatory response syndrome (SIR8ding
tachycardia at 12 h postoperativéhythe current studyere atsignificantly greater

risk of incisional hernia formation. Whilst inflammation is an integral part of the
healing procss of the surgical incision, an excessive inflammatory response induced

by circulating endotoxins and cytokingsay prolong healing and increase the
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likelihood of hernia formatio(Karamercaret al.2006) The findings from the current

study can help clinicians to predict horses at high risk for these complications.

3.5.4.5Risk 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 & iP@ne of the models.

HR may be a determinant of horses that had a short survival timeoasdquently

these horsewereless likely to experience frequent POC episodes. Strangulating LCV
was previously reported to be associated with higherafsROC in this hospital
population(Frenchet al. 2002) but without postmortem data, the reasons for this
remain unclearTo 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 mortglssociateavith 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 identifiettie
recurrent event analysis models may notdate a causal relationship. However, RL

was previously reported to increase the risk of RBx€nchet al.2002)

Limitations of the present study include the fact that these remigisatedfrom a

single equine hospitah the UK and may not represent other hospital populations.
Furthermorecombining data collected over different time periods with-gea& gab

is a potential source of bias, as case presentation and management can vary over time.
However, highlighting tese 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 comlg the two datasets demonstratbd effect of

this data combination processs minimal This was alsodemonstrated by lack of
significant effects of surgeon, anaesthetist and admission yetrs msults obtained

from the survival analysis models.

3.5.5Conclusions

The current study has identified a numberisk factors for mortality and morbidity

following laparotomy that can be taken into consideration when deciding on treatment
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options for colic patientsThe studyhas alsaccompared two time periods hospital
admission where some differences in inmad postoperative care of surgical colic
patients were identifiedAlthough many of the risk factors identified cannot be
modified, knowledge of them can identify horsgaswhich additional therapeutic
interventions may be justified and calfow a more accurate prognosis anestimate

of thelikely cost of treatment to be provided immediately postoperatiVélg.study
found that new interventions, including perioperative lidocaine treataretiseof

an abdominal bandage trotect the surgical incisionduring recovery from
anaesthesiaand the early postoperative periodlid not result in noticeable
improvements in rates of morbiditgr mortality following laparotomy.Further
investigation of thesebservations was justified and performed in CHAPTERatly
diagnosis and referral of equine surgical colic patients remaikgy factor in

maximising postoperative survival.
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3.6 Appendix to Chapter 3

Supplementary Table3-1: Results of univariable Cox proportional hazards analysis of
pre-, intra - and postoperative continuous variablesdataset A.

Variable Coef. SE HR 95% Clof  LRT p-
(b) HR value
Age (year) 0.003 0.02 1.003 0.961.05 0.87
Weight (kg) 0.0003 0.001 0.99 0.991.002 0.73
Height (cm) 0.0022 0.01 0.99 0.991.02 0.76
Time to referral (h) 0.012 0.005 1.012 1.0031.02 0.02
Pain score on admission (an owner 0.007 0.07 1.007 0.991.17 0.92
perspective) on 0 to 10 scale
Pain score on admission (a clinician 0.1 0.05 1.12 1.021.2 0.015
perspective) on 0 to 10 scale
Heart Rate (beats/min) 0.01 0.005 1.012 1.0011.02 0.046
Packed call volume (%) 0.04 0.01 1.04 1.0131.06 0.04
Total Protein (g/l) 0.03 0.01 1.03 1.0081.06 0.01
Blood lactate (mmol/l) 0.09 0.08 1.1 0.941.3 0.26
Peritoneal total protein (g/l) 0.04 0.01 1.04 1.021.06 <0.001
Peritoneal lactate (mmol/l) 0.13 0.04 1.14 1.061.2 0.002
Resection length (metre) 0.15 0.06 1.16 1.041.3 0.018
Durationof surgery (min) 0.006 0.003 1.006 1.0011.01 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 1.0161.04 <0.001
Packed cell volume at 12 h (%) 0.03 0.015 1.083 1.0041.07 0.04
Packecdcell volume at 36 h (%) 0.07 0.016 1.07 1.041.1 <0.001
Total protein at 12 h (g/l) 0.002 0.01 1.002 0.971.03 0.9
Total protein a 36 h (g/l) 10.001 0.01 0.99 0.971.02 0.9

Coef =regressiorcoefficient, SE. = standard error, HR = hazards ratio, C¢enfidence interval, LRT
= likelihood ratio test
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Supplementary Table3-2: Results of univariable Cox proportional hazards analysis of
pre-, intra- and postoperative categorical variablesdatase A).

Variable Categories Coef. SE HR 95%Clof LRT p-
(b) HR value

Breed TB/TBx Ref.

WB/WBX 10712 04 05 02211

Draft/Cob 1026 0.3 0.8 04314

Pony 10.43 0.36 0.65 0.321.3

Other 10.36 0.35 0.7 0.351.4 0.45
Sex Female Ref.

Male 0.48 0.25 1.62 0.982.7 0.05
Out of hours admission No Ref.

Yes 710.17 0.24 0.85 0.521.35 0.48
Season of admission Spring Ref.

Summer 045 03 1.6 0.823.01

Autumn 10.09 0.3 0.91 0517

Winter 10.15 0.3 09 0.451.6 0.26
Coat condition on admission Clean Ref.

Unclean 0.1 028 09 0516 0.7
Capillary refill time Normal (I 2 Ref.

seconds)

Abnormal (>2 0.2 0.27 12 0721 0.47

seconds)
Reflux on admission No Ref.

Yes 066 029 19 1134 0.03
GGEas an anaesthetigduction No Ref.
agent Yes 0.18 0.37 1.2 0.6125 0.64
Lidocaine during anaesthesia No Ref.

Yes 0.071 0.23 1.1 0.711.7 0.76
Gastric or small intestinal lesion  No Ref.

Yes 033 024 14 0922 0.15
Strangulating lesion No Ref.

Yes 0.75 0.23 2.1 1.3413.34 0.002
Small intestinal anastomosis No Ref.

Side to side 08 04 23 1.055.1

End to end 06 027 1.8 1.083.1 0.28
Jejunocecal sidto-side anastomosis No Ref.

Yes 08 037 22 1.074.65 0.05
Resection No Ref.

Yes 06 024 18 1.1529 0.013
Enterotomy No Ref.

Yes 10.19 024 0.8 05213 0.41
Pedunculated lipoma No Ref.

Yes 011 03 11 0.62 0.7
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Supplementary Table-2 continued

Variable Categories Coef. SE HR 95% Clof LRT p-
(b) HR value
Idiopathic focal eosinophilic enteriti No Ref.
Yes 710.5 0.43 0.61 02614 0.21
Epiploic foramen entrapment No Ref.
Yes 1.1 0.35 29 1.445.8 0.009
Non-strangulating largeolon No Ref.
displacement Yes i0.64 042 053 02312 0.1
Strangulating large colovolvulus No Ref.
Yes 10.06 04 0.94 04122 0.88
Non strangulating large colon No Ref.
volvulus Yes i0.1 043 09 0421 08
Repeataparotomy No Ref.
Yes 123 032 34 1856.4 0.001
Anaesthetic recovery score 1i2 Ref.
3i5 10.34 0.23 0.7 05113 0.15
Polymyxin B No Ref.
Yes 093 0.32 25 1.364.7 0.008
Postoperative colic No Ref.
Yes 0.6 0.24 1.85 1.152.9 0.008
Postoperative reflux No Ref.
Yes 245 024 25 1539 <0.001
Purulent discharge No Ref.
Yes 10.04 0.25 0.96 0.581.6 0.86
Incisional hernia No Ref.
Yes 711.3 1.02 0.27 0.042.02 0.12
Lidocaine continuous rafafusion  No Ref.
Yes 066 023 19 1231 0.004

TB = Thoroughbred, TBx = Thoroughbred cross, WB = Warmblood, WBx = Warmblood Cross, Surgery
performed out of hours (surgery performed between the hours of Sam Monday Friday and at

any time over the days of Saturday or Sunday, Season of admigsiog (Marchi May), Summer
(Junei August), Autumn (SeptembiemMovember), Winter (DecembérFebruary), coat condition
(clean|[clean clipped or clean], unclean [moderate or filthy]Poef =regressioncoefficient, SE =
standard error, HR = hazards raticCl = confidence interval, LRT = likelihood ratio test, Ref. =
reference categoryGGE = Guaicol glyceryl ether
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Supplementary Table3-3: Risk factors for purulent incisional dischargen 255 horses that survived following laparotomycontinuousvariables with a
univariable association atp- value <0.25.

Variable Normal surgical Purulent incisional Regression Standard Odds ratio 95 % CI of Likelihood
incision 186 (72.9%) discharge 69 (27.1%) coefficient error odds ratio ratio test p-

value

Hear rate (beats/min) 48 (41, 60) 48 (46, 66) 0.01 0.1 1.01 0.991.02 0.15

Packed cell volume (%) 37 (34.5, 42.5) 40 (33, 47.5) 0.03 0.02 1.03 1.0011.1 0.04

Total plasmaorotein (g/l) 66 (60.5, 71) 68 (62, 74) 0.02 0.02 1.02 0.991.1 0.16

Blood lactate (mmol/l) 1.8 (1.05, 2.7) 2.3(15,3.4) 0.29 0.1 1.34 1.081.7 0.03

Time to referral (h) 11.15(8.15,18.5) 12 (8, 28.5) 0.01 0.01 1.012 0.991.02 0.11

Heart rate 12 Ipostoperatively (beats/min) 48 (41, 61.5) 48 (46, 65) 0.013 0.01 1.01 0.991.03 0.19

Packed cell volume 12 h postoperatively 37 (34.5, 41.5) 38 (35.5, 42.5) 0.026 0.02 1.03 0.981.07 0.22

(%)

Total plasma protein 12 h postoperatively 60 (55, 66) 60(54.5, 65) 10.03 0.02 0.97 0.94'1.01 0.1

(a/l)

Heart rate 36 h postoperatively (beats/mii 40 (37, 44) 44 (36, 48) 0.018 0.01 1.02 0.991.04 0.12

Respiratory rate 36 h postoperatively) 12 (13, 17) 14 (12, 22) 0.026 0.02 1.03 0.99 1.06 0.11

(breath/minute)

Rectal temperature 36 h 37.6 (37.4, 37.9) 37.7 (37.3, 38.25) 0.43 0.3 1.54 0.862.74 0.15

postoperatively)

(centred)

Rectal temperature 36 h postoperatively) 37.6 (37.4, 37.9) 37.7 (37.3, 38.25) 0.51 0.3 1.67 0.93.1 0.09

(centred§

Hospital stay (day) 7 (6.5, 9.5) 8 (7.5, 11.5) 0.18 0.05 1.2 1.0111.3 <0.001

Descriptive data are presented median (interquartile range)Cl = confidence interval, Ref. = reference category
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Supplementary Table3-4: Risk factors for purulent incisional dischargen 255 horses that survived following laparotomy; categorical variables with a
univariable association atp- value <0.25.

Variable Normal incision  Purulent discharge Regression Standard Oddsratio 95 % Clof  Likelihood
186 (72.9%) 69 (27.1%) coefficient  error odds ratio ratio test p-
value

Season of admission Spring 45 (72.6) 17 (27.4) Ref.

Summer 40 (81.6) 9 (18.4) 10.52 0.47 0.6 0.24/1.48

Autumn 60 (75) 20 (25) 710.13 0.38 0.88 0.4211.87

Winter 41 (64.1) 23 (35.94) 0.4 0.39 1.48 0.713.16 0.20
Coat condition on admissic Clean 89 (69) 40 (31) Ref.

Unclean 55 (78.6) 15 (21.4) 710.5 0.35 0.61 0.3111.2 0.14
Capillary refill time Normal (£2 seconds) 123 (74.1) 43 (25.9) Ref.

Abnormal (>2 seconds) 34 (63) 20 (37) 0.52 0.33 1.7 0.883.23 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 0.9414.24 0.08
Nontstrangulating large No 160 (71.1) 65 (28.9) Ref.
colondisplacement Yes 26 (86.7) 4 (13.3) 10.97 056 0.38 0.131.13  0.06
Repeat laparotomy No 176 (74) 62 (26.1) Ref.

Yes 10 (58.8) 7 (41.2) 0.69 0.51 2 0.715.4 0.19
Abdominal incision closure Two layers 16 (55.2) 13 (44.8) Ref.

Three layers 155 (75.6) 50 (24.4) 10.92 0.41 0.4 0.180.88 0.026
Linea albasuture material Polysorb on loop 147 (72.1) 57 (27.9) Ref.

Single stranded Polysor 27 (81.8) 6 (18.2) 710.56 0.48 0.6 0.221.46 0.22
Postoperativeolic 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), Cl = confidence interval, LRT = likelihood ratio testfé&ehce category
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Supplementary Table3-5: Risk factors for incisional hernia formationin 255 horses that survived following laparotomy; continuous variables with a
univariable association atp- value <0.25.

Variable Normal incision 179 Incisional hernia 22 Regression Standard Odds ratio 95 % ClI of Likelihood
(89.1%) (11%) coefficient error odds ratio ratio test p-
value
Age on admission (years) 12 (8, 16) 13 (11, 20.5) 0.08 0.04 1.08 0.991.2 0.06
Heart ratgbeats/min) 48 (41, 56) 60 (48, 76) 0.03 0.01 1.03 1.0111.06 0.004
Rectal temperature (°C) 37.6 (37.1, 37.9) 37.9 (37.4, 38) 0.7 0.44 1.98 0.84i4.7 0.1
Packed cell volume (%) 36 (33.5, 40) 41 (36.5, 46) 0.06 0.03 1.06 1.0111.12 0.03
Duration of surgerymin) 81.5 (66, 106.5) 90 (65, 140) 0.01 0.005 1.01 0.991.02 0.09
Heart rate 12 h postoperatively (bpm) 44 (41, 52) 56 (48, 76) 0.05 0.14 1.05 1.0211.08 <0.001
Packed cell volume 12 h postoperatively 37 (34.5, 40) 39.5 (36, 46) 0.05 0.03 1.05 0.991.1 0.11
(centred)(%)
Packed cell volume 12 h postoperatively 37 (34.5, 40) 39.5 (36, 46) 0.002 0.001 1.002 0.99 1.005 0.31
(centredy (%)
Total plasma protein 12 h postoperatively (g 60 (55.5, 65) 60 (51.5, 64) 10.06 0.027 0.94 0.890.99 0.03
Heartrate 36 h postoperatively (bpm) 40 (37, 44) 48 (42, 56) 0.057 0.018 1.05 1.0211.09 0.001
Packed cell volume 36 h postoperatively 33 (32, 39.5) 35.5 (31, 39) 0.007 0.04 1.01 0.94/1.08 0.84
centred(%)
Packed cell volume 36 h postoperatively) 35 (32, 39.5) 35.5(31, 39) 0.006 0.002 1.01 1.0011.01 0.03
(Centredy (%)
Total plasma protein 36 h postoperatively (g 64 (59, 69) 60 (53, 63) 10.07 0.02 0.94 0.890.98 0.005
Hospital stay (days) 7 (6, 9.5) 9 (7.5, 12) 0.14 0.06 1.14 1.0111.29 0.04

Descriptive data are presented median (interquartile rangegl = confidence interval
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Supplementary Table3-6: Risk factors for incisional hernia formationin 255 horses that survived followng laparotomy; categorical variables with a
univariable association atp- value < 0.25.

Variable No hernia Hernia 22 Regression Standard Odds 95% Clof LRT p-
179 (89.1%) (11%) coefficient error ratio  odds ratio value

Sex Female 75(92.59) 6 (7.4) Ref.

Male 104 (86.7) 16 (13.3) 0.65 0.5 192 0.7251 0.18
Intestinal anastomosis No 148 (91.4) 14 (8.6) Ref.

Sideto-side 4 (44.4) 5(55.6) 2.6 0.72 13.2 3.2154.9

Endto-end 27 (90) 3(10) 0.16 0.67 117 0.3244 0.003
Jejunocecasideto-side anastomosis No 175 (91.2) 17 (88) Ref.

Yes 4 (44.4) 5(55.6) 2.6 0.72 12.9 3.15525 <0.001
Resection No 143 (90.5) 15 (9.5) Ref.

Yes 36 (83.7) 7(16.3) 0.62 0.49 185 0.714.9 0.23
Pedunculated lipoma No 155 (90.6) 16 (9.4) Ref.

Yes 24 (80) 6 (20) 0.88 0.53 2.4 0.866.8 0.11
Nonstrangulating large colon No 150 (87.7) 21(12.3) Ref.
displacement Yes 29 (96.7) 133 114 1.04 0.25 0.321.9 0.1
Lidocaine during anaesthesia No 87 (93.6) 6 (6.4) Ref.

Yes 92 (85.2) 16(14.8) 0.92 0.5 25 0.9416.74 0.05
Postoperative antimicrobials Penicillin 36 (97.3) 1(2.7) Ref.

Penicillin faminoglycoside 141 (88.1) 19 (11.9) 1.58 1.04 484 0.6/37.5

Other 2 (50) 2 (50) 3.58 1.42 36.0 2.21586.7 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 0.67110.5 0.19
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Supplementary Table-8 continued

Variable No hernia Hernia 22 Regression Standard Odds 95% Clof LRT p-
179 (89.1%) (11%) coefficient error ratio  odds ratio value
Purulent incisional discharge No 132 (92.3) 11 (7.7) Ref.
Yes 47 (81) 11 (19) 1.03 0.46 281 1.146.9 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 1.6/111.5 0.005
Lidocaine CRI No 106 (93) 8 (7) Ref.
Yes 73 (83.9) 14 (16.1) 0.93 0.47 25 1.0116.4 0.04

Descriptive statistics are psented as humbers (percentag€d)= confidence interval RT = likelihood ratio testRef. = reference categarZRI =continuous rate infusison
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Supplementary Table3-7: Risk factors for postoperative reflux (PORIn 255 horses that survived following laparotomy; continuous variables with a
univariable p- value <0.25.

Variable Absence of POR 202 POR 53 (20.8%) Regression Standard  Odds 95% Clof LRT p-
(79.2%) coefficient error ratio odds ratio value
Age (year) 12 (8.5, 16) 14 (9, 17) 0.04 0.03 1.04 0.9i1.1 0.12
Weight (lg) 531 (455.5, 597) 550 (480, 604) 0.002 0.001 1 0.991.01 0.07
Height (cm) 155.4 (144.8, 165.1) 162.6 (152.9, 165.1) 0.015 0.01 1.02 0.991.04 0.15
Heart rate (breaths/min) 48 (41, 59) 60 (45, 80) 0.025 0.01 1.025 1.0i1.04 0.001
Respiratory rate (breaths/min) 20 (12.5, 29) 20 (17, 32) 0.02 0.01 1.02 0.991.04 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 1.0%11.08 0.01
Blood lactate (mmol/l) 1.9 (1, 2.95) 2 (1, 3.55) 0.14 0.11 1.15 0.921.43 0.23
Pain score (owner perspective) {0 scale) 8 (6.5, 8.5) 7.5 (6, 8.75) 10.12 0.1 0.89 0.751.06 0.20
Duration of surgery (min) 80 (66, 105) 105 (90, 137) 0.012 0.004 1.01 1.0031.02 0.003
Heart rate 12 h postoperativelyreaths/min) 48 (40, 57) 52 (48, 70) 0.04 0.011 1.04 1.0211.06 <0.001
Respiratory rate 12 h postoperatively (breaths/min) 16 (12, 22) 20 (12, 26) 0.021 0.012 1.02 0.991.05 0.10
Packed cell voluméd2 h postoperatively (%) 37 (34.5, 40) 40 (36, 74) 0.09 0.02 1.09 1.041.14 <0.001
Heart rate 36 h postoperativéentred)(breaths/min) 40 (36, 45) 44 (40, 56) 0.04 0.012 1.04 1.027 1.06 0.001
Heart rate 36 h postoperativelyentred§ (breaths/min) 40 (36, 45) 44 (40, 56) 0.0002 0.0004 1.00 0.991.001 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 1.074.01 0.03
Packed cell volum8&6 h postoperatively (%) 35 (32.5, 39.5) 39.5 (34, 45) 0.1 0.02 1.1 1.051.15 <0.001
Hospital stay (day) 7 (6.5,9) 8 (6.5, 10) 0.07 0.04 1.07 0.991.15 0.06

Descriptive data are presented as median (interquartile range). Cl = confidence interval, LRT = likelihood ratio tesefénce category
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Supplementary Table3-8: Risk factors for postoperative reflux (PORn 255 horses that survived following laparotomy; categorical variables with a
univariable p-value <0.25.

Variable No POR 202 POR 53 (20.8%) Regression Standard Odds 95 % ClI of LRT p-
(79.2%) coefficient error ratio  odds ratio value

Sex Female 80 (83.3) 16 (16.7) Ref.

Male 122 (76.7) 37 (23.3) 0.42 0.33 15 0.792.91 0.20
Capillary refill time Normal (I 2 seconds) 135 (81.3) 31 (18.7) Ref.

Abnormal (>2 seconds) 37 (68.5) 17 (31.5) 0.69 0.35 2.0 0.94.01 0.05
Reflux on admission No 145 (81.5) 33 (18.5) Ref.

Yes 23 (63.9) 13 (36.1) 0.91 0.4 15 1.145.41 0.025
Gastric or small intestinal lesion No 108 (95.6) 5(4.4) Ref.

Yes 94 (66.2) 48 (33.8) 24 0.49 11.03 4.2128.9 <0.001
Strangulating lesion No 158 (85.9) 26 (14.1) Ref.

Yes 44 (62) 27 (38) 1.32 0.32 3.73 1.987.02 <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 0.411 6.0

End to end 24 (53.3) 21 (46.7) 1.6 0.36 5.0 2.5110.2 <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 19671 <0.001
Pedunculated lipoma No 179 (82.9) 37(17.1) Ref.

Yes 23 (59) 16 (41) 1.21 0.37 337 1627 0.001
Idiopathic focal eosinophilic enteritis No 184 (81.4) 42 (18.6) Ref.

Yes 18 (62.1) 11 (37.9) 0.98 0.42 268 1.786.1 0.02
Non-strangulating large colon No 173 (76.9) 52 (23.1) Ref.
displacement Yes 29 (96.7) 1(3.3) i2.17 1.03 0.11 0.0150.86 0.003
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Supplementary Table-8 continued

Variable No POR 202 POR 53 (20.8%) Regression Standard Odds 95 % CI of LRT p-
(79.2%) coefficient  error ratio  odds ratio value

Lidocaineduring anaesthesia No 98 (85.2) 17 (17.8) Ref.

Yes 104 (74.3) 36 (25.7) 0.69 0.33 2 1.053.8 0.03
Anaesthetic recovery score 1i2 110 (79.7)  28(20.3) Ref.

3i5 87 (77.7)  25(22.3) 0.12 0.31 113 0.61121 0.7
Postoperative colic No 107 (83) 22 (17) Ref.

Yes 95 (75.4) 31 (24.6) 0.46 0.31 159 0.862.9 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 10.011178.6  <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 wagperformed using the stratified counting process method.

Variable Regression  Standard Robust Hazard Upper95% Lower 95%  Wald test
coefficient error standard ratio confidence  confidence  p-value
error interval interval

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) 10.01 0.005 0.004 0.98 0.98 0.99 0.02
Total plasma protein oadmission (g/l) 10.002 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 10.08 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 15 0.4
Type of anastomosis technique None Ref.

Endto-end 0.03 0.17 0.18 1.035 0.73 1.46 0.85

Sideto-side 0.37 0.26 0.25 1.45 0.89 2.39 0.14
Enterotomy No Ref.

Yes 10.03 0.14 0.14 0.97 0.73 1.28 0.82
Idiopathic focal eosinophilic enteritis lesion No Ref.

Yes 10.12 0.21 0.22 0.89 0.58 1.35 0.58
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Supplementary Table-3 continued

Variable Regression  Standard  Robust Hazard Upper95% Lower 95%  Wald test
coefficient error standard ratio confidence  confidence  p-value
error interval interval

Pedunculated lipoma obstruction No Ref.

Yes 10.23 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 10.16 0.26 0.23 0.86 0.55 1.34 0.5
Strangulating ar ge col on vol vul uNo 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 2.22 151 2.27 >0.001

Ref. =reference category
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Supplementary Table3-10: Results of unadjusted univariable logistic regression analysis
of variable associated with various postoperative comjalations in the combined Datasets
at a univariable p-value <0.25.

Variable Coef. SE OR 95%ClI LRT p-
(b) value

Purulent incisional discharge

Packed cell volume on admission (%) 0.021 0.01 1.02 0.991.05 0.07
Heart rateat 12 h postoperatively (beats/min) 0.01 0.01 1.01 0.991.02 0.11
Heart rateat 36 h postoperatively (beats/min) 0.01 0.01 1.01 0.991.02 0.16

Postoperative colic No Ref.

Yes 0.6 0.2 1.8 12427 0.002
Repeat laparotomy No Ref.

Yes 0.53 033 1.7 0.933 0.11
Thiopental administered as an anaesthetic
induction agent No Ref.

Yes 0.4 0.3 15 0.822.63 0.2
Severdncisionaloedema No Ref.

Yes 2.16 04 8.7 4.0318.6 <0.001
Postoperative reflux

Age (years) 0.07 0.02 1.07 1.031.2 <0.001
Weight kg) 0.003 0.001 1.00 1.00%1.005 0.003
Heart rateon admission (beats/min) 0.02 0.01 1.02 1.011.03 <0.001
Packed cell volumen admission 0.05 0.01 1.05 1.031.08 <0.001
Total plasma proteion admissiorfg/l) 0.04 0.01 1.04 1.011.06 0.003
Duration of surgery ( min) 0.012 0.003 1.01 1.0111.02 <0.001
Length of resected intestine (metre) 0.18 005 1.2 1113 <0.001
Sex Female Ref.
Male 0.5 0.26 1.63 0.982.7 0.05

Small intestinal lesion No Ref.

Yes 2.23 0.4 9.3 4.4i19.6 <0.001
Intestinal resection No Ref.

Yes 1.2 024 32 20151 <0.001
Idiopathic focal eosinophilic enteritis No Ref.

Yes 0.84 036 23 1.1447 0.03
Large colon displacement No Ref.
Yes 11.7 0.73 0.19 0.040.78 0.003
Large colorvolvulusO 3 6 0 A Ref.
Yes 10.76 054 0.47 0.161.3 0.12
Large colonvolvulus< 360° N Ref.
Yes 71.17 0.7 0.31 0.071.3 0.06
Pedunculated lipoma obstruction No Ref.
Yes 1.4 0.26 4.01 2.4i6.7 <0.001
Anastomosigype None Ref.
Sideto-side 0.7 036 2 0.994.1
Endto-end 1.4 026 39 2366 <0.001
Repeat laparotomy Ref.

Yes 1.14 0.34 314 16612 <0.002
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Supplementary Table-30 continued

Variable Coef. SE OR 95%ClI LRT p-
(b) value

Jugular vein thrombosis
Packed cell volumen admission (%) 0.03 0.02 1.03 0.991.07 0.12
Heart rate on admission 0.012 0.01 1.00 0.991.03 0.13
Total plasma protein on admission (g/l) 10.035 0.015 0.97 0.9410.99 0.03
Heart rate at 12 hostoperatively 0.036 0.01 1.04 1.021.06 <0.001
Heart rate at 36 h postoperatively 0.03 0.01 1.03 1.011.05 0.004
GGE as amnaesthesia inductiagent No Ref.

Yes 1.1 041 301 1.46.7 0.013
Jejunocecal sid-side anastomosis No Ref.

Yes 0.6 042 18 0.84.1 0.18
Large colon displacement Ref.

Yes 11.61 1.02 0.2 0.0315 0.04
Large colorvolvulusO 3 6 0 A No Ref.

Yes 0.8 0.4 23 0.935.3 0.09
Lidocaine continuous rate infusion Ref.

Yes 10.53 042 06 02514 0.19
Postoperative diarrhoea Ref.

Yes 1.02 045 2.8 1.156.7 0.04
Postoperative diarrhoea
Age (years) 710.06 0.03 0.94 0.890.99 0.04
Packed cell volumen admission (%) 0.05 0.017 1.06 1.021.1 0.002
Heart rateon admission (beats/min) 0.01 0.007 1.01 0.991.03 0.2

Heart rateat 12 h postoperatively (beats/min) 0.013 0.01 1.01 0.991.03 0.22
Heart rateat 36 h postoperatively (beats/min) 0.014 0.01 1.01 0.991.04 0.2

Length of resected intestine (metres) 10.17 0.12 0.8 0.661.07 0.11
GGEasananaesthesia inductiagent No Ref.

Yes 0.6 0.5 1.8 0.7145 0.23
Thiopentaladministered as an anaesthetic
induction agent No Ref.

Yes 0.62 0.4 186 0.784.4 0.2
Large colorvolvulusO 3 6 0 A No Ref.

Yes 0.64 047 19 0.764.8 0.2
Smallintestinal lesion | Ref.

Yes 10.48 0.33 0.62 0.331.2 0.14
Lidocainecontinuous rate infusion No Ref.

Yes 0.6 035 1.8 0.935 0.1
Repeat laparotomy
Packed cell volumen admission (%) 10.03 0.02 0.97 0.931.01 0.18
Heart rateon admission (beats/min) 10.013 0.01 0.99 0.971.01 0.17
Duration of surgery (min) 0.006 0.004 1.01 0.991.01 0.1
Heart rateat 36 h postoperatively (beats/min) 0.03 0.01 1.03 1.011.05 0.005
Postoperativeeflux No Ref.

Yes 1.14 0.34 3.14 1.616.13 0.002
Purulent incisional discharge Ref.

Yes 0.54 033 1.7 0933 0.11
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Supplementary Table-30 continued

Variable Coef. SE OR 95%ClI LRT p-
(b) value
Postoperative colic No Ref.
Yes 2.1 0.45 8.05 3.3119.3 <0.001

Coef = regression coefficient, SE. = standard error, OR = odds ratio, and Cl =confidence interval, Ref.
= referencecategory GGE = Guaicol glyceryl ether
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Supplementary Figure3-1: Plots of P-spline smoother.
of continuous pre, intra- and postoperative variables
investigated for association with the riskof reducec
probability of survival following colic surgery (Datase
A). . p-vlues <0.05 indicates a significant nonlinear
association with the risk gpostoperativemortality. PCV =
packed cell volume, HR = heart rate, TP = total protein, bg
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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%
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CHAPTER 4

EFFECT OF PERI OPERATI VE LI DOCAI
ON SURVI VAL AND POSTOPERATI VE
FOLLOWI NG LAPAROTOMY FOR TREAT
SMALL I NTESTI NAL LESI ONS

The work in this chaptdras been publisheas a paper.

Salem, S. E., Proudman, C. J. and Archer, D. C. (2016) 'Has intravenous lidocaine
improved the outcome in horses following surgical management of small intestinal
lesions in a UK hospital populationBMC Veterinary Researgii2(1), x11.
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4.1 Summary

Perioperative lidocaine treatment is commonly used in horses that undergo surgical
treatment of colic, to prevent or treat postoperative (@) and reduce the effects

of intestinal ischaemigeperfusion injury. However, itsioical efficacy has not been
evaluated in a large population of horses unaieggsmall intestinal surgeryhe aim

of the current study was to evaluatkeethersystemic lidocaine administration reduced
prevalence, volume and duration of postoperagflex and improved rates of survival
following surgical treatment of small intestinal lesions. Data were collected as a part
of two prospective studies investigatiqpstoperativesurvival of surgical colic
patients admitted to a UK equine referral hospitaing the periods 20042006 and

2012 2014. KaplarMeier plots of cumulative probability of survival and the-lagk

test were used to compare survival between horses that did or did not receive lidocaine.
The Wilcoxon rak-sum test was used to compéotal reflux volumeand duration of

reflux between the groups. A multivariable Cox proportional hazards model was used
to identify pre and intraoperative risk factors for nsarvival. Risk factors foPOlI

were also examined usiagnuntivariable logistic rgression 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 20122014 compared to the 2002006 cohort (16.7%). Periopensi
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 postope
mortality included packed cell volume (PCV) on admission (hazard ratio [HR] 1.03
95%, 95% confidence interval [CI] 1.00406, p-value = 0.024), heart rate on
admission (HR 1.014, 95% CI 1.0a4024,p-value=0.008) and duration of surgery
(HR 1.007 95% CI 1.0021.01, p-value = 0.008). Risk factors identified for POR
includedpacked cell volumen admission, period of hospital admission, diagnaofsis

a pedunculated lipoma obstruction, pelvic flexure enterotomy, sideside

jejunocaecal anastomosiad duration of surgery.

In conclusionthere was no evidence to suggest lisltcaine therapy haaheffect on

the prevalencef postoperative reflux, total refluolumeand duration of reflux nor
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did it have any effect on postoperative survival in asrsindergoing surgical
management of small intestinal diseasetfeatmentof colic. There is a needf a
well-designed multicentrprospective 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 magement of colic and it increases the risk of
postoperative mortalityCHAPTER 3) In horses at high risk of POI or where POI
develops postoperatively, prokinetic drugs are frequently used. Lidocaine,
erythromycin, metoclopramide, cisapride, mosapride jatkdanechol are agents that
have been evaluated as prokinetic drugs in horses through c{@meastet al. 1991,
Gerringet al. 1991, van der Velden and Klein 1993phenet al. 1995a, Daret al.

1996, Brianceaet al.2002, Maloneet al.2006)or experimental (botm vitro andin

vivo) studies(Nieto et al. 2000, Milliganet al. 2007, Cooket al. 2008, Cooket al.

2009, Okamurat al.2009)

Lidocaine is a local anaesthetic agent, which has antiarrhythmic, analgesic and
prokinetic properties when administered systemically in hur(tdasisonet al. 1963,
Trautet al. 2008, Krankeet al. 2015) Lidocaine has also been used as an adjunct to
general anaesthesimahumando reduce pain induced by propofol injectidierada et

al. 2014) to reduce laryngospas(Mihara et al. 2014) to preventopioid-induced
coughing (Sunet 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 andin vivo models. Systemically administered lidocaine has been found to
have antinflammatory properties such as reduction afawsal COX2 expression

and neutrophil count in ischaerigured equine intestine or amelioration of the
negative effects of flunixin meglumine @acoveryof injured mucosgCook et al.

2008, Cooket al. 2009) Lidocaine therapy has been proposed as a treatment option
for horses with inflammatory conditions ¢igt gastrointestinal tract including POl and
recovery fromischaemicinjury (Cook and Blikslager 200&nd 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,
metoclopramidend lidocaine on jejunal motility in adult Thoroughbred horses found
improved jejunal motility in response to cisapridesaprideand metoclopramide but

not with lidocaine reatment (Okamura et al. 2009). Additionally, lidocaine
administration in normal horsedsat 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 @meduced faecal output in normal hor§essieckiet

al. 2008) More recenin vitro studiesreported positive effects of lidocaine on the
contractility of smooth muscle isolated from equine jejunum in ischaemia and
reperfusion injury modelg§Guschlbaueret al. 2011, Tappenbeclet al. 2013a,
Tappenbeclet al. 2013b) The effect was found not to be specific to lidocaine and
smooth muscle contractility was induced with other agents including mexiletine,
bupiacaine, tetracaine and procai(ilEappenbecket al. 2013a) Overall, limited
evidence has been found to support the use of perioperative lidocaine as a therapy for
POI (Salemet al. 2016) Despite this, lidocaine therapy is frequently used in horses
undergoing surgical treatment of colic. A receuatvey of European Equine Internal
Medicine ad Surgery Diplomates reportdtht 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 PObiadyLefebvreet al.2015)

In the study hospital, intravenous lidocaine has become more frequently uked in
perioperativemanagement of horses undergoing surgical management of small
intestinal lesions fotreatmentof colic, and in particular horses at increased risk of
POI.Work presented in CHAPTER 3 demonstrated the importance of POl and the fact
that lidocaine adminisation 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, theaim of the current stly was to investigate whether routine use of
lidocaine in this population of horsestdiead any effect on thgrevalence anduration

of postoperative refluand total reflux volume in horses, and to determine whether it
has altered rates of postoperatbuevival orwasa 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 Résear
Ethics Committee (RETHO00368REC207).Owners provided informed consent to
be incluakd in the colic survival studies.

4.3.1Study population

The study population consisted of 2 cohorts of horses that underwent surgical
treatment of colidueto a primary small intestinal lesion thie PLEH, University of
Liverpool. Horses were recruited onttie study if they underwent exploratory
laparotomy for treatment of colic, were diagnosed with allsmizstinal lesion at
surgeryand stood in the recovery box following general anaesthesia. The first cohort
were horses admitted in October 200Mlovembe 2006, when lidocaine was only
used intermittently in colic patients, and the second cohort was admitted in October
20127 November 2014 after lidocaine use had become implemented more routinely
in horses undergoing small intestinal surgery for treatrakenblic based on studies
published between the two time periods advocating it§Matneet al. 2006, Cook

and Blikslager 2008, Torfset 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 (11 mg/kg bwt g. 12 h), and antimicrobial therapy with procaine penicillin (12
mg/kg bwt i.m. g. 12 h) or procaine penicillin and gentamicin (6.6 mg/kg bwt i.v. q.
24 h) for 35 days based on the surgical procedure performed (e.g. enterotomy,
resection an@énastomosis) and clinician preference. In this group of horses that had
primary small intestinal lesions, all received intravenous fluid therapy (lactated
Ringerds solution) for at | east the fi
to tolerateoral 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 wh calcium and potassium where required. Nasogastric intubation was
performed at 24 hourly intervals oncegstoperative reflux developethis continued

until reflux ceased and oral water and feed were then gradually reintroduced 4ver 3

days. Where refix persisted, repeat laparotomy was undertaken or horses were
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euthanasebased on lack of response to treatment and/or owner finances. Monitoring
of small intestinal motility and diameter was performed ultrasonographically in some
horses. Lidocaine therapyas usually administered during anaesthesia and
immediately following placement in the stable following recovery from anaesthesia
for most horses in the 20024 cohort unless clinician preference or lack of client
finances dictated otherwise.

4.3.2Data collecton 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 clinicalclandopathologcal
examinationsGeneral appendi®). Postoperatively, clinical parameters includihg

net volumeof reflux obtained and medications administeredravrecorded 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 farsh&Z

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 t#004 2006 and 2012014 cohorts,

respectively.

Administration of lidocaineintra= or postoperatively wagecorded 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/mirnute continuous rate infusion (CRRIDue to the fact that is difficult to

confirm true POI and to differentiate it from other causes of small intestinal obstruction
e.g. mechanical obstruction that may occur postoperatifeggeman 2008, Merritt

and Blikslager 2008)the term postoperative reflux (PORStewartet al. 2014,
Gazzerroet al. 2015) was used in the current studyhis was defined as a net
nasogastricreix of O2 |l itres on at | east two co
postoperativelyfFrerch 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.
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4.3.3Data analysis

4.3.3.1Descriptive data aralysis

Survival time was calculated as a continuous variable starting from the date of surgery
until the date of death or censoring. Horses were cedsbthey were lost to follow

up or were alive at the last interview date. Survival time was usedstrectrKaplan

Meier plots of cumulative probability of survival and the-lagk test was used to
compare survival between diffetesurgical diagnosis categoriasd between horses

that did or did not receive lidocaine CiRtra- or postoperatively. A chéquare 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
prevalencef POR between the two cohorts. ThWdcoxon ranksum testvas used to
comparethe numberof days that the horses were classified as having POR and total
reflux volume between horses that received or did not receive lidocainet@Rbr
postoperativelyHorses diagnosed with equine grass sickness (EGS) were excluded

from statistical analysd®roudmaret al.2002b)

4.3.3.2Modelling risk factors for non-survival

4.3.3.2.1Univariable analysis

Explanatory variables were screened for univariable association with time to death or
censoring using univariable Cox proportional hazards models. Variables that were
found sgnificant at a likelihood ratio test (LRT-value<0.25 were considered for

i nclusion into a multivariable model . Va
excluded from the analysis and categorical variables with few observations in some
categories wer recategorised into fewer, dagically plausible categorieB.e ar s on 6 s
correlation coefficient was used to test for collinearity between explanatory variables.

I f variabl es wer e (Rausgbhettgl. 2a0Bar weeelcensicered (r O
to be measuring the same exposure, the variable that resulted in a greater reduction in
residual deviance was select@toudmaret al. 2005a) The functional form of the
relationships between continuous predictor variables and survival time was explored
usng penalized regression modéRherneau and Grambsch 2000he results from

these models were examined graphically and variables that demonatsegadicant

nontlinear association with survival were fitted aspline smoothers, otherwise a

linear fit was ©ilosen. Data prprocessing and reategorisation were performed using
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Epi Info7 software(Centre for Disease Control, Atlanta, Georgia, US3)rvival
analysis was performed using theurvival statistical package (version 2.38.1)
(Therneau 2015n R software environmer{version 3.2.2 (R Core Team 2014A

critical probabilityof 0.05was usedor all analyses.

4.3.3.2.2Multivariable analysis

A multivariable Cox proportional hazards model considering only vasamleasured

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 & RT p value <0.05 and a
redudion in Akaike information criterion by at least RXIC >2) when nested models
were compared. Eliminated variables were then forced back into the final model to
assess for confounding and tw@y interactions between variables remaining in this
model wereevaluated for statistical significance. The proportional hazard (PH)
assumption was evaluatdy plotting complementary lo¢gpg survival curves and
scaled Schoenfeld residuals for variables remaining in the model. This was also
assessed statistically uginthe TherneaGrambsch noproportionality test
(Grambsch and Therneau 1984)implemented byties ur ¢ioxalzphoé funct
R. Scaled changes in regression coefficients associated with the exochision
individual data points (dekbetas)were plotted in order to identify influential
observations. The model wasnen following removal of any influential data poiiit (
0.4<deltabetas>0.4) to evaluate their leverage on parameter estimates. Potadl fit
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 rang@es02 (5)
(Fitrianto and Jiin 2013)The effect of surgeon and of anaesthetisthenprobability

of survival was tested in the final model by including each of these variablésidty a

term (random effect) in the final model.

4.3.3.3Modelling risk factors for POR

POR was modelled as a dichotomoy®s{ng outcome variable using logistic
regression analysis. Univariable analysis was performed as described previously
where variables witla univariable Walgp-v al ue O0. 25 were consid
into a multivariable logistic regression model. The same correlation {dfcualue

was used to identify highly correlated variables and the functional form of the
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relationships between conmuous explanatory variables and the outcome variable was
examined usingeneralisedadditive models (GAMsfHastie and Tibshirani 1990)
Variables that demonstrated a significant+fioear relation with the risk of POl were
evaluated as a secodegree polynomial term. To reduce the effect of collinearity,
continuous variables wercentred by subtracting the mean of the variable from all
recordedobservationgKleinbaumet 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 wede retained if their inclusion resulted in a
significant improvement in model fit (LR <0.05). The final model was tested by
forcing back all excluded variables oc@aé¢atime to ensure that no significant or
confounding variabkhad been excluded. Tweay interaction terms were evaluated

in the final model and model fit was evaluated using the Hadmaareshow goodness

of fit test statistic using 10 groups divided by deciles of fitted vaMeslel stability

was assessed by examination of the standardidesbdtas as detailed previously.
Logistic regression analysis was performed ugtngpftware(version 3.2.2 (R Core
Team 2014)Statistical significance was setpaf0.05.

4.4 Results

4.4.1Results of descriptive analysis

Of 342 horses that underwent laparotomy for treatment of a primary small intestinal
lesion, 318 were reagited onto the study (24 horses were excluded due to a diagnosis
of EGS). The followup periods were the same for botludst cohorts with all
interviewsconcluded approximately 3 months following the last recruitment date. This
resulted in 272.6 horse ysaof 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 si@btein

4-1. There was a significant increasehenumberof horses diagnosed with idiopathic
focal eosinophilic enteritis (IFEE) lesions in the 202@14 cohort compared to the
2004 2006cohort (19.7% vs 7.2%). Surgical managetrdithese lesions also varied
where78.6 % (11/14) of horses diagnosed with IFEE lesiorz®0% 2006 admission
yearshad intestinal resection and anastomosis during surgery compared with none in

2012 2014 admisen years There was a significant reduction time frequencyof
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horses in which intestinal resection and anastonweasperformed, particularly the
frequency of siddo-sidejejunocaecaanastomosis in recent admission years.

Table 4-1: Results of descriptive data analyses comparing the two study cohorts

Diagnosis / types of small intestinal 2004 2006 20122014 G - Total
anastomosis / prokinetic drugs / admission admission value
postoperative reflux years years

Horses diagnosed with small intestinal lesic 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)
lleal 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 intestinadsection and 115 (63.9) 56 (41.8) <0.001 171 (54.5)
anastomosis (EGS cases excluded)

Sideto-side jejunocaecal anastomosis 42 (24.3) 12 (9) 0.001 54 (17.2)
Sideto-side ileocecal anastomosis 3(1.7) 0(0.0) - 3 (0.96)
Sideto-side jejunojejunahnastomosis 4(2.2) 0 (0.0) - 4(1.3)
Endto-end jejunoileal anastomosis 9 (5) 15(11.2) 0.04 24 (7.6)
Endto-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 presentgsults 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 betweetwih study cohorts. Ghi
squar e pg-waldep commaknyg these frequencies and total frequencies are shown. Data are
presented as numbers (%).

Cumulative probabilitiesof survival of horses in théve most frequent diagnosis
categoriemreshown inFigure4-la. 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. Therdmd test of the
probability of survival between these small intestinal lesions was significpavisdie

= 0.038. Cumulative probability of survival did not differ significantly between horses

in the two study cohorts (legank tesp-value = 0.79) Figure4-1b)
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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 period2(@&0dnd 2012

2014 admission years). The curves are marked at each of censoring time (tick marks on the curves).
The logrank testp-values and number of h@s in each category are shovEFE = epiploic foramen
entrapment, IFEE = idiopathic focal eosinophilic entetiftd. O = pedunculated lipoma obstruction

177



4.4.2Effect 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 202214 (34.8%) compared to horses
admitted in 200¥2006 (16.7%) (Table4-1). POR resulted in a significant reduction

in the longterm probability of survival and this effect was evident throughout the
follow-up period Figure4-2a). There was no statistical evidence that intraoperative
lidocaine administration had any effect on ldlegm postoperative survivdog-rank
testp-value = 0.72) Figure4-2b). Because postoperative lidocaine treatment was not
assigned randomly and horses were administered ntigidication 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 develdp $&parately. Such
comparison did not reveal any significant improvemenheprobabilityof survival

in lidocainetreatedhorses Figure4-2c 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 rasém p-value = 0.75 and 0.86
respectively) or postoperative lidocaine therapy (Wilcoxon+amk p-value = 0.15

and 0.14respectively) Figure4-3).
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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 andhorses that received or did not receive lidocaine CRI intraopeigti{#). 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 legank testp-values are shown.
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Figure 4-3: Boxplots demonstrating the effects of lidocaine therapy on thduration of

POR and total reflux volume.Duration of postoperative reflux (POR) and total reflux volumeswer
compared between horses that were administered lidocaine continuous rate infusion postoperatively (A
and B) or intraoperatively (C and DYhe box represents the2&nd 73" percentiles of the data, the
horizontal line across the middle of the box eg@nts the median and the dot is the mean-&ost
postoperativly, Intra-op = intraoperatively

4.4.3Risk factors for postoperative survival

Results of univariable analysis of continuous and categorical variables are available in
supplementary materialS@pplementary Tabld-1 and Supplementary Tabld-2).

The functional form of the relationships examinegbpalisedegression models was
nonlinear for the variable heart rate on admission #reteforethis variable was
evaluated as penalisedsmoothed term in the multivariable mod€igure 4-4). A

final multivariable proportional hazards model is shownTable 4-2. Variables
identified to be associated with increased risk of postoperative mortality included
packed cell volumgPCV) on admission, heart rate on admission and duration of
surgery. There was a significant multiplicative intéi@acbetween duration of surgery

and EFE (hazard ratio 1.013, 95% confidence interval 1103, p-value = 0.027),
meaning that the hazard ratio comparing horses with or without EFE depends on the
durationof surgery. The random effects of surgeon andnaesthetist tested in the

final model were not significanp{value= 0.98).
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The proportional hazards assumption was satisfied in the final multivariable model
(global p-value fromthe TherneauGrambsch noproportionality test = 0.94). A

single influential data point was identified fdine variable PCV on admission
(Supplementary Figuré-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 raunning the model resulted in 33% increase in regression
coefficient of this variable. Thebservation was found to be accurately recorded, so

was retained in the mod@&our poorly fitting data points were idengifl on a deviance
residual plot Supplementary Figur4-2).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
admissioom f O4d % wrngery dur ation of O105 minut

of 1 day.

Table 4-2: Multivariable Cox proportional hazards model of variables associated with
the risk of reduced survival

Variable Coefficient Standard Hazard  95% CI of p-

error ratio hazard ratio value
PCV on admission (%) 0.032 0.014 1.033 1.0041.06 0.024
Heart rate on admission (beats/  0.014 0.005 1.014 1.0041.024 0.008
"the linear effect"
Duration of surgery (min) 0.0066 0.0025 1.007 1.0021.01 0.008
EFE No Ref.

Yes 10.66 0.77 0.52 0.111.35 0.39

Surgery duration x EFE 0.013 0.006 1.013 1.0021.03 0.027

The data are from 318 horses that survived following laparotfomyreatment of small intestinal
lesionsonly 302 horses were indied in the model duet to missidata for some variable§he model

is adjusted for the nelinear relationship between heart rate on admission and probability of survival.
PCV = packed dévolume,Cl = confidence intervaEFE = epiploic foramen entrapmerRd. =
reference category

4.4 .4Risk factors for POR

Results of univariable analysis of continuous and categorical variables investigated for
association with the risk of POR are availableSapplementary Tabld-3 and
Supplementary Tabld-4. The functional form of the relationship between surgery
duration and the log odds ofOR was nodinear and therefor¢his variable was
assessed as a second degree polynomial term in the multivariable Rigded4-5).

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 adidesesection and
pelvic flexure enterotomy which ar@herently correlated with surgery duration
Results from these models are givemaible4-3 andTable4-4. There was no evidence
of lack of fit in both models as indicated by The Hosrhemeshow test, in addition

none of the modelsontainednfluential data points.
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Figure 4-4: Plots of Rspline smoothers of continuous preand intraoperative variables.
Penalised regression models were used to investigate the functional form of the rdjatibesiveen

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 aleng the x
axes represent the number of data pmiDotted horizontal lines are at log hazard of zero. ffvalues

are from chisquare tests for nelinearity where a significanp-value(p >0.05) indicates a nctinear
associationTP = total protein, PCV = packed cell volume
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Table 4-3: Multivariable logistic regression analysis model of variables associd with
the risk of POR.

Variables Categories Coefficient Standard Odds 95% Clof p-
error ratio the OR value
PCV on admission (%) - 0.049 0.017 1.05 1.0211.09 0.004
Surgery duration - 10.0003 9.7x10° 0.997 0.990.99 0.002
(centredj
Surgery duration - 0.016 0.006 1.02 1.0041.03 0.01
(centred)
Pedunculated lipoma No Ref.
obstruction Yes 0.77 0.33 22 114415 0.02
Admission year 20122014 Ref.
20042006 10.94 0.33 0.4 0.20.73 0.004
Pelvic flexure No Ref.
enterotomy Yes 0.71 0.41 2.04 0.94.6 0.08
Small intestinal None Ref.
anastomosis Enctto-end  10.36 0.54 0.7 024199 051
Side-to-side 0.312 0.43 1.4 0.613.2 0.47

Data were collected from 318 horses that survived following laparotomy for &eatof small

intestinal lesions.n this modelsurgery duration was included as a second degree polynomial term.
Number of observations in the final model is 303. The HoéneMme s how t est pwodluat i sti c
= 0.68) suggested that the model was a good fit. Cl = confidence int®@& = pacled cell volume

Table 4-4: Multivariable logistic regression model of variables associat with the risk
of POR (duration of surgery excluded)

Variables Categories Coefficient Standard Odds 95% CIl of p-
error ratio the OR value
PCV on admission (%) - 0.051 0.016 1.05 1.021.1 0.002
pedunculated lipoma  No Ref.
obstruction Yes 0.75 0.32 211 1.133.96 0.02
Admission year 20122014 Ref.
20042006 11.002 0.31 0.37 0.20.66 0.001
Pelvic flexure No Ref.
enterotomy Yes 0.93 0.38 253 121535 0.01
Small intestinal None Ref.
anastomosis End-to-end 0.12 0.47 1.12 044278 0.8
Sideto-side  0.81 0.34 223 114442 0.02

Data were collected from 318 hors#isat survived following laparotomy for treagmt of small

intestinal lesions.r this modelsurgery duration was excluded for the model building process. Number

of observations in the final model is 305. The Hosmerme s how t est walued sti c (
0.24) suggested that the model was a good fit. Cl = confidence intBx@#l = packed cell volume
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recovered following laparotomy for treatment of small intestinal lesi@ims plots show the fitted curves
with 95% confidence intervals (dashed lines) and the rug plots alongakes<represent the number

of data pointsDotted horizontal lines are at log odds of zdP€V = packed cell volume
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4.5 Discussion

The current study find no significant effect ointrae or postoperative lidocaine
therapy onthe durationof 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 findingaloine

et al.(2006) Lidocaine is currently commonly administered postoperatively in horses
that have udergone surgical management of colic based on its perceived prokinetic
properties(Lefebvreet al. 2015) These findings are important and demonstrate the
need for further evaluation of the efficacy of lido@atreatment 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 confybata previously reported rates

of 91 33% (Blikslageret al. 1994, Proudmast al.2002a, Cohemet al. 2004, Torfset

al. 2009) The frequency ofintraa or postoperative lidocaine treatment was
significantly greater in horses that underwent surgical treatment of small intestinal
lesions in 20122014 cohort, but # 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-sidejejunocaecahinastomoses was also significantly
reduced in the 2012014 admission group. This is likely to be due to awareness of
the effects of intestinal resection and anastomosis and cfcs&iée jejunocaecal
anastomosis on reduced postoperative survi@ading to some owners choosing to
have horsesuthanasedn the operating table rather than continue with treatment or
in equivocal cases, surgeons choosing noesectpotentially viable small intestine
(Freemaret al. 2000, van den Boom and van der Velden 2001, G&ewoet al.

2005, Proudmaret al. 2007) It is not possible to determine why the prevalence of
POR was increased in the 202P14 surgical cohort who routinely received
perioperative llocaine therapy, nor to attribute it directly to lidocaine asehis was

not a randomised study. However, surgeons being more likely to leave small intestine
that would undergo ischaemiaperfusion injury may have resulted in increased
prevalence of PR in the 20122014 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 theanable IFEE was not significantly associated with P@R (
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 consieer unlikely to alter the likelihood of postoperative
mechanical obstruction occurring (and subsequent development of 8&R¢se are
thickened lesions that cause acute colic dugrple obstruction at the sitsd any
physical thickening of intestirat the site of IFEE lesions left in situ (i.e. not resected)

IS comparable to that of an anastomosis.

In humans, systematic reviews and rratalysis of randomised clinical trials have
investigated the prokinetic and agesic properties of lidocainé:ollowing open
abdominal or laparoscopic surgery in adult humans, lidocaine has been found to be
associated witlsignificant reductioain postoperative pain sca@éSunet al. 2012,
Kranke et al. 2015, Venthamet al. 2015) However, the evidence for prokinetic
efficacy is variable. Evidence akduced time to first flatus, time to first bowel
movement or likelihood of POI was found to be of low qualikyankeet al. 2015)
Comparison of the efficacy of 15 systemically acting prokinetic drugsdatmenbf

POI versus placebo in another systematic review reported that only lidocaine and
neostigmine have an effect on gastrointestinal recovery in the foreda€tion of

time to first flatus and to first bowel moveméntautet al.2008) Lidocaine treatment

was also reported to be associated with reduced duration of hospitahdtafyikeus
following abdominal surgery in another systematic reiglarretet al.2008)

The prokinetic properties of lidocaine have been evaluated previously in equine
surgical colic patients in two separate randomised clinical {Balanceatet al.2002,
Maloneet al.2006) In one of thesgials most of the horses were diagnosed with large
intestinal lesions at surge(20/28) and only two horses developedlPone control,

one treatmentand therefore the prokinetic properties of lidocaine could not be
assesse@Brianceauet al. 2002) In the study byMalone et al. (2006) lidocaine
administration tohorses that developed nasogastric reflux resulted in significant
reduction innumberof horses refluxing at 30 hours pdstatment andeduced
durationof hospital stay compared #salinegroup. The study, however, did not

reportany differences in survival to hospital dischargewy differencean thelevel
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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
diagnosedvith proximal duodenitigejunitis (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
(Salemet al.2016) A prophylactic effect of lidocaine in horses with POI was reported

in a study byTorfs et al. (2009) In the latterstudy, lidocaine was frequently
administeed 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 devdoping POI remains of low qualit{fSalemet al. 2016)and suppod 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 g®rnn 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 effelcide the effect of surgeon

and anaesthetist, but they were assessed in the model and were not significantly
associated witkthe surgicabutcome. It is also important to note that economic factors
may influence the decision to perform surgery or to recbhweeses following general
anaesthesiéReeveset al. 1989a, Christophersest al. 2014)and consequently thi

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
improvementlt istherefore possible thatith longer duration of therapome of these
horses may have survived. We did not specifically investigate whether insurance cover
had an effect othe surgical outcomdliowever, 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 Userses

following intestinal surgery for colic.

In the current study, horses that underwent surgery for treatment of ileal impaction had
the greatest probability of survivalhich is consistent with previous studies
(Proudmanet al. 2002a) IFEE lesions were also associated with hrgkes of
postoperative survivalith a relativelystable proability of survival at around 0.8
throughout the followup period. In contrast, EFE had a poor prognosis for survival
with a median survival time of 370 days, which is again consistent with previous
studiegProudmaret al.2002b, Proudmaet al.2002a, Proudmaet al.2005b, Archer

et al. 2011) In the current studyPCV 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 synd(&iiS)/endotoxaemia on
admission(Proudmaret al.2005a) This emphasises the importance of early diagnosis
and treatment of equine surgical colic patients before development redna
physiological derangemer®RS in order to maximisthe probabilityof survival

following laparotomy.

Risk factors identified tde associated with the risk of PQR horses underwent
laparotomy for treatment of small intestinal lesionsludedthe admission period,
PCV on admission, pedunculated lipoma obstruction (PLO), pelvic flexure enterotomy
(PFE), intestinal resection andastomosis and duration of surgery. PCV on admission
has been previously identified assk factor for PORBIikslageret al. 1994, Roussel

et al. 2001, Coheret 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 populatifrenchet al. 2002) It was thought thatush
associatiormay have beedue to greater distension of the small intestine in horses
affected with PLQFrenchet al.2002) PFEwas reported in one stugRoussekt 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) andiatakhs
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 delayad refer
The study byRousselet 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 diseasdich was previously found to be

protective against POR inmumber of studie@Cohenet al. 2004, Torfset al.2009)

In the current studythere waso evidence to suggest thidocaine therapyad an
effect on the frequency of POR, duration of refluxior was it a risk factor foor
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 cost&@pproximately 678 for 3 days otontinuougreatmenin a 500 kg

horse making it important to fully evaluate the efficacy and dmstefits 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 powervweith
defined inclusion criteria. There should also be a-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, postopesatixreal and

complications.
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4.6 Appendix to Chapter 4

Supplementary Table4-1: Continuous variables investigated for association with the risk of postoperative death.

Variable Median (interquartile Coefficient ~ Standard  Hazard 95% confidence interval LRT p- % of
range) error ratio of the hazard ratio value missing
data
Age (years) 13 (9, 17) 0.0002 0.016 1 0.991.03 0.99 0.9
Weight (kg) 508.5 (434.5, 578.5) 0.001 0.001 1.001 0.991.002 0.51 1.9
Time to referral (h) 12.5 (8, 20.8) 0.014 0.007 1.014 1.0011.028 0.03 195
Heart Rate (bpm) 52 (44, 70) 0.022 0.004 1.02 1.0141.03 <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 1.041.2 0.005 0.63
Duration of surgery (min) 90 (65, 125) 0.01 0.002 1.01 1.0071.015 <0.001 0.63
Heart rate at 12 h postoperativéhpm) 52 (44, 64) 0.03 0.006 1.03 1.021.04 <0.001 6.3
Heart rate at 36 h postoperatively (bpm) 44 (36, 48) 0.036 0.05 1.04 1.031.05 <0.001 10.4

Data were collected from 318 horses that survived following gereratsthesia 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 (intexggejtileRT = likelihood atio test, bpm =
beats per minute
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Supplementary Table4-2: Categorical variables investigated for association with the risk of postoperative death

Variable Category Descriptive Codfficient Standard Hazard  95% confidence LRT p- % of
data error ratio interval of the value missing
No. (%) hazard ratio data
Animal breed TB/TBX 86 (29.7) Ref. 9.12
WB / WBX 26 (9.0) 0.24 0.36 1.27 0.632.57
Draft / Cob 71 (24.57) 0.14 0.38 1.15 0.66'1.99
Pony 50 (17.30) 10.15 0.33 0.86 0.45 1.65
Other 56 (19.38) 0.036 0.3 1.04 0.581.87 0.88
Sex Female 108 (34.0) Ref. 0.0
Male 210 (66.04) 0.4 0.22 15 0.972.3 0.06
Surgery performed out of hours No 111 (35.016) Ref. 0.31
Yes 206 (65.0) 10.18 0.2 0.8 0.6/1.24 0.37
Season of admission Spring 88 (27.67) Ref. 0.0
Summer 77 (24.21) 10.05 0.27 0.95 0.551.63
Autumn 92 (28.93) 10.12 0.26 0.88 0.5315
Winter 61 (19.18) 10.07 0.28 0.93 0.531.6 0.97
Reflux on admission No 184 (75.41) Ref. 23.3
Yes 60 (24.60) 0.44 0.24 1.55 09725 0.07
Guaiacol glycerinetherfor anaesthesia No 288 (90.57) Ref. 0.0
induction Yes 30 (9.43) 10.4 0.4 0.67 0.315 0.28
Thiopentone for anaesthesimluction No 279 (87.74) Ref.
Yes 39 (12.26) 10.026 0.3 0.97 0.531.78 0.93
Ketaminebased anaesthesia induction No 34 (10.7) Ref.
Yes 284 (39.31) 0.05 0.3 1.05 0.552.02 0.88
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Supplementary Table-2 continued

Variable Category Descriptive Coefficient  Standard Hazard  95% confidence LRT p- % of
data error ratio interval of the value missing
No. (%) hazard ratio data

Anaesthetic inhalation agent Sevoflurane 65 (21.52) Ref. 5.03
Halothane 11 (3.64) 10.33 0.61 0.7 0.222.4
Isoflurane 226 (74.83) 10.19 0.23 0.83 0.521.31 0.68

Lidocaine during anaesthesia No 182 (62.12) Ref. 7.86
Yes 111 (37.88) 10.08 0.2 0.92 0.6/11.4 0.72

Small intestinal anastomosis No 147 (46.23) Ref. 0.0
All side to side 61 (19.18) 0.63 0.25 1.9 1.143.1
anastomoses
All end to end 110 (34.6) 0.47 0.23 1.6 1.022.5 0.02
anastomoses

Side to side small intestine anastomosis No 257 (80.82) Ref. 0.0
Yes 61 (19.18) 0.4 0.2 15 0.972.3 0.08

Resection No 150(47.17) Ref. 0.0
Yes 168 (52.83) 0.6 0.2 1.77 1.212.6 0.004

Pelvic flexure enterotomy No 267 (84.76) Ref. 0.94
Yes 48 (15.24) 0.47 0.24 1.6 0.992.6 0.06

Pedunculated lipoma obstruction No 227 (71.38) Ref. 0.0
Yes 91 (28.62) 0.03 0.2 1.03 0.681.6 0.88

Idiopathic focal eosinophilic enteritis No 275 (86.48) Ref. 0.0
Yes 43 (13.52) 10.61 0.35 0.55 0.281.08 0.06

Epiploic foramen entrapment No 275 (86.48) Ref.
Yes 43 (13.52) 0.59 0.24 1.8 1.122.9 0.02 0.0

Repeat laparotomy No 289 (90.88) Ref.
Yes 29 (9.12) 1 0.25 2.7 1.654.5 <0.001
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Supplementary Table-2 continued

Variable Category Descriptive Coefficient  Standard Hazard  95% confidence LRT p- % of
data error ratio interval of the value missing
No. (%) hazard ratio data
Postoperative reflux No 240 (75.47) Ref. 0.0
Yes 78 (24.52) 0.87 0.2 2.4 1.623.6 <0.001
Postoperative colic No 168 (52.83) Ref. 0.0
Yes 150 (47.17) 0.5 0.2 1.65 11124 0.01
Diarrhoea No 299(94.03) Ref. 0.0
Yes 19 (5.97) 0.014 0.4 1.014 0.472.18 0.97
Purulent incisional discharge No 234 (73.58) Ref. 0.0
Yes 84 (26.42) 10.052 0.24 0.56 0.370.96 0.026
Postoperative lidocaine treatment No 204 (65.18) Ref. 1.6
Yes 109 (34.82) 0.37 0.19 1.45 0.972.13 0.06
Postoperative lidocaine plus metoclopramide No 305 (97.44) Ref. 1.6
Yes 8 (2.56) 1.66 0.37 5.24 2.52110.91 <0.001
Admission years 20122014 138 (43.4) Ref. 0.0
2004 2006 180 (56.6) 10.053 0.19 0.95 0.651.39 0.79

TB/TBX = Thoroughbred/Thoroughbred cross, WB/WBX = Warmblood/Warmblood Cross, Ref. = reference category, season mttabsifsias spring (MardhMay),
summer (Juné August), autumn (SeptembieNovember), wintefDecembei February), surgery performed out of hours was defined as surgery performed between the hours
of 5pmi 9am Monday Friday and at any time over the days of Saturday or Sunday.
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Supplementary Table4-3: Continuous variables investigated for association with the risk of postoperative reflux (POR)

Variable Horses without POR Horses with POP 78 Regression  Standard Oddsratio 95 % Cl of odds Wald p value
240 (75.4) (24.5) coefficient error ratio
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 1.0071.03 0.002
Packed cell volume (%) 38(33.25, 43) 42 (36, 48) 0.051 0.015 1.052 1.0271.085 0.001
Total plasma protein (g/l) 68 (62, 72) 70 (64, 76) 0.027 0.012 1.027 1.0021.05 0.035
Time to referral (h) 12 (8, 19.9) 12.75 (10, 22) 10.0002 0.009 0.99 0.981.016 0.98
Duration of surgeryminutes) 85 (60.5, 115) 105 (86.25, 130)
Duration of surgery (centred) - - 0.008 0.003 1.008 1.0021.01 0.01
Duration of surgery (centretl) - - 10.001 0.001 0.99 0.990.99 0.07
Resection length (metre) 0.15 (0, 2.44) 0.91 (0, 2.44) 0.053 0.053 1.054 0.951.17 0.32
Heart rate at 12 h postoperatively (bpm. 48 (44, 60) 61.17 (48, 76) 0.03 0.008 1.03 1.0151.05 0.002
Heart rate at 36 h postoperatively (bpm 40 (36, 48) 48 (42, 60) 0.037 0.009 1.04 1.021.06 <0.001

Data were collected from 318orses that survived following general anaesthesia for treatment of small intestinal lesions and investigated for assitii#tienmisk of
postoperative reflux using univariable logistic regression models. Descriptive data are presented as metjaar(iildaange). The variable duration of surgery wag no
linearly associated with the log odds of POR #imeteforewas analysed as a second degree polynomial term. bpm = beats per minute
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Supplementary Table4-4: Categorical variables investigated for association with the risk of postoperative reflux (POR)

Variable Category No POR 240 POR 78 Regression Standard Odds 95 % CI of odds Wald p value
(75.4) (24.5) coefficient  error ratio ratio

Sex Female 87 (81) 21 (19) Ref.

Male 153 (73) 57 (27) 0.43 0.29 1.54 0.892.76 0.15
Out of hours admission No 83 (75) 28 (25) Ref.

Yes 156 (76) 50 (24) 10.05 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) 10.46 0.36 0.63 0.31.3 0.4

Winter 42 (69) 19 (31) 0.31 0.37 1.36 0.652.81 0.5
Reflux on admission No 144 (78) 40 (22) Ref.

Yes 38 (63) 22 (37) 0.73 0.32 2.1 1.113.9 0.002
Small intestinal anastomosis No 116 (79) 31 (21) Ref.

Side to side 50 (82) 11 (18) 10.19 0.39 0.82 0.371.73 0.6

End to end 74 (67) 36 (33) 0.6 0.29 1.82 1.043.2 0.04
Sideto-side anastomosis No 190 (74) 67 (26) Ref.

Yes 50 (82) 11 (18) 10.47 0.36 0.62 0.291.23 0.19
Resection No 119 (79) 31 (21) Ref.

Yes 121 (72) 47 (28) 0.4 0.26 15 0.892.52 0.13
Pelvicflexure enterotomy No 209 (78) 58 (22) Ref.

Yes 29 (60) 19 (40) 0.86 0.33 2.36 12245 0.01
Pedunculatetipoma 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 No 209 (76) 66 (24) Ref.
enteritis Yes 31(72) 12 (28) 0.2 0.37 1.22 0.5712.46 0.58
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Supplementary Table-4 continued

Variable Category No POR 240 POR 78 Regression Standard Odds 95 % CI of odds Wald p value
(75.4) (24.5) coefficient  erro ratio ratio

Epiploic foramen entrapment No 203 (74) 72 (26) Ref.

Yes 37 (86) 6 (14) 10.78 0.46 0.45 0.171.05 0.09
Intraoperative lidocaine No 143 (79) 39 (21) Ref.

Yes 75 (68) 36 (32) 0.57 0.27 1.76 1.033 0.04
Lidocaine postoperatively No 179 (88) 25 (12) Ref.

Yes 57 (52) 52 (48) 1.87 0.28 6.5 3.7611.6 <0.001
Admission year 2012 2014 90 (65) 48(35) Ref.

2004 2006 150 (83) 30 (17) 10.98 0.27 0.38 0.22°0.63 <0.001

Data were collected fror818 horses that survived following general anaesthesia for treatment of small intestinal lesions and investigatstifition with the risk of
postoperative reflux using univariable logistic regression mot@ITBX= Thoroughbred/Thoroughbred cros4/B/WBX = Warmblood/Warmblood CrosRef. = reference
category season of admission classified as Spring (Mardiay), Summer (Juné August), Autumn (SeptembieMNovember), Winter (DecembéFebruary) surgery
performed out of hours was defined as surgery performed between the hoursid®&mpnvonday Friday and at any time over the days of Saturday or Sundascripéive
data were provided as number (percentage
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PCV on admission Epiploic foramen entrapment (EFE)
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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 pat was evident for the variable packed
cell volume (PCV) on admission.

197



>

O -
& o -
>
o
T o
[=2]
o
Al — No EFE
-= EFE
e}
' T 1 1 1
1 5 10 50 500
log survival days
B
o (e}
e ' M e 1. Yh - At

Deviance Residuals
1 2
] 1
So
(o]
s B
2 2o
55
ok
: )
&
8

0 50 100 150 200 250 300

Observation No.

Supplementary Figure 4-2: Complementary log log Kaplan-Meier survival curve for
epiploic foramen entrapment (EFE) and adeviance residual plot. The complementary
logt log KaplanMeier survival curvef EFE on a logarithmic scale jAuggests that the proportional
hazards assumption is satisfied for this variable (Therf@eambsch nosproportionality test pvalue

= 0.24). A deviance residual plot from the final multivariabl@Cproportional hazards model YA
demonstrates four outlying data points (deviance residuals >2.5).
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CHAPTER 5

OPTI MI SI NG METHODS FOR STUDYI NC
FAECAL MI CROBI OTA
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5.1 Summary

Previous studies have reported that different DNA extraction techniques from human
faecalsamplesor different sample handling techniques can result in variations in the
DNA yields and in the structure aficrobial 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 othhe microbial community profile ohorsefaeces

and to investigate if thesaicrobial communitieswere distributed homogerously
within the test samples. Faecal samples were collected from 7 horses 2 fiereks a
foaling andwereprocessed witlor withouthomogenzationin a liquid mediunprior

to DNA extraction and creation @6SrRNA amplicon libraries. Furthermore, a faecal
sampe was collected from a single horse and the DNA was extracted from either sing|
or multiple faecal balls witbr without priorhomogenisatioto test how homogenous

a microbial profile was within a sample. The I@iorrent PMG nextgeneration
sequencingNGS)technology was used to sequence these amplicon libraries and the
resulting sequence data reeanalysed using the QIIME aliloconductor statistical
packages in R. Additionally, the effect of bead beating on the DNA yield obtained
from horse faecesvasinvestigated through performing 12 DNA extractionghva

bead beating stemcorporated into 6of these extractions. The studgentified
significant effects of sampleandlingon the microbial community profile and on the
quantities of the DNA obtaine®ifferences in microbial compositiavere also found

in subsamples obtained from a single faecal sample

200



5.2 Introduction

The advent of nextgeneration sequencingNGS) techniques has provided
unprecedented insights into complex microbial communities imgudhe gut
microbiota. Unlike other molecular techniqueisereonly known bacterial groups are
detectedusing predesignated oligonucleotide probes, sequencing provides an open
ended view of microbial communities aras a resujtmany new taxa have been
identified (Wylie et al. 2012) Despite the improved sensitivity of these RPkaged

NGS techniques arttieir potentialto detectunculturable organisms and those of low
abundance, they have inherent shortcomings and biases. Each physical, chemical and
biological step starting from sampling to obtaining #&SrRNA amplicon libraries

can be a potential source of bias. For examperous processinthat is required to

lyse Grampositive bacteria (due to a thicker cell wall) may lead to excessive
fragmentation of the Gramegative bacterial genome (whibhs a thinner cell wall)

with subsequent formation of more claeraDNA fragments (von Wintzingerodeet

al. 1997) Different DNA extraction methods or different sample handling techniques
have also been shown to result in extraction of different quantities of DIdddition

to variation in phylotype abundance and composition of microbial communities
(Martin-Laurentet al. 2001, Liet al. 2003, Feinsteiret al. 2009, Cabrokt al. 2010,

Wu et al. 2010, Daviset al. 2012, Gorzelalet al.2015) NGS of DNA isolated from
subsamples taken 1cm apart from the same stool samplemansresulted ina
consistentelative abundance of major taxa (those of a relative abundance greater than
1%). However, 35% of low abundance taxa were not detected in the secacateepl
(Wu et al. 2010) The same study also demonstrated that recovetiiegbhylum
Firmicutes was impraad and that aheBacteroidetes was reduced when bead beating

in hot phenol was incorporatedarthe extraction process. Quantitative PCR analysis
of DNA isolated from five subsamples of a single stool sample also revealed greater
variation in microbialcommnunity composition compared withomogenisatiorof
samples by grinding in liquid nitrogen prior to DNA extract{@orzelaket al.2015)

The authors of the latter study suggested that reduction of within sample variability
can be adeved by freezingsampleswithin 15 minutes ofcollection and by
homogenisingfrozen stool sampleprior to DNA extraction. These findings are

important because associating variasionmicrobial communitycompaositionto an
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underlying disease or physiological status without consideration of the effect of sample

processingnay result in spuriousr misleading results.

Similar optimisation studies of DNA extraction frahe horse faecemelacking The
high daily faecal outpuof the horse, estimated to Be62 + 1.69kg/100 kgbody
weight (Williams et al. 2015) can makea collection of a representative sample
difficult. Furthermore, due to the high fibre content tfe horse faeces,
homogenisation as described Byprzelaket al. (2015) can be impractical. Several
sample handling technigsi@rior to DNA extractionhave been described in equine
faecalmicrobiota studies Thesehaveincluded:direct DNA extraction from frozen
samplegWilling et al.2009, Gronvolcet al.2010, Costat al.2012, Dalyet al.2012,
Dougalet al. 2012, Blackmoreet al. 2013) thawing of frozen samples and mixing
themwith a sterile spatuléDougalet al.2013, Schostegt al.2013) homogenisation
with water in a stomaché¢BShepherdet al. 2012, Faubladieet al. 2013) or washing
sampleseveral times in phosphate buffered sajEledoet al.2009)

The aims ofthe currentstudy were to test whether the horse faecal mictabio
distributehomogerously within a sample, to compare the effect of two methods of
sample procesng prior to DNA extraction on microbiotamposition and to explore
the effect of bead beating on the quantity of DNA extracted.

5.3 Materials and methods

5.3.1Experiment I: Test for homogenous distribution of thehorse

faecal microbiota

A single faecal sample was used for this experiment. Freshly vizidedl 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 thecollection of the sample. Individual as well as multiple fabe#ls were

used to prepare four sets of ssdmples. In the first set, five DNA extractions were
undertaken from five different locations of a single faecal ball using 200 mg of faecal
materialfrom each (samples labelled $1S5). The remaining portioof 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 stomaclisTOMACHER® 80 Biomaster)at high speed
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for 10 minutes. The homogenate was then subjected to centrifugafid600 x g at

4 °C for 15 minutes The supernatant was discarded and DNA was extracted in
quadruplicate using 200 mg from the solid phase (samples labelledSil). Five

other faecal balls were then used for DNA extraction using 200 mg from each (samples
labelled M1i M5). The same faecal balls were then mixed using a sterile spatula and
10 g of the mixture wresubjected tdiomogenisatiomn a stomachercentrifugation

and DNA extraction as detailed above (samples labelled MiVIH4). All DNA
extractionswere performed using the QlAamp DNA Stool Mini KQIAGEN, UK)
aspethemanuf acturerds recommendations. Two
3 mmtungsten carbideeads QIAGEN, UK) in aQIAGEN TissueLyser IQIAGEN,

UK) at a frequency of 30 Hz dninitial incubation at 95C instead of 70°C were
incorporated in thextractionprotocol Successful extractionagverified through gel
electrophoresis of 1) of the DNA extract in 0.8% agaroseix TAE (Trisacetate

EDTA) buffer gels staied withpedSREEN (PEQLAB, UK) gainst 0.5g of Lambda
DNA/Hindlll marker (ThermoFisher, UK) and visualisieda gel docExtractedDNA

was then stored at20°C until needed.

5.3.2Experiment II: Effect of sample homogenisationprior to DNA
extraction on faecalmicrobiota composition

Faecal samples were collected from 7 broodmares 2 weeks post foaling. The samples
were collected as a part of a longitudinal study investigaéngporal stabilityof the
horse faecal microbta during the periparturient periodCHAPTER §. Samples
(approximately 200 g each) were collected from the ground diréctigwing
defecation into zipped plastic bags. The bags were movedittga dit the stud farm

and once alsamples were collectethe sampleswere moved to &80 °C freezer
where they were stored f@& months.Before DNA extractionthe samples were
allowed to thaw at room temperatuveeremixed with a sterile spatuland he total
community DNA was extracted from approximately 200 mg of faecal material per
sample Another set of DNA extractiamwas performed from the same samples
following homogenisation in a stomacher as dbsd aboveDNA extractionwas
performed usinghe QIAamp DNA Stool Mini Kit(QIAGEN, UK) with bead beating

aspreviouslydescribed.
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5.3.3Experiment Ill: Effect of bead beating on DNA yield

DNA was extracted in duplicate from 6 faecal samples collected from hospitalised
horses at the PLEH uginQlAamp DNA Stool Mini Kit (QIAGEN, UK) with or
without a bead beating step. Bead beating was performed in a QIAGEN TissueLyser
Il using 3 mmtungsten carbidbeads for two minutes. DNA yields were compared
betweenlie two methods (bead beatingwsbeat beating) through gel electrophoresis

of 10m of isolated DNA in 0.8% agarose in 1x TAE buffer gel stained with
pedGREEN (PEQLAB, UK) against Omy of Lambda DNA/Hindl marker
(ThermoFisher, UK). A 20 cm long gel was run at 4 V/cmXnTIAE bufferfor 1 h

and visualisedhn a gel doumentation system

5.3.416SrRNA gene amplification and amplicon sequencing

Bacterial DNA isolatedrom samples in Experiment | and Il were amplified using the
universal eubacterial 8F {BGAGTTTGATCCTGGCTCAGSI) and 334R(5-
TGCCTCCCGTAGGAGTCTE3) forward and reverse primer set targeting thé V1
V2 hypervariableaegions of thel6SrRNA gene. The forward primer was linked to
the lon'A" adapter sequence {BCATCTCATCCCTGCGTGTCTCCGACTCAR")

and a samplspecific oligonucletide barcode sequence, while the reverse primer was
linked to the lon 'P1 sequence 5'
CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT). Samples
were amplified in triplicates of 5@ polymerase chain reactiofPCR) mixture
containing 101 of genomic DNAinitially diluted 1:10 in nuclease free wat&igma
Aldrich, UK), 10m 5X Q5 reaction buffer, 10IdX Q5 high GC enhancer, 200
dNTPs, 0.51M of each otheforward and reverse primers, one unitQfigh-Fidelity

DNA polymerase (New England BiolabslK) and nuclease free water to rB0
Thermal cycling condions in Mastercycle? pro consisted of initial denaturation at
98 °C for 5 minutes followed Y 20 cycles of denaturation (98 for 20 seconds),
annealing (53C for 30 seconds) and extension (@2 for 40 second) then a final
extension at 72C for 5 minutesTriplicates of each amplification reaction were mixed
into a single volume of 1561 and successful amplification was verified through gel
electrophoresisQuantification of PCR products waernformed by comparison of
fluorescence intensities with those of known molecular weight standards

(Hyper Ladder E Bidlire,bUK)nuaimgk@eneTools analysis software
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(Syngene, UK).Amplicon mixtureswere then created from equimolar ratios of
ampliconlibraries and were purified using the E.Z.N.A Cycle-Pure Kit OMEGA

bio-tek, USA as pethe manufacturer's protocol.

Amplicon mixtureswvere resolved on 1.5% agarose in 1x TAE buffer gels stained with
ethidium bromide and the desired bands were excised on-aditigansilluminator
Retrieval of amplicons from the agarose gel matrix was achieved via spin columns
developedat the Univesity 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 microceifitrge 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.8ycle-Pure Kit. Pooled
amplicons were then subjected final quality control on the Agilent 2100
BioAnalyser Agilent Technologies, USAwith aproprietaryhigh sensitivity DNA kit

as petthemanufacturer's protocahdweresubmitted for sequencingilising the lon
Torrent PGM (Life Technologies, UK sequacing facility at the Department of
Genetics, University of Leicester. Sample€kperiment | and Il were processed in

two separate sequencing runs.

5.3.5Data analysis

5.3.5.1Sequence filtering, OTU clustering ancchimaera removal

Sequence data were processsuhgthe Quantitative Insightanto Microbial Ecology
pipeline (QIIME, version 1.8.p (Caporascet al. 2010b) Sequences from different
samples werelemultiplexedaccording to their barcode sequenaasd low-quality
sequences were filteredSequences were then clustered oepdarence into
operational taxonomic units (OTUs) at 97% identity threshold utiegeedbased
UCLUST algorithm(version 1.2.22p(Edgar 2010)A representativesequence from
each OTU clusterwere then aligned tothe GreenGenes core set (version 8)3.
(DeSantiset al. 2006) using PyNAST (version 1.2.2 (Caporasoet al. 2010a)
Taxonomic assignments of OTU representatives were performedthsid@LUST-
based consensus taxonomagsigner Chimeric sequences were identified in the
representative sequences using ChimeraS{ajgaset al.2011)and a final OTU table
was createdexcluding identifiedchimeras Gaps and hypervariable regions were
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removed from representative sequences using the Lane mask filter before creating an
approximatelymaximumlikelihood phylogenetic tree using FastTréerice et al.
2010)

5.3.5.2Statistical analysis

Further downstream analyses were perfornre®R software envonment(version
3.2.2)(R Core Team 2014)sing thefollowing statistical packagesegan (Oksanen
et al. 2015) 'metagenomeSédPaulsonet al), 'DESeq2 (Love et al. 2014) and
‘phyloseq (McMurdie and Holmes 2013)

The OTU count data @resubjected to independent filtering (nspecific) to increase

the statistical powgiBourgonet 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 wererepresented by at least 20 regBsoudmanet al.

2015) The read count table was then normalised using the cumulative sum scaling
method (CSS) as implemendt i n the &dmetagenomeSeqd s
method involves scaling of all count data by a dahtaen scaling factor in order to
avoid bias that may be introduced by preferergialplification of certain reads
(Paulsoret al.2013) In addition, the read cout#ble 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 norrdaleg? transformed count

data.

Alpha diversity analysis involved calculatioof Chaol(Chao 1984)and observed

species measures of species richness Shannon(Shannon 1948and Simpson

(Simpson 1949iliversity indices fompopulation diversityfrom the nornormalised,

nortfiltered data andveree x ami ned gr ap hphglaséd ys tuastiinsgt i tc
package. Statistical comparisons of the redodtsveen samples extracted with

without homogenisation @na single versus mitiple faecal ballsextractionwere

performed using the Wilcoxon signeank test. Tdest forconsistency of the results,

alpha diversity analysis was also performed in QIIME using the script

6al pha_rarefact i on .algeywas ravefied {subsampledhwitholte OT
replacement to a minimum sequence depth before calculation of alpha diversity

indices.
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The normalised data were clustered hierarchically following calculation of & Bray
Curtis (Bray and Curtis 1957and a weightedUniFrac (Lozuponeet al. 2007)
dissimilarity matrix based orthe average linkage agglomerativeustering method
(UPGMA). Principal coordinate analysis (PCoA), was performed Bray Curtis

and a weightedUniFrac dissimilarity matrixalculated from the CSS normalised OTU
table. Permutational multivariate analysis of variance (PERMANOVA) was used to
compare BrayCurtis and weightedJniFrac dissimilarity metrics, taking into account

the paired design of the study through the use of horse identity as a blocking variable
via the str atvagarmadopi®@mé mincit m onh & né RwereT h a't
performed within each horsk order to exploréhe consistencyf theresults when a
differentdatanormalisation technique was applied, ordination analysis was repeated
on OTU tables normalised by rarefyinma minimum sequence depth withwithout

prior filtration of low-abundance taxa.

The test for differential abundance was performed by comparing relative proportions
of OTUs following agglomeration by different taxonomic ran{rdissoneet al.

2014) using the Wilcoxon signedhnk test followed by BenjaminHochberg
adjustment for false discovery rat@enjamini and Hochberg 1995)his was
performed on filtered OTableswhich were normalised by ragefg to a minimum

read count. Testing for differential abundance at the OTU level (without
agglomeration) was p®rmed using the DESeq2 statistical packdbeve et al.

2014) DESeq2 uses a Negative Bin@mnWald Test that better reflects tlower
dispersiorof OTU counts between biological replicates. The methodbeas shown

to be efficient in analysingicrobiome datédMcMurdie and Holmes 2014A multi-

factor design was used in order to account for the paired design of the current study.
Both filteredand norfiltered 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 adjustealuewas below 0.1.
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5.4 Results

5.4.1Effect of bead be&ing on the DNA vyield

Incorporating a bead beating stép the DNA extraction protocotonsiderably

improved the amants of the DNA retrieved=igure5-1).

Figure 5-1: Gel electrophoresis of
DNA extracted with (bb), or
without (No-bb) bead beating
from horse faeces Samples are
paired by adjaent lanes. The DNA was
extracted usinghe QlAamp DNA Mini
Kit and the bead beating step was
performed using 3mmnungsten carbide
beads inhe QIAGEN TissueLyser Il at
a frequency of 30 Hz for 2 minutes.

5.4.2Effect of homogenisationon 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 electrophdfapis€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 Samplesare paired by adjacent
lanes. DNA was extracted using the
QIAamp DNA Stool Mini Kit with bead
beating using 3mntungsten carbide
beads inthe QIAGEN TissuelLysdl at a
frequency of 30 Hz for 2 minutes:HN=
non-homogenised, H = homogenised.

5.4 .3Effect of filtration on OTU count

Sequencing oPCRamplified 16S rRNA genes from 18 samples in Experiment |
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@ssive reduction ithetotal OTU count

to 1,559 (18.6%f the original OTUs countlHowever 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, bunlp 6 of them were identified at a relative
abundance of 1% or more. These included Firmicutes, Bacteroiddiesyd€iteres,
Proteobacteria, Spichaetes and Tenericutdadure5-3). Samples from Experiment

Il 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 tatddoent

to 420,128 and of the OTtbunt to 2,500. Table 1 gives information abieinumber

of reads anabservations (OTUs) followingemovalof OTUs represented by single

(singletons) or double (doubletons) reads in the two datasets.
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Figure 5-3: Relative abundance of filtered and CSS normalised OTU count table #he
phylum level from samples in Experiment | @) and Il (B). M, MH, S, SH refer to DNA
extraction fom multiple, multiple homogenisesingle and single homogenised faecal balls.iH17
refer to horse one to horse 7 from which sami@xperiment Il were collected. The asteiisiicates
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 |
and II)

Dataset Original data Singletons Doubletons OTUs OTUs
removed removed shared in  sharedin
Total OTU Total OTU Total oOTy ©S0%of  all
reads count reads count reads count Samples  samples
Experiment | 357,7498,384 355,128 5,763 352,860 4,269 1,748 344
Experiment Il 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 shabetiveen50% of samples and those present in all
samples.

5.4.4Alpha diversity analysis

In terms of alpha diversitneasures, no significant differencesreffound between
thegroupinginformationin Experiment or Il, that is,single vs. multiple faecal balls
extraction and homogemisonvs non-homogeniation (Figure5-4) Performing alpha

diversity analysis in QIIME gave rise to similar msignificant resultsKigure5-5).
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Figure 5-4: Alpha diversity of faecal microbiota calculated on raw count data without
rarefaction from samplesin experiment | (A) and Il (B). Observed species, Chadimpson
and Shannorestimates of alpha diversity are plotted by methods of sample processing. Bars on Chaol

diversity index represent 95% confidence interval. Data points are coloured by sample proa&ssing (
and by horseB). Hom = homogenised, Naddom = norhomogenised
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Figure 5-5: Rarefaction curves from Chaol species richness estimatdrhe OTU table was
randomly subsampled to the minimum sequence depth without replacement before calculation of alpha
diversity indices. Té curves are colodcoded to denote samples processed by different handling
techniques. Hom = homogenised, Ndam = norhomogenised

5.4 5Cluster and adination

Samples in Experimentwere clustered by the ntleod of sampleprocessingvhile
those in Experiment 1l were clustered by individual hqoresher than by methadof
sample processing prior ©ONA extraction (Figure 5-6). PCoA of a Bray Curtis
dissimilarity matrix (norphylogenedt) calculated from samples inxgeriment Il
showed clustering of ¢hdata within individual horses. In additionnning the same
analyss on a weightedUniFrac dissimilarity matrix (phylogeneticsplayed some

clustering between methods of sample processing prior to extraction, that is
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homogenisation vs. Abomogenisation. Some clustering of the samples was also

evident in Experimenit(Figure5-7).

PERMANOVA per f ovegaeadoni®s ifnugn cdt iasignificait effece d
of homogenisatiomf samples in Experiment Ipfvalue= 0.02, R = 0.06 for Bray
Curtis andp -value= 0.02 and R=0.17 for weighteeUniFrac) and of DNA extraction
from single vs. multiple faecal balls in Experimenpiv@lue= 0.03, R= 0.22 for
Brayi Curtis andp-value= 0.002, R = 0.32 for weightedUniFrac) on beta diversity.
Repeating cluster and ordination arsayusing rarefying (random subsampling to a
minimum sequence depilas a different method of data normalisation with or without

filtration of low abundance taxa gave rise to similar results (data not shown).

5.4.6Differential abundance

The Wilcoxon-signedrank test identified some differentially abundant taxa
(agglomerated by phylum taxonomic rartketween the two methods of sample
processing in Experiment Il, but none remained significant following adjustment for
multiple comparison testing. There was a tmy of increased recovery of
Firmicutes, Actinobacteria, TM7 and Proteobacteria Hmymogenisationwhile
Bacteroidetes and Verrucomicrobia were more danhin norhomogenised samples
(Figure5-8). Several differentially abundant taxa were identified by negative binomial
model analysis in Experiment Il daf@igure5-9). The number of significant tests-(
value adjusted <0.1) were 257 and 208 from filtered and-filtared OTU table

respectively.
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filtered and CSS normalised OTU tablesThe samples are labelled by methods of sample
processing. There is s@nclustering in the data frotheexperiment | (A) while samples in Experiment
Il (B) showed no clear clustering especially in the tree built with The-Brayis metric.
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5.5Discussion

The current studyasinvestigated the effect dfvo handling techniques of faecal

samples collected frommorsesprior to DNA extractioron the DNA vyield and on the

microbial community profile examined INGStechnology. Bead beating resulted in

a noticeable increase in the DNA vyield from horse faeces. The influeniceadf

beating on the microbial communityywscture was not investigatedtime currenstudy.

However, previously published studies reported variation both community
composition and DNA quantity following different extraction methdtiartin-

Laurentet al. 2001, Feinsteiret al. 2009, Cabrokt al. 2010, Daviset al. 2012) A
recent study that i nvestigated microbi al
using al6SrRNA gene sequencing methodology reported that successful detection of
Bifidobacteria(the most abundant generainmfa s 6 f aeces) was gr ea
the extractiormethodwhere failure to include beat beating in the DNA extraction
technique resulted in completbsence of the bacterium durisgbsequent sequence

data analysi§Walkeret al.2015) In the study reported her@QIAGEN TissueLyser

Il and 3 mmtungsten carbidbeads were used for the bead beating step, which was
previously found comparable tioeMini Beadbeater 8 in terms of quantitytbEDNA

isolated anaf thenumber of bands in denaturing gradient gel electrophof@sigh

et al.2011)

Homogenisation as described in the current stedylted in a considerable reduction

in the quantity of thdDNA isolated. Homogenisation might have helped to release
fibre adherent bacteria in samglelowever atthe same timeahis mayhave resulted

in loss of many of these bacteria in the discarded supernatant. Although a negative
control was not included irthe sequencing run, a recent study reported that
contamination was a predominant feature of sequencing data from low biomass
samplegTanneret al. 1998, Salteet al. 2014)and this can be a likely problem if

homogenisatiofs performediue toareduction in the amount of DNA isolated

Independent filtering &s been reported to incredke statistical power for detection
of differentially abundant taxancreased sensitivity) througlduction othenumber
of pairwise comparison@ourgonet al.2010) In addition,it has also been reported
to improve beta diversity comparisqBokulich et al. 2013) The current study
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investigated the effect of filtration obeta diversity analysis andn tesing for
differential abundance. No effect of filtration on differential abundance testing was
evidentwhen the data was agglomerated by taxonomic ranks before testing. However,
the number of significantly differentially abundant taxa was increaseth whe OTU

table was subjected to independent filtering prior to negative binomial model analysis,
which corroborates with other studi@ourgonet al.2010) It is plausible that whilst
agglomeration of the data by taxonomic ranks pravalgoodvisual representation

of differential abundance, it reduces the statistical power to detect significant

differencesand testing at the OTU leivghould not be overlooked.

A unique feature othe horse gut microbiota that was previously repoftebudman

et al.2015)and that is also evident in the current study compared with humans is the
greater number of low abdance OTUs. This mighguggestthat 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 ingedtin 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 specaiety and has two components:
richness (a measure of the numbgspecies 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
procesgTurnbaugret al.2009, Elliet al.2010, de Weertbkt al.2013) The aim ofthe
currentstudywasto test ifdirectevaluation of alpha diversity without rarefication as

i mpl e me phyleséd i snt aét i s trasued ih esfinmteskttzagaee close to
those obtained when rareficatianalysigs performed, which has been demonstrated
by these results. Beta diversity, on the other hand, involves splitiabvérsity
among samples, e.the number of OTUs shared between two samples. This can be
qualitative and uses presence/absent@mation to compare community structure

or it can be quantitativand takes into account the relative abundance of OTUs.
Examples of qualitative metrics are Jaccardl unweightedJniFrac dissimilarity
metrics andexamplef quantitative metads are Bayi Curtis and weightedUniFrac
dissimilarity metrics(Lozuponeet al. 2007) Methods used for sample handling

investigated in the current stpdhad a significant impact on beta diversity with an
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effect size olip to 32% in case of single waultiple faecal ball®NA extraction Such
results were consistent with different methods of normalisation and with, or without
independent filtering of theéata. These findings aaésoconsistent with human studies

(N. A. Kennedyet al.2014, Walkert al.2015)

A number of differentially abundant OTUs were itBed by thenegative binomial
analysis modebetween samples processed with or without homogenisation. The
model runs on nonormalised data as varians&bilising transformation of the data

is performed as a part of the mod#irig. One key issue witthesalata normalisation
techniques, including CSS, is that they cannot be used with presence/absence metrics
suchas binary Jaccard or unweightgaiFrac. Data normalisation by rarefying to the
minimum sequence depth also resulted in similar differential abundance and
ordination results confirming this approach can be a wglitbnto data normalisation,
especially when there are large differenicdgbrary size among sampl@d/eisset al.

2015)

For samples iExperiment, themulti-factordesign of a model matrix (to account for
paired design) in DESeg2 could not be creaad thereforea negativebinomial

model was not used to test for differential abundance in this détasetet al.2014).

In the currentstudy, there was a tendendgr increased recovery dfirmicutes and
decreased recovery of Bacteroidetes by homogenisafidre Firmicutes to
Bacteroidetes ratio has been frequently used as a biomarker for differences in
microbial cormunity profiles and dysbiosis in human microbiome stu¢B=svoets

et al. 2013, Chunget al. 2015, Linget al.2015) The impact of sample processing on
this ratio has been previously documen(édu et al. 2010, Bahlet al. 2012) and
thereforecaution should be taken when comparing results between studies where

different sample processing methods were used.

In conclusion, the study reped here has identified a significant effect of the type of
sample processing prior to DNA extraction thie microbial community structuref
horsefaeces In addition, microbial communities have been shown to vary between
subsamples taken from the same gl@rVvarious normalisation techniques used in the
current study resulted in consistent results. Filtration of low abwedamUs was
found to increase the statistical power to detect differentially abundant taxa.

Homogenisatioms described in the presstiidy,was found to have a negativepact
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on the DNA yield andvastime-consuming Based on these findingsorse faeces
should bethoroughly mixed before both samplingand DNA extractioninstead of
homogenisation in a liquid mediurmandlow abundance taxshould be filtered prior

to beta diversity and fferential abundance analysis.
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CHAPTER 6

TEMPORAL VARIMAEGNKRL MI CROBI OTA
POPULATI ON OF HORSES MANAGED A
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6.1 Summary

Change in managemeiricluding diet have beerreported to be associated with
increasedrisk of colic Additionally, seasonal patterns of colic identified in some
studies have been attributed seasonal changes in managemesitifts in gut
microbiota compositiom response tdietary and turnout cingeshavebeen 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
microbiotacompositiorassociated with dietary shift$js currently unknown whether

the horse faecal microbiota is stable dugngsistent management at pastdige aim

of the current study was to investigate temporal variation in faecal micrabieta
population of horses managed at pasture-y@and wihout 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 sampleswadused to create 16S rRNA gene
amplicon libraries by PCR amplification of the 42 variable regions of the bacterial

16S rRNA gene. The libraries were sequenced uiirgon Torrent PGM next
generation sequencing technology and the sequence data wergspdoasing the
QIIME pipeline followed by statistical analgsin 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 styrdfic&nt

effects oftiming of sample collection, type of feddrass vs grass & haylage) and
ambient weather conditions on the compositionhefhorse faeal microbiota were
identified. A dear cyclical pattern of change in composition ofstenicrobid
populations was also prominent. These results suggest that the horse faecal microbiota
is in a continuous state of adaptation and changesponse to environmental factors.

The development of colic in relation to change in management may not be duraply

to shifts in gut microbiota composition, but rather reductiothé@adaptive capacity

of thehorse gut microbiota. This hypothesis, however, needs further investigation in a
study that compasgemporal variation in gut microbiota composition in herfeat

did or did not develop clinical signs of colic.
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6.2 Introduction

Colic is an important health problem mfanagedhorse populations and is ranked
highly as a health issue of great concern to horse owltor et al. 2001) It has

been reportedseither the most common or the second most common cause of death
or euthanasia in managed horse populatigaseenest al.1997b, Tinkeet al.1997a,
Irelandet 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 nommodifiable risk factors. Knowledge of factors that can be modified can be
used to devise prem@ive strategies to reduce the incidence of c@lccher and
Proudman 2006)Some of the consistently reported risk factfmns colic include
change in managementludingfeeding 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 stafmhenet al. 1995b, Cohen and Peloso
1996, Tinkeret al. 1997b, Coheret 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 totinakes
dysfunction(colic) (Cohenet al. 1999, Hudsoret 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 overyeadr periodProudman 19923nd

a similar pattern was reported in Thoroughbred horses in traidittiger et al.2001)

Two prospective cohort studies conducted over -mfth period in the USA also
reported increased incidence of colic during the months of December, March and
August(Tinkeret al.1997a)and in spring compared with summer or autyifmaub
Dargatzet al.2001) Sgnificant seasonal pattesihave also been identified for some
specific types of colic including epiploic forament@pment, large colon impaction,
large colon displacementlvulus (Archer et al. 2006) and idiopathic focal
eosinophilic enteritifArcher et al. 2014) Furthermore, seasonal patterns of colic
occurrencéhavebeen identified in a working horse population in EQYPHAPTER

2). It hasbeen suggested that these seasonal patterns of colic incidence may be related
to managemenncludingchanges in feeding practicg@sillyer et al.2001, Archer and
Proudman 2006t is plausible therefore #t changes in gut microbial populations in
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response to changes in dipstterns of turnout and weathmay play a role in these
observed seasonal patterns of colic.

The microbial communities in the horse large intestine, known as intestinal microbiota
(Morgan and Huttenhowe012, Tremaroli and Backhed 201Bpve 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 ca¢icem

and large colon. Volatile fatty acids (VFA), notably acetptepionateand butyrate,
which are the main end products of these fermentation processes, supply
approximately 7680% of the absorbed energy from hay an@3206 of the total
energy requirements of the ho(8zrgman 1990, Vermorel and MarRosset 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 vitghiiniz et d. 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 raped puof lactic

acid, lower the pH athe caecahnd colonic contents and to alter the hindgut microbial
population(Goodsoret al. 1988, Clarkeet al. 1990, Medinaet al. 2002, Dalyet al.

2012) Dysbiosis or dysbacteriosis, defined as an imbalance adikbeiggnt 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, postpartuncolic, laminitis, obesity and inflammatory bowk$eas€Turnbaugh

et al. 2009, Elliet al.2010, Costat al.2012, Dalyet al. 2012, Steelmaret al. 2012,

de Weertlet al.2013, Pareklet al.2015, Weeset al.2015)

There is a growing body of evidence to suggest that perturbation of horse hindgut
microbial communities in response tetdchanggFernandet al. 2014) feeding a
high-concentrate diet(Daly et al. 2012, Moreauwet al. 2014) changes in access to
pasturgvan den Ber@t al.2013)and transportatio(Faubladieet 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 singletsdy has investigate@mporalstability of faecal microbiota of
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ponies fed a commercial diet usingw@tureindependentechnique, namely terminal
restriction fragment length polymorphisiiRFLP) (Blackmoreet al. 2013) The

study collected 10 faecal samples from each of 6 pdetta commercial diaiver a
72-hour period and the same sampling strategy was then repeated after 11 weeks. The
latter study reported significant inteorse variation during the two study periods. This
inter-individual variation is widely acknowledgedn both human and anirha
microbiome studie§Arumugamet al. 2011, Wuet al. 2011, Proudmaset al. 2015)

and should be carefully considered in similar studies to avoid masking of any other
testhypotheseg¢Wu et al.2010) The statistical methods used in the study performed

by Blackmoreet 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 populati®ms not without limitations, aSRFLP is known for

its inability to compare species richness and population diversity between

communitiegDunbaret al.2000)

In the current studya next generation sequencing methodola@s usedo examine
faecal microbiota of a population of horses managedsatigpover a 52veek period.

The main objective of the study was to determine if temporal stability is an integral
feature of the horse gut microbiatahorses that are kept at pastusengstatistical
methods that can differentiate between temporal iadd/idual horse effects. A
secondary aim was to investigate if weather conditions suchirdall and ambient

temperature had any effect on these microbial populations.

6.3 Materials and methods

The study was conducted with tapprovalof the University olLiverpool Veterinary
Research Ethics Committee (VREC207) and informed consent was obtained from the

owner of the horses.

6.3.1Horses

The study population consisted of 7 horses that were managed together on the same
grass paddock yeaound (i.e. these horsesre 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 rangédm 3 to 10 yearsTable6-1). The horses were healthy and

had no history of any changes in diet, turnout, transportation, medical problems nor
had any medications been administered in thd&0period prior to the start of sample
collection. Similarly, noe 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 carershdy 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 receivadpplementaryhaylage and the timing of
introduction and conclusion of this wasorded. Horss5 and 7 received an additional

diet of Course Mix (concentrate feed) during the first three sampling time points only.
During the firstvisit, a horse identification chart was completed artigétal image

was taken of each horse to endiney 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 Breed Sex First WEC (eggs/g) Second WEC (eggs/g No. of

(year) : _ samples
WEC Infection WEC Infection  .gjlected
intensity 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

6.3.2Sample collection

Horseswere sampled every 14 days between 14 April 2014 and 14 April 2015,
contributing 27 sampling time points (sampling time points were labelledid®T1
(Figure6-1). 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 witkin2h our s t ezera 1 80
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 eathanaseafter T4due to askin
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injury to the lower forelimbSamples that were collected at T15 were mistakenly left

in the fridge for a week prior to freeziagd thereforavere excluded from the study.
Table6-2 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.

6.3.3Parasitetesting

The horseavere 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
Table6-1. Infection intensity was classified based on the number of eggs/g of faeces
into zero/low infection (<100 eggs/g), moderate infection {#00 eggs/g) and high
infection intensity (>400 eggs/g). The horses had been administered an anthelmintic
preparation containinghoxedectinand praziquantel 10 days before T4. In order to
explore the effect of such treatment on the horse faecal microbiofgosition 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.

Horse
7

s-HPHHP o
5 @4
éw@@@@@.oooooooaooooo@@@@@@@@ :2

3PP PT 0000000000000 0 HDHDHP (@1
213334 0000000000000 0D PHHPP| Feed

@ Grass
1'@@@@@‘ 000000000000 .$$$$$$$$ @ Grass/Haylage

RN N N G N N N NN N NN NN

Sampling occasions
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  Date Feeds Notes

time points

T1 14/04/2014 Grass and haylage Horses6 and 7 were receiving a diet of Course
Mix

T2 28/04/2014 Grass and haylage Horses6 and 7 were receiving a diet of Course
Mix

T3 12/05/2014 Grass and haylage Horses6 and 7 were receiving a diet of Course
Mix

T4* 19/05/2014 Grass and haylage An anthelmintic was administered 3 days befo
this sampling date. Horse 7 was not sampled

T4 26/05/2014 Grass and haylage -

T5 08/06/2014 Grass Horse 6 waguthanasetiecause of a lower limb
injury, haylage was removed 2 weeks before ~
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 lefi
refrigerator for a week prior tiveezing

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 -

6.3.4Meteorological 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 weoected from a local weather statigwational

Centre for Atmospheric Science 201%his station was not functioning during the
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first 4 sampling dates arttlereforea second nearest weather statonhe sampling
site was used instedd/U WEATHER UNDERGROUND 2015)

6.3.5DNA 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 rafifaecal material per sample using the QIAamp
DNA Stool Mi ni Kit (QlI AGEN, UK) as per t
to maximise bacterial cell lysis, samples were bead beaten after the InhibitEX buffer
was added using sterile 3 mngsten caride beads in a QIAGEN TissueLyser I
(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 1l of the DNA extrat in 0.8% agarose XLTAE
(Tris-acetateEDTA) buffer gel stained witpedGREEN PeQlab VWR, UK against

0.5 nyg of Lambda DNA/HindIll markerl{fe TechnologiesUK) and visualised on a

gel doc. Extracted DNA was storedi@0°C for batch PCR amplificatioaf 16S
ribosomal ribonucleic acid (rRNA) gene. The median time between sample collection
and DNA extraction was 109 days (rangé ¥34 days; interquartile range 83, 136.5
days).

6.3.6Creation of amplicon libraries and sequencing

The universal eubacterial 8F aB84R forward and reverse primer set were used to

amplify the VIV2 hypervariable regions of the bacterial 16S rRNA gene. The
forward -LCATGTEATCECIG@ CGTGTCTCCGACTCAG |BarcodeX]|

Barcode AdaptelGAGTTTGATCCTGGCTCAB 6 ) consisted of the
lon adapter 'A' sequence (sequence in bold),120nucleotide sampligpecific
oligonucleotide barcode sequence (lon Xpress barcodes; Life Technologies), 3
nucleotiddinker sequence and the 20 nucleotide 8F primer (sexpim italics), while

t he reverse pri mete
CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT |TGCCTCC
CGTAGGAGTCTG3 6 ) c o n s i s'Plesdquemde (séghemce In batd) and the

19 nucleotide 334R primer (sequence in iglic
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Samples were amplified in ttipates of 50m PCR reactions as this was previously
reported to reduce PCR amplification b{g®lz and Cavanaugh 1998, K. Kennedy

al. 2014) Each PCR reaction mixture consisted ofrd@f genomic DNAinitially
diluted 1:10 imucleasdree water $igmaAldrich, UK), 10m 5X Q5 reaction buffer,

10 IndX Q5 high GC enhancer, 20@M dNTPs, 0.5nM of each of forward and
reverse primers, one unit ®6ligh-Fidelity DNA polymerase (New England Biolabs,
UK) andnuclease free water up toriOThermal cycling conditions in T100 Thermal
Cycler (BioRad, UK) consisted of initial denaturation at 98°C for 5 min followed by
25 cycles of denaturation (¥8for 20 sec), annealing (53 °C for 30 sec) and extension
(72 °C or 40 second), then a final extension at 72 °C for 5 min. Triplicate PCR
products were pooled into a single volume of fb@nd successful amplification was
verified by gel electrophoresis ofb of amplified products againshbof GneRuler
100bp DNA maker (Life Technologies UK) on a 1.5% agarose X TAE (tris-
acetateEDATA) buffer gels stained with peqGREENhe gels were then visualized

in a getdoc where the expected band size was 400 bp.

Quantification, purification, final quality contrahecksand sequencing of the 16S
rRNA gene amplicon libraries were performed in the Genetics Department, University
of Leicester. The DNA was quantified by resolvingl fom each of the amplicon
librarieson 1.5% agarosm 1X TAE buffer gel stained with ethidm 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 ratioka maximum of 56 samples were then
mixed D create 3 amplicon mixtures. Pooled amplicon mixtures were then purified
using the E.ZNA CyclePure Kit OMEGA biotek, USA following the

ma n u f a cinsuuctiens ®wrified amplicon mixtures were resolved @rb%
agarose inlX TAE buffer gel stained with ethidium bromide and the desired bands
were excised on a bltlght transilluminator Retrieval of amplicons from the agarose
gel matrix was achieved via spin columns developed at the University of Leicester.
Apertures of approximately Inm 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 loaamwale the filtration wool. Tubes were
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twice subjected to centrifugation at 9080g for 2 minutes providing eluates for
purification with the E.Z.N.& Cycle-Pure Kit. Pooledamplicon librariesvere then

subjected to final quality control on the Agilent (81 BioAnalyser Agilent
Technologies, USA with a proprietary high sensitivity DNA kit as per the
manufactureros instructions and were sub

Personal Genome Machine (PGM) sequencing techn@lofgyTechnologies, UK

6.3.7Data analysis

6.3.7.1Sequence filtering, OTUclustering and chimera removal

The data generated frosequencingf 16S rRNA gene amplicons were processed
using the Quantitative Insightgto Microbial Ecology pipeline (QIIME, version 1.9.1,
http://giime.org) (Caporascet al. 2010b) Sequences from different samples were

demultiplexedaccording to their barcode sequen
QIIME script. Quality filtration parameters of this step inclugeaiinimum quality

score of 20, truncation of low quality sequences at the first base if a 20 bp sliding
window was founda maximum barcode error of zer@maximum primer mismatch

of 2,amaximum length of homopolymer of &maximum number of ambiguous bases

of 2,aminimum andamaximum read length or 2@ and 50®p, respectively. From

a total of 14,724,893 input sequees, 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 algorithrfEdgaret al. 2011) The algorithm performs
bothde novdabundancdased) and reference baskimaeraletection. The software

was informed by the Greengen@ersion 13.3 reference databag®eSantiset al.

2006)

Sequences werehén clustered opereference into operational taxonomic units
(OTUs) ata 97% identity threshold usinthe USEARCH (version 6.1.54% (Edgar

2010) A representative sequence from each OTU was aligned to Greengenes core set
(version 13.3(DeSantiset al.2006)using PyNasfCaporas@t 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 @t 80% confidence limit. Representative sequences were then

filtered to remove gaps and hypervariable regions ubmfiane mask before creating
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an approximateiymaximumlikelihood phylogenetic tree using FastTi&®iceet al.
2010)

6.3.7.2Statistical analysis

Statistical analyses were performed on Rvgafe environmenversion 3.2.5(R Core
Team 2014ysing the following dd-on statistical packaggshyloseq(McMurdie and
Holmes 2013) 'ggplot2 (Wickham 2009) 'nlmé (Pinheiro et al. 2015) 'vegan
(Oksaneret al.2019), ‘clustet (Maechleret al.2016)and'DESeq2(Loveet al.2014)

6.3.7.2.1Data filtration and normalisation

Alpha diversity analysis was performed on a fidtered, nornormalised 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) orwererepresented by less than 20 reads from the total sequences.
Data filtration has been previously reported to improve diversity anéBskailich et

al. 2013)and statistical power to detect differentially abundant O{Bésirgonet 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 explorethe 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 afrea plots and tables. Samples collected before and following
the anthelmintic treatment (T3 and T4*) were compared for community diversity using
the Wilcoxonsigned rank test and for community structure using permutational
multivariate analysis of vari@e (PMANOVA) following calculation of Weighted
UniFrac, BrayCurtis and Jensé&Shannon divergence dissimilarity metrics.
Significant differences in community structure were identified and therefore the

sample T4* was excluded from any downstream analysis.

6.3.7.2.2Cluster 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 ubkegartitioning around

231



medoids algorithm (cluster::;pam function in @jGiulio et al.2015b) The number

of clusters (K= 3) wasestimated using the gap statistic. Using these 3 clusters,
nonmetric multidimensional scaling ordination of a Br@urtis distance was
performed. Weather data includirtige highest, average and lowest temperature; the
highest and average wind speed; and rainfall were compared between the identified
clusters usingaKruskalva | | i s r ank sum tpesshodest@®@lnh owed
1961)and Benjamini Hochberg adjustment for false discovery (Bémjamini and

Hochberg 1995)The results of this analysis are presentdabixplots

Constrained ordination analysis was performed using distaased redundancy
analysis (deRDA). The moe! was build using the vegan::ordiR2step function in R.
This function performs automatic forward stepwise selection of explanatory variables
using the two stopping criteria suggestedgnchetet al. (2008) The function tries

to maximise the adjuste®f at every step, and the procedure stops when the adjusted
R? starts to decreaser the adjuste®? of the full model is exceeded, or the selected
permutation significance levep{alue = 0.05) is exceeded. Explanatory variables
available for the model building included time of sample collection; the highest,
average and lowest ambient temperaturehdstjand average wind speed; and rainfall
as continuous variables; and season of sample collectiose faentityand type of

feed as categorical variables. Season of sample collection was classifipdnas
(Marchi May), summer (JuniAugust), autumiiSeptember November) and winter
(Decembeii 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 wuse of t hcapscale: gegamfunction.6 Condi t i

6.3.7.2.3Alpha diversity analysis

Four diversity measures were calculated including observed species and Chaol index
(Chao 1984)for species richness (a measure of the number of species within a
community) and ShannofShannon 1948and Simpson(Simpson 1949)iversity

indices for population diversity (a measure of both species richness and similarity of
speciesabundance within a community). The change of these estimates over time was
first explored using boxplots and loess regression camwésvagshen modelledising

linear mixedeffects (LME) modelling procedures. A random intercept and slope

model was builfor each measure where sampling time was included as a fixed effect

232



variable andvhere thehorsewas includedas a random effect. The models were built
using the maximum likelihood method which allowed expiimn of the effect of

incorporating higher ordeterms of time into models using Akaike information
criterion (AIC) (Sakamotaet 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 meassjendeachincluded different combinations

of weather datavariables The model that best fitted the data was chosen based on the
AIC value Thiswasfollowed by adding other explanatory variables (season of sample
collection and type of feed [haylage vs grassa§lage]) into the chosen model where

the improvement in model fit was tested usihgAIC value Interaction and higher

order terms weralsotested in the final model.

6.3.7.2.4Beta diversity analysis

Community stability over time was investigated by calculating three dissimilarity
metrics (Weighted UniFrac, Bragurtis, and JenséBhannon divergence) as sample

to sample distances (distances between consecutive time points) within each horse.
The trend 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 feféett variable and the horse

as a random effeclThe number of higher order terms that Héttd the data was
identified by comparing models with different higher order terms using AIC.
Predication plots fronfinal models with 95% confidence limits were creat&te

effect of weather data aralculaed distancesvas alsanvestigatedas was described

for the alpha diversity measures.

6.3.7.2.5Differential abundance analysis

Differentially abundant OTUs that were associated with variables of interest including:
feed, highest temperature, rainfall and seadwesé variables were determined based
on the results of cluster and diversity analysis) were identified negative binomial

(NB) models. The models were built suing ESeq:DESeqg?2 function in R. Before
fitting models, the data were further filteredremove OTUs that were present in less

than 25% of the samples. Variance stabilising transformation of the data was executed
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asapart of model fitting and therefore the data were not rarefied in advance. A separate
model was run for each of these vareaband the number of differentially abundant
OTUs (adjusteg-value of €.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 perforaneldhe 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 wasnilegel using the average
linkage agglomerative clustering method (UPGMA) tmlling calculation of a

correlation matrix amon@®TUs.

6.4 Results

A total of 166 faecal samples were collected during the study period. These generated
4,304,569 high quality, nechimeric sequences that were annotated to 58,544 OTUs
(singletons excluded). Bhdistribution of the number of reads across samples was as
follows: aminimum of 10,220 readg,maximum of 62,200 readamedian of 24,180
reads, andn interquartile range of 20,8829,960 reads. Filtration of low abundant
taxa resulted iexclusionof 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 poingsgiven inFigure6-2 andSupplementary
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 01 %. T h eBaaeroidetes; IFitmicetes, Fibrobacteres, Spirochaetes,
Verrucomicrobia ad 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 identifiEgyre 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 changeever tim
The increase inthe relative abundance of Fibrobacteres and Spirochaetes was

accompaniedby a decrease inthe relative abundance of Firmicutes and
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Verrucomicrobia and vice versa. This pattern of change in relative abundance over
time was consistent amgrall horses included in the studSupplementary Figure

6-1). A total of 27 bacterial classes were identified in the data based on the RDP
classifier Cl asses t hat wer e present at 01 %
Fibrobacteria, Spirochaetes, VerrtgpoErysipelotrichi and Alphaproteobacteria. Of

the total OTUs identified in the dataset, 81.23% and 96.1% were not assigned to genus

and species taxomic levels, respectively.
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Figure 6-2: An area plot of the relative abundance of identified OTUs collapsed to the
phylum taxonomic level at different sampling time points

6.4.1Cluster and ordination analysis resilts

The gap statistic suggested that there were 3 clusters in the data. Ordination analysis
using nonmetric multidimensional scaling of a Br@urtis dissimilarity matrix
derived from the OTU table is shown kiigure 6-3. The figure highlights the three
clusters in the data. Weather data apart from rainfall differed significantly among these

clusters Figure6-4).

The variables retained in the final model ofRIDA included season of sample
collection, type offeed (grass vs grass & haylage); doest and highest ambient
temperature. The amount of vaitat in the data explained by this model was 13%
(adjusted R= 0.13).Figure6-5 and Figure 6-6 show the results obtained from this
model.Figure6-5 displays centroids for factor constraintsqadinated of categories
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of factor variables), whil&igure6-6 displays biplot scores for constraining variables

(coordinates of the tips of the vectors representing the explanatory variables).
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Figure 6-4: Boxplots comparing weather data variables among thdhree 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 distancebased edundancy
analysis. The plot displays centroids of factor constraints and the dots represent samples collected

during the study period.
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Figure 6-6: Ordination plot of the first two axes from the distancebased redundancy
analysis. The plot displays biplot scores of constraining variables and the dots represent samples

collected during the study period.
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6.4.2Results of alpha diversity analysis

A nontlinear trend of change over time was prominenéxploratory boxplots and
loess regression plotSipplementary Figuré-2 and Supplementary Figuré-3).
Testing of various different higher order terms of time within the LME models showed
that a significant nofinear trend (cubic polynomial) was evident only for the Shannon
diversity index.Talde 6-3 presents the results of LME modelling of four diversity
measures anéfigure 6-7 shows the prediction plots from the final models. Of the
environmental variables tested, ottig highest ambient temperature was significantly

associatd with alpha diversityTade 6-3).

6.4.3Results of beta diversity analysis

Distances between consecutive sampling time points showed a clelameartrend

of change over timeSupplementary Figuré-4 and Supplementary Figuré-5).
Modelling these distancesing LME modelling showed that the trend of change was
best described with a fifth degree polynomial term of sampling point Prediction

plots from these models are givenkigure 6-8. The association between various
environmental variables and calculated distances was also investigated using LME
models andhe results ofthe final models are presented Trable 6-4. The hghest
ambient temperaturand rainfall weresignificantly associated witthe Brayi Curtis,

theJerseri Shannon divergence affte Weighted UniFrac dissimilarity mas
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Table 6-3: Results of linear mixed effects modelling of alpha diversity measures

Variable Value Std.Error DF t-value pvalue
Regression of alpha diversity measurements against time only

Observed species

Intercept 4272.72 231.26 152 18.48 1.07 x 10%
Time 45.89 11.67 152 3.93 <0.001
Chaol index

Intercept 8250.9 395.85 152 20.84 2.04 x 1046
Time 108.36 20.75 152 522 5.74 x 107
Shannon diversity index

Intercept 6.92 0.09 150 76.99 1.76 10122
Time 0.33 0.63 150 0.52 0.61
Time*? 11.01 0.42 150 712.39 0.02
Time™ 1.098 0.63 150 1.73 0.085
Simpson diversity index

Intercept 0.99 0.00 152 420.23 6.80 x 10235
Time 0.0001 0.00 152 0.93 0.36
Regression of alpha diversity measures against atkglanatory variables

Observed species

Intercept 5482.32 221.38 152 24.76 3.21 x 10%
Highest temperature 139.42 12.47 152 13.16 0.002
Chaol index

Intercept 11236.68 406.56 152 27.64 3.71 x 1081
Highest temperature 1101.275 23.67 152 14.28 3.32 x 10°
Shannon diversity index

Intercept 6.72 0.11 152 63.43 2.89 x 1011
Lowest temperature 0.02 0.007 152 3.22 0.002
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fixed effect variable and horse as a randdfed.
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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 betaliversity measurements against time

Brayi Curtis

Intercept 0.56 0.01 141 90.63 7.17x10 12
Time 1T0.45 0.09 141 T5.30 435x107
Time*? 0.17 0.10 141 1.66 0.1

Time™® 10.18 0.01 141 1T1.81 0.07

Time™* 0.28 0.10 141 2.70 0.008
Time™ 0.37 0.08 141 4.82 3.69x 10 ©
Jenseri Shannon

Intercept 0.28 0.005 141 57.78 4.74x 10 10!
Time 1T0. 33 0.06 141 T5.51 164x10°7
Time*? 0.13 0.08 141 1.64 0.10

Time™® 10.13 0.08 141 T1.58 012

Time™ 0.20 0.08 141 2.38 0.02

Time™ 0.26 0.06 141 4.13 6.19x 10 °
Weighted UniFrac

Intercept 0.22 0.006 141 38.42 1.42x 10 7 ©
Time 1T0.28 0.06 141 T4.63 835x10°
Time*? 0.13 0.08 141 1.65 0.10

Time™® 1T0. 06 0.05 141 T1.20 023

Time™ 0.22 0.08 141 2.66 0.01

Time™ 0.20 0.06 141 3.57 4.8x10 4
Regression of alpha diversity measures against atkglanatory variables

Brayi Curtis

Intercept 0.48 0.02 144 27.08 2.30x 10 58
Highest temperature 0.004 0.001 144 4.12 6.42 x10°
Rain rate 0.01 0.004 144 3.62 4.07x10 4
Jensen Shannon divergence

Intercept 0.22 0.013 144 16.39 9.88x 10 35
Highest temperature 0.003 0.001 144 4.04 8.78x 10 °
Rain rate 0.009 0.003 144 3.4 8.84x 10 4
Weighted UniFrac

Intercept 0.17 0.01 144 13.62 1.16 1
Highest temperature 0.003 0.001 144 3.73 2.75 1
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 wereatattaindregressed against
time and environmental variables.
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6.4.4Differential 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 mdps a
bar plots of OTUs that were significantly associated with the tested variables are given
in Figure6-1071 Figure6-14. 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.
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Figure 6-10: A heat map and bar plots of OTUs hat 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.

0.0 —

0.4

=
[}
|

0.0 =

Lanla [aghs b it el e aletani oyl o [oghs e ale sloplan bl ol [aahn LT g lal pul
Emaanianbanlanltenlonlonlonl o [ad [an [on [ [aN (ol Tap

Sampling time points

243



Feed type Phylum

O Grasshaylage B Actinobacteria [ Firmicutes M ‘Ienericutes

E Grass W Armatimonadetes B Planctomycetes B Verrucomicrobia
B Bacteroidetes I Proteobacteria [ Unassigned
B Cyanobacleria [ Spirochaetes  E Elusimicrobia
@ Fibrobacteres M Synergistetes @ TM7

=]

=]

o
|

il

0.4

=
(]
|

"

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.
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Figure 6-122 A heat map of OTUs significantly associated with season of sample
collection.

245



Figure 6-13: Bar plots representing OTUs that had positive or negative log2 fold change

at eadh of season pairwise comparisonghe 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.

246

































































































































































































































































































































































































































































































































