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Abstract
Synovial infections (SI) are common in horses of all ages and can be associated with high rates
of morbidity and mortality. Early recognition of the condition and prompt institution of
appropriate therapy is considered vital for positive outcomes. Unfortunately, definitive
diagnosis of SI in horses can be problematic. The preferred test for confirmation of bacterial
involvement in synovial disease is microbiological culture; however, this method can have low
sensitivity. The limitations associated with conventional bacterial culture may prevent
evidence-based antimicrobial selection. An understanding of factors associated with survival
and return to function of horses with SI is also important for evidence-based treatment
decisions, and for accurate prognostication of affected horses. While there are a number of
studies that have examined factors associated with prognosis for horses with SI, there is a lack
of agreement in risk factors for outcomes of SI between studies. Furthermore, there are limited
studies from the geographical region of south-eastern Australia, and regional differences may
preclude translation of findings from studies undertaken in other horse populations.
The aims of the research presented in this thesis were to: (i) investigate epidemiological factors
associated with septic synovial structures in horses in south-eastern Australia and (ii)
investigate molecular techniques for the diagnosis of SI in horses. Epidemiological factors
associated with septic synovial structures (part i) were investigated by (i.i) describing outcomes
for horses and foals with SI presented to the Veterinary Clinical Centre (VCC), Charles Sturt
University (CSU) and (i.ii) identifying factors associated with survival to discharge from
hospital and return to function for horses and foals with SI presented to the VCC, CSU.
Molecular techniques for the diagnosis of SI in horses (ii) were investigated by (ii.i)
determination of an appropriate protocol to optimise bacterial DNA extraction from equine
septic synovial fluid (SF), (ii.ii) determination of the efficacy of different 16S rRNA primers
for application to equine septic SF and (ii.iii) comparison of the effectiveness of a broad range
PCR method to microbiological culture for diagnosis of SI in horses.
For the epidemiological study (part i), a retrospective case-control study was used to investigate
the outcomes of horses presented to the VCC with SI. One-hundred and eight six horses were
presented during the study period with SI and 161 were treated. The overall rate of survival for
horses treated was 90.1% (145/161) and return to function was lower than survival at 65%
(79/121). Increasing number of days of treatment with systemic antimicrobial drugs increased
the likelihood of survival for affected horses. Treatment with doxycycline decreased the
likelihood of horses returning to function. However this finding may be explained by the use
10

of this drug in juvenile horses and/or those with infections refractory to treatment with
alternative antimicrobial drugs preferentially receiving doxycycline. The findings of this study,
can be used as a part of evidence-based decision-making when veterinarians are treating horses
with SI.
The results of the molecular studies (part ii), demonstrated that DNA extraction of clinical
equine SF samples being investigated for sepsis was possible using the commercial kit
investigated. However, the results of these studies highlighted that inflammatory debris within
septic SF samples may impede extraction protocols and some modifications to protocols in
commercially provided kits may be required to allow successful DNA extraction. The equine
β-actin gene was determined to be an effective positive control for broad range PCR methods
applied to equine SF. Broad range 16S rRNA PCR was determined to be able to detect
microorganisms in septic SF samples from horses. The sensitivity of this technique was modest
but comparable to the use of microbiological culture in the population. Synovial fluid 16S
rRNA PCR does not replace the use of microbiological culture; however, the method may be
a useful adjunct in a clinical setting.
This thesis provides new information on the understanding of outcomes associated with
treatment of SI in horses, this information can assist veterinarians with evidence-based decision
making for horses with the condition in an Australian context. Additionally, this study has
provided contributions to the knowledge of the use of molecular techniques for the diagnosis
of SI in horses, including the variable sensitivity of the techniques used. Further, the results of
this study support that molecular methods may be of greatest benefit when used concurrently
with microbiological culture, rather than a sole diagnostic method. The use of likelihood ratios
during the interpretation of results of both 16S rRNA PCR and conventional bacteriological
culture were also described.
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sepsis.
Figure A14.2: Box plot of the total nucleated cell counts of horses with and without synovial
sepsis.
Figure A14.3: Box plot of the total protein concentration of horses with and without synovial
sepsis.
Figure A14.4: Mean and 95%CI of the total protein concentration of horses with and without
synovial sepsis.
Figure A14.5: Box plot of the age of horses when evaluated according to cause of synovial
infection.
Figure A14.6: Box plot of the differential neutrophil count of horses when evaluated according
to cause of synovial infection.
Figure A14.7: Box plot of the differential total nucleated cell count of horses when evaluated
according to cause of synovial infection
Figure A14.8: Box plot of the age of horses with synovial sepsis that were culture positive.
Figure A14.9: Box plot of the differential neutrophil count for horses with synovial sepsis that
were culture positive.
Figure A14.10: Box plot of the total nucleated cell count for horses with synovial sepsis that
were culture positive.
Figure A14.11: Box plot of the total protein concentration for horses with synovial sepsis that
were culture positive
Figure A14.12: Box plot of the age of horses with synovial sepsis that were PCR positive.
Figure A14.13: Box plot of the differential neutrophil count for horses with synovial sepsis
that were PCR positive.
Figure A14.14: Box plot of the total nucleated cell count for horses with synovial sepsis that
were PCR positive.
Figure A14.15: Box plot of the total protein concentration for horses with synovial sepsis that
were PCR positive.
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Glossary of abbreviations
AMD

Antimicrobial associated diarrhoea
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Agar plate methods

AUD

Australian dollars

BCM

Blood culture medium
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Basic Local Alignment Search Tool

CI

Confidence interval

COMP

Cartilage oligomeric matrix protein

CSU

Charles Sturt University

CT

Computed tomography

DNA

Deoxyribonucleic acid

EDTA

Ethylenediaminetetraacetic acid

GLM

Generalised linear models

GLMM

Generalised linear mixed models

IQR

Interquartile range

LDH

Lactate dehydrogenase

LR

Likelihood ratio

LR-

Negative likelihood ratio

LR+

Positive likelihood ratio

MA

Meta-analyses

MMP 2

Matrix metalloproteinase 2

MMP 9

Matrix metalloproteinase 9

MRI

Magnetic resonance imaging

Neut%

Neutrophil %

NPA

Negative percentage agreement

OR

Odds ratio

PCR

Polymerase chain reaction

PPA

Positive percentage agreement

RNA

Ribonucleic acid

rRNA

Ribosomal ribonucleic acid

SAA

Serum amyloid A
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Standardbred

SD

Standard deviation

SF

Synovial fluid

SI

Synovial infection

SR

Systematic reviews

TB

Thoroughbred

TNCC

Total nucleated cell count

TP

Total protein

UV

Ultraviolet

VCC

Veterinary Clinical Centre
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1 Chapter 1: Introduction
Synovial infections (SI) are commonly recognised conditions in both adult horses and foals.
This condition can result from wounds or traumatic penetrations of synovial cavities (Schneider
et al., 1992; Wright et al., 2003), iatrogenic introduction of microorganisms during synovial
structure medication or surgery (Steel et al., 2013; Hawthorn et al., 2016) and haematogenous
spread of bacteria (Schneider et al., 1992; Annear et al., 2011; Byrne et al., 2020).
Diagnosis of SI can be challenging. Microbiological culture is the preferred method for
confirmation of disease and, with associated sensitivity testing, can help to direct evidencebased treatment protocols (Orsini, 2017). Unfortunately, microbiological culture methods can
have variable sensitivity, with many reports suggesting less than 50% of infected synovial fluid
(SF) samples from horses will return a positive bacteriological culture result (Madison et al.,
1991; Taylor et al., 2010; Gilbertie et al., 2018). The time to obtaining a diagnostic result may
also be delayed (Dumoulin et al., 2010b), particularly with fastidious, difficult to grow
microorganisms. The difficulties associated with microbiological culture may result in
incorrect diagnosis, delays to diagnosis and leave veterinarians relying on empiric treatment
protocols. The consequence of this possibly increasing rates of morbidity and mortality in
affected horses.
Molecular techniques, such as broad range PCR, have been investigated for the diagnosis of
osteoarticular infection in human (Jalava et al., 2001; Moumile et al., 2003; Verdier et al., 2005;
Fenollar et al., 2006; Kobayashi et al., 2006; Fihman et al., 2007; Rosey et al., 2007; Yang et
al., 2008; Kim et al., 2010; Bonilla et al., 2011; Lallemand et al., 2016; Coiffier et al., 2019)
and veterinary medicine (Crabill et al., 1996; Pille et al., 2004; Pille et al., 2007; Elmas et al.,
2013; Scharf et al., 2015). In human medicine, these assays have been shown to offer possible
improvements in sensitivity (Fenollar et al., 2006; Fihman et al., 2007) for the diagnosis of SI,
including the ability to diagnose fastidious bacteria that are unable to be identified by
microbiological culture and identify microorganisms in the face of antimicrobial treatment
(Waites et al., 2005) (Harris and Hartley, 2003). These possible benefits have also been
reported in the veterinary literature. However, there are limited studies investigating the use of
16S rRNA PCR in dogs (Scharf et al., 2015) and horses (Pille et al., 2004; Pille et al., 2007;
Elmas et al., 2013) for the diagnosis of clinical cases of SI and, as such, further investigation
of these molecular techniques is warranted.
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The prediction of outcomes and identification of variables associated with survival and return
to function of affected horses offers a guide for evidence-based treatment and prognostication
of horses with SI. While there are studies examining factors associated with survival and return
to function of affected horses (Lapointe et al., 1992; Schneider et al., 1992; Steel et al., 1999;
Meijer et al., 2000; Post et al., 2003; Wright et al., 2003; Fraser and Bladon, 2004; Smith et al.,
2004; Smith et al., 2006; Kidd et al., 2007; Wereszka et al., 2007; Vos and Ducharme, 2008;
Walmsley et al., 2011; Findley et al., 2014; Milner et al., 2014; Beccati et al., 2015; Wright et
al., 2017; Gilbertie et al., 2018; Suarez-Fuentes et al., 2018; Isgren et al., 2020) there is a lack
of agreement between studies regarding the effect that many variables have on clinical and
performance outcomes. Further investigation of factors influencing outcomes of affected
horses may help to identify and substantiate the importance of particular variables, as well as
providing more information specific to the geographical location of the study population.

The research questions for this project were:
1. What are the outcomes for horses and foals with SI presented to a single hospital?
2. What factors are associated with survival to discharge from hospital and return to
function following treatment for synovial infections in horses?
3. Is DNA extraction from equine synovial fluid samples with SI possible with a
commercially available kit?
4. Is broad range 16S rRNA PCR able to be utilised for diagnosis of SI in horses?
5. Are molecular techniques such as eubacterial PCR superior to microbiological culture
for the diagnosis of SI in horses?

Thesis structure
The thesis is compiled in accordance with Charles Sturt University recommendations for a
professional doctorate by publication. Chapter 2 is a comprehensive literature review of
important concepts of SI in horses including aetiology, pathophysiology, microbiology,
diagnostic tests, treatment, prognosis and an outline of the research objectives.
Chapter 3 consists of a paper published in Frontiers in Veterinary Science, Veterinary Surgery
and Anaesthesiology in October 2019 entitled ‘Factors associated with survival and return to
function following synovial infections in horses’. This chapter presents the results of a large
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retrospective analysis of medical records, telephone client questionnaire and online race
records in investigation of variables associated with outcome for horses treated for SI.
Chapter 4 consists of a manuscript in preparation for submission to Veterinary Microbiology
entitled ‘Optimisation of DNA extraction from equine synovial fluid for broad range PCR’.
This chapter reports on the findings of an investigation of the use of a commercial DNA
extraction kit for DNA extraction from equine septic SF samples.
Chapter 5 consists of a manuscript in preparation for submission to Veterinary Microbiology
entitled ‘Synovial fluid 16S rRNA PCR for detection of bacterial DNA in horses investigated
for synovial sepsis’. This chapter reports on the findings of an investigation of the use broad
range 16S rRNA PCR for the diagnosis of SI of horses presented to a single hospital over a
two year period.
Chapter 6 consists of a manuscript in preparation for submission to Veterinary Microbiology
entitled ‘The comparison of 16S rRNA PCR and microbiological culture for the diagnosis of
synovial sepsis in horses’. This chapter compares the results from broad range 16S rRNA PCR
done on synovial fluid samples with results of microbiological culture done on the same
samples obtained for the investigation of synovial sepsis in horses from a single hospital over
a two year period. Further, the use of diagnostic accuracy parameters for both testing
procedures are discussed.
Chapter 7 is an exegesis discussing the results of the research included in this theses and the
contributions made to the veterinary profession.
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2 Chapter 2: Literature Review
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2.1 Introduction
Synovial infections (SI) are commonly recognised in both foals and adult horses. In the adult
horse, synovial sepsis is most often caused by traumatic wounds involving one or more
synovial structures (Schneider et al., 1992; Wright et al., 2003), while less common causes
include iatrogenic contamination of a synovial structure during intrathecal medication or
surgery (Steel et al., 2013; Hawthorn et al., 2016). Idiopathic or haematogenous causes are
uncommon in adult horses; however, the haematogenous route is the most common cause of
synovial infection in foals (Schneider et al., 1992; Annear et al., 2011). Invasion of a synovial
structure by microorganisms induces a marked inflammatory response, as innate and adaptive
immune processes are initiated and propagated in an attempt to clear the invading pathogens
(Bertone and McIlwraith, 1987; Bertone, 1996). While these inflammatory and immune
responses can contribute to removal of pathogens, adverse outcomes, including pain and
deleterious effects on articular cartilage can occur (McIlwraith, 1983; Bertone, 1999; Joyce,
2007). Importantly, permanent damage to articular cartilage can result in high rates of
morbidity and risk of mortality in affected horses.
Definitive diagnosis of bacterial SI can be challenging. Microbiological culture is considered
the gold standard technique for diagnosis of synovial infection (Steel, 2008; Richardson and
Ahern, 2012); however, this technique can have low sensitivity, (Madison et al., 1991;
Robinson et al., 2016; Gilbertie et al., 2018) resulting in false negative results, with
implications for clinical management of affected horses. Further, a negative result on
microbiological culture precludes evidence-based selection of antimicrobial drugs for targeted
treatment of causative bacteria. In addition, poor technique and contamination of samples for
culture by skin commensal bacteria or environmental bacteria can result in erroneous and false
positive results (Hodgson et al., 2008). Consequently, veterinarians cannot rely on a single
diagnostic test for diagnosis of SI. In recognition of the importance of a holistic approach to
disease diagnosis, a combination of historical information, physical examination findings,
diagnostic imaging, laboratory analysis of synovial fluid (SF), and microbiological culture are
used to make a diagnosis (Madison et al., 1991; Morton, 2005; Joyce, 2007; Steel, 2008).
Recently, biomarkers in SF, including D-dimers and equine myeloperoxidase, have been
described for the diagnosis of SI and may be a useful diagnostic test to supplement current
diagnostic tools (Ribera et al., 2011; Wauters et al., 2013). In addition, biomarkers may also be
useful for monitoring the response of affected horses to treatment (Jacobsen, 2006; Kidd et al.,
2007). In an effort to increase the sensitivity of disease diagnosis, molecular techniques
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including polymerase chain reaction (PCR) methods have been described for the diagnosis of
SI in horses (Crabill et al., 1996; Pille et al., 2004; Pille et al., 2007; Elmas et al., 2013). These
studies suggest that identification of microorganisms within equine SF, using PCR, is possible
(Crabill et al., 1996; Pille et al., 2004; Pille et al., 2007; Elmas et al., 2013). The results of these
studies suggest that PCR methods may offer advantages, such as improved sensitivity (Pille et
al., 2007; Elmas et al., 2013).
In addition to limitations in obtaining a definitive diagnosis of synovial sepsis, the prediction
of important clinical outcomes for affected animals can be difficult. There is a lack of
agreement between existing studies regarding rates of morbidity and mortality in affected
animals. Reported rates of survival in horses with SI range from 42% to 98% (Schneider et al.,
1992; Steel et al., 1999; Meijer et al., 2000; Post et al., 2003; Wright et al., 2003; Fraser and
Bladon, 2004; Smith et al., 2004; Smith et al., 2006; Wereszka et al., 2007; Vos and Ducharme,
2008; Stewart et al., 2010; Walmsley et al., 2011a; Findley et al., 2014; Milner et al., 2014;
Cousty et al., 2017). There is also a lack of consistency between studies regarding the animal,
treatment and management factors that are associated with outcomes in affected animals. Rates
of return to function vary widely (26—90%) (Schneider et al., 1992; Steel et al., 1999; Post et
al., 2003; Wright et al., 2003; Fraser and Bladon, 2004; Smith et al., 2006; Wereszka et al.,
2007; Findley et al., 2014). In an effort to reduce the impact of disease and improve
determination of prognosis, the identification of variables associated with survival and return
to function of horses with synovial infections would be valuable. This information can be used
by veterinarians to aid treatment decisions, reduce risk of adverse outcomes and improve
prognostication, possibly improving outcomes for affected horses.
Synovial infection can be a difficult condition to diagnose and treat effectively. Improvements
in diagnostic techniques and the identification of factors associated with outcomes may provide
veterinarians with important information to make evidence-based treatment decisions for
horses with synovial sepsis.

2.2 Septic synovitis in horses
2.2.1 Aetiology
The cause of SI differs between adult horses and foals. In adult horses, the most common cause
of synovial sepsis is traumatic wounds and penetrations that communicate directly with a
synovial structure, with reported rates of 43.2–86% of horses with synovial sepsis associated
with trauma or wounds to the affected synovial cavity (Wright et al., 2003; Taylor et al., 2010;
Robinson et al., 2016; Gilbertie et al., 2018). Although less common than direct trauma,
26

wounds and contusions near joints may also lead to infections of underlying synovial
structures, as necrosis of the overlying capsular tissue may occur over several days (Lugo and
Gaughan, 2006; Carstanjen et al., 2010). The distal limb of the horse has limited soft tissues,
predisposing important underlying anatomical structures, including joints, tendon sheaths and
bursae vulnerable to trauma and subsequent infection (Lugo and Gaughan, 2006; Joyce, 2007).
Synovial infection of iatrogenic origin has been reported to occur after intra-thecal medication
or surgery when bacteria, usually of skin origin, are inadvertently introduced into the synovial
space (Steel et al., 2013; Hawthorn et al., 2016) and has been reported to be the cause of
infection in between 3–35% of horses with synovial infections (Schneider et al., 1992; Wright
et al., 2003; Taylor et al., 2010; Cousty et al., 2017; Gilbertie et al., 2018). Despite the concern
of iatrogenic synovial sepsis, the risk of infection post intra–articular medication has been
reported to be low with infection rates of between 0.02-0.08% reported (Steel et al., 2013;
Gillespie et al., 2016; Smith et al., 2019). Despite the low rate of SI following intrasynovial
injection in equine practice, in a recent survey, 46.5% of respondents routinely include
antimicrobials in all intra-synovial treatment regimens (Gillespie et al., 2016). In one study,
the intra-thecal injection of hyaluronic acid and prophylactic antimicrobials was suggested to
be of benefit in reducing the possible chance of SI (Gustafson et al., 1989); however, in
subsequent studies, the use of prophylactic antimicrobials at the time of intra-synovial
medication did not reduce the risk of SI from intra-articular medication (Steel et al., 2013;
Gillespie et al., 2016). These findings and the increased awareness of the need for judicious
use of antimicrobial drugs in veterinary practice, bring into question the appropriateness of the
use of antimicrobial drugs prophylactically when medicating a synovial structure. Factors that
have been associated with increased risk of SI after injection include the use of dexamethasone,
hyaluronic acid, patient preparation (clipping of hair) and the veterinarian performing the
treatment (Gustafson et al., 1989; Steel et al., 2013; Gillespie et al., 2016).
The risk of sepsis post-arthroscopic surgery also appears to be low, with reported rates of
between 0.7–1.11% of horses that undergo elective surgery (Olds et al., 2006; Borg and
Carmalt, 2013; Hawthorn et al., 2016; Brunsting et al., 2018). In horses undergoing
arthroscopy, prophylactic antimicrobial use does not reduce the rates of sepsis: in one study of
septic arthritis post endoscopy, horses that did not receive antimicrobial prophylaxis had a low
rate of sepsis, namely 0.5% of joints or 0.7% of horses (Borg and Carmalt, 2013). Given reports
of antimicrobial-associated diarrhoea in horses have been reported from 22-94% (McGorum et
al., 1998; Cohen and Woods, 1999), careful consideration should be given to the use of
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prophylactic antimicrobials. It is recommended that prophylactic antimicrobials are given
intravenously within one hour of surgery and for a duration of less than 24 hours of therapy
(McIlwraith et al., 2015b). The type of synovial structure operated on may increase the risk of
post-operative sepsis, with associations between surgery of the carpal sheath, digital flexor
tendon sheath or tibiotarsal joint and increased rates of post–operative sepsis (Olds et al., 2006;
Hawthorn et al., 2016). The size of osteochondral fragments has been associated with septic
arthritis, with large fragments (>40mm) associated with increased risk of surgical site infection
and septic arthritis (Brunsting et al., 2018). In addition, breed may be a horse-level factor
associated with risk of post-operative synovial sepsis, with draft horse breeds identified to be
at increased risk of infection (Olds et al., 2006). When an underlying cause of synovial infection
cannot be identified, the origin of infection is considered to be idiopathic and is reported to
account for 6.25% of horses with SI (Schneider et al., 1992). Most authors consider
haematogenous spread of bacteria the most likely cause of infection (Schneider et al., 1992;
Meijer et al., 2000; O' Sullivan et al., 2015; Byrne et al., 2020), although there is often not an
obvious source of bacteraemia in these cases. Haematogenous spread of bacteria and
subsequent localisation in synovial structures is an important cause of SI in foals, particularly
neonatal animals, and occasionally in adult horses. In immunocompetent animals,
haematogenous causes of SI are uncommon and have been reported to account for 5%-22% of
horses affected with septic synovitis (Meijer et al., 2000; Wright et al., 2003; Robinson et al.,
2016). A multifactorial origin for underlying bacteraemia and haematogenous spread of
microorganisms to synovial structures is likely (Schneider, 1998; Byrne et al., 2020): sources
of bacteria may include intra-arterial or intravenous catheters, thrombophlebitis,
omphaloplebitis/omphaloarteritis, urachal abscessation, traumatic or surgical wounds distant
to the site of infection and bacterial endocarditis (Schneider, 1998; Ramzan, 2000; Archer et
al., 2004; O' Sullivan et al., 2015). In a recent study of 11 cases of synovial sepsis with unknown
origin in Thoroughbred racehorses, the authors speculated that a reduction in splanchnic blood
flow may result in localised intestinal ischemia, structural and functional damage to the
intestinal barrier and bacterial translocation may occur in exercising animals, predisposing to
bacteraemia and development of orthopaedic infection (Byrne et al., 2020).
By comparison, in the neonate, septic synovial structures are considered to most often be
caused by haematogenous spread of bacteria (Steel et al., 1999; Vos and Ducharme, 2008; Neil
et al., 2010; Annear et al., 2011; Hepworth-Warren et al., 2015; Wright et al., 2017). Origins
of bacteraemia may include septicaemia (Robinson et al., 1993; Neil et al., 2010; Wright et al.,
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2017), septic foci such as enteritis (Neil et al., 2010; Wright et al., 2017; Oreff et al., 2017;
Reig Codina et al., 2019), umbilical infection, thrombophlebitis (Neil et al., 2010; Wright et
al., 2017), patent urachus (Oreff et al., 2017; Reig Codina et al., 2019), pneumonia, hepatitis,
abscessation in subcutaneous locations (Wright et al., 2017) and septic peritonitis (Neil et al.,
2010). Extension of osteomyelitis can also occur and in one study of 108 Thoroughbred foals
with osteomyelitis, 70.4% had concurrent septic arthritis (Neil et al., 2010). In addition, nonseptic disease processes such as neonatal maladjustment syndrome, prematurity (Neil et al.,
2010; Wright et al., 2017), flexural limb deformity and meconium impaction (Wright et al.,
2017) can result in sequelae that predispose affected neonates to haematogenous spread of
bacteria and SI.
Failure of passive transfer of immunoglobulins in neonates is a well-recognised risk factor for
SI (Robinson et al., 1993; Neil et al., 2010; Steel et al., 2013; Wright et al., 2017; Mealey and
Long, 2018). Although innate immunity is intact in foals, it relies on adequate levels of
complement and immunoglobulins, particularly in the first 1-2 months of life (Bernoco et al.,
1987; Hietala and Ardans, 1987; Mealey and Long, 2018). Failure of passive transfer of
immunoglobulins occurs secondary to inadequate absorption of colostral antibodies, which
normally occurs within the first 24 hours after birth (Robinson et al., 1993; Mealey and Long,
2018). Serum immunoglobulin G (IgG) concentrations greater than 8 g/L (Koterba et al., 1984;
Liepman et al., 2015) are likely required for adequate immunity and should be routinely
measured in neonates, particularly if there is a predisposing risk for failure of passive transfer
(i.e. premature lactation, failure of the foal to nurse, poor quality colostrum) (LeBlanc et al.,
1992; Sellon, 2000; Giguère and Polkes, 2005).
Maternal antibodies can also limit the foal’s immunoresponsiveness and as the foal ages,
catabolism of maternal antibodies may result in inadequate protection (Galan et al., 1986;
Wilson et al., 2001; Mealey and Long, 2018). The adaptive immune system of the neonate is
naïve and can fail to mount the appropriate immune response until the appropriate antigens
have been encountered (Mealey and Long, 2018). The vascular nature of the physeal region in
neonates may also contribute to increased potential onset of disease (Firth and Poulos, 1983).
Due to the possibly immunocompromised state of affected foals, combined with
haematogenous spread of microorganisms, the possibility of polyarthritis must always be
considered (McIlwraith, 1983).
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2.2.2 Pathophysiology

Figure obtained from :
Tarkowski, A., Collins, V., Gjertsson, I., Hultgren, O, H., Jonsson, I., Sakiniene, E., and
Verdrengh, M., 2001. Model systems: Modeling human staphylococcal arthritis and sepsis in
the mouse. Trends in Microbiol. 9, 321- 326. (Figure 1 Hypothetical and highly simplified
scheme of host–bacterium interactions during Staphylococcus aureus arthritis).
Available at:
https://doi.org/10.1016/S0966-842X(01)02078-9

Figure 2.1 Pathophysiology of joint infection with Staphylococcus aureus from Tarkowski et al., 2001.

On introduction of pathogens into a synovial cavity, potentiating factors such as foreign
material, and/or devitalised tissue and/or the nature and number of contaminating
organisms and/or immunologic compromise result in infection (McIlwraith et al., 2015a).
There is an
overwhelming inflammatory response to the introduction of pathogens (van Weeren,
2016). An influx of neutrophils and other inflammatory cells into the infected synovial cavity
occurs
(Bertone and McIlwraith, 1987). Neutrophils phagocytose bacteria, and intracellular death of
pathogens occurs (Kobayashi et al., 2003). Neutrophils then undergo apoptosis and the
apoptotic neutrophils are removed by macrophages through phagocytosis (Haslett, 1999;
Watt et al., 2005; Anwar and Whyte, 2007). Neutrophils and activated synoviocytes
release
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destructive enzymes (Palmer and Bertone, 1994; Spiers et al., 1994) and inflammatory

mediators (i.e. interleukin-1beta and tumour necrosis factor alpha) (van Weeren, 2016).
Articular cartilage undergoes proteoglycan loss from the extracellular matrix and damage to

the collagen network occurs (Smith and Schurman, 1983; van Weeren, 2016). Increased
intrasynovial pressure can result in restricted blood flow to the synovial membrane, resulting
in ischemia of the tissue and may compromise the synovium or articular cartilage (García-Arias
et al., 2011; van Weeren, 2016). Infection can result in the production of fibrinocelluar
conglomerate or pannus (McIlwraith et al., 2015a). These intrasynovial inflammatory deposits
may affect the normal flow of SF, become a nidus for microorganisms, cover foreign material
or devitalised tissue and accumulate high concentrations of inflammatory cells, degradative
enzymes and free radicals (McIlwraith et al., 2015a; van Weeren, 2016). Fibrin also induces
increased synovial fibrinolytic activity (Ribera et al., 2011). Bacteria have also been shown to
have the ability to form free floating biofilms within equine SF (Gilbertie et al., 2019). The end
stages of these pathophysiological processes may include undermining and/or erosion of
articular cartilage (van Weeren, 2016). This can allow the opportunity for the bacterial
adherence to the underlying bone and then the development of infectious osteitis (if only the
bone in infected) and osteomyelitis (if the bone marrow is involved) (Goodrich 2006).
Alternatively bacterial colonisation and osteomyelitis of bone adjacent to a synovial structure
may lead to bacterial invasion of the synovial structure (Richardson and Ahern, 2012; Glass
and Watts, 2017). This is seen most often in foals, as the architecture of the physeal and
epiphyseal vasculature is a predisposing factor for bacterial colonisation (Firth and Poulos,
1983). Infection of the physis can then extend by the closely associated joint capsular
attachment to the joint (Richardson and Ahern, 2012; Glass and Watts, 2017).
2.2.3 Microbiology
Knowledge of the microorganisms that are involved in SI is important as the likelihood of
successful antimicrobial treatment of synovial infection relies on identification of the causative
bacteria and administration of an antimicrobial drug regimen based on sensitivity testing and/or
anticipated sensitivity profiles of the organism(s) and consideration of drug pharmacokinetics
(Orsini, 2017). In addition to influencing treatment regimens, the microorganisms involved in
synovial infection may also influence the prognosis of affected animals (Steel et al., 1999; Vos
and Ducharme, 2008; Taylor et al., 2010; Herdan et al., 2012). Both Staphylococcus aureus
and Salmonella species have been associated with negative outcomes in horses with SI (Steel
et al., 1999; Taylor et al., 2010; Robinson et al., 2016; Gilbertie et al., 2018). Gram-positive
and Gram-negative bacteria, aerobic and anaerobic bacteria and fungi have been isolated from
equine synovial cavities (Schneider et al., 1992; Taylor et al., 2010). The Staphylococcus genus
is reported as the most common isolate recovered from septic SF in adult horses (Taylor et al.,
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2010; Robinson et al., 2016; Gilbertie et al., 2018) (Table 2.1). In some studies, associations
between the underlying cause of infection and isolated microorganisms have been identified,
and these findings may assist in determination of initial antimicrobial treatment regimens, prior
to availability of laboratory data (Lapointe et al., 1992; Schneider et al., 1992; Steel et al., 1999;
Meijer et al., 2000; Annear et al., 2011; Hepworth-Warren et al., 2015; Wright et al., 2017).
Synovial infection resulting from traumatic lacerations and penetrations has been associated
most often with Staphylococcus spp. and members of the Enterobacteriaceae family
(Schneider et al., 1992; Robinson et al., 2017). Horses affected by iatrogenic septic arthritis
have been reported by some authors to have predominate microbiological growths of
Staphylococcus spp. (Lapointe et al., 1992; Schneider et al., 1992; Byrne et al., 2020).
However, more recent literature has failed to observe this association, finding a variety of
bacteria including Streptococcus zooepidemicus, Streptococcus equi, Actinobacillus equi,
Escherichia coli, Propioibacterium spp., Corynebacterium spp.(Meijer et al., 2000),
Citrobacter freundii, Enterococcus spp., non-haemolytic Staphylococcus spp. and
Pseudomonas aeruginosa (Robinson et al., 2016). In foals, microbiological culture of infected
SF often reveals the presence of Gram negative organisms (Schneider et al., 1992; Steel et al.,
1999; Meijer et al., 2000; Annear et al., 2011; Hepworth-Warren et al., 2015; Wright et al.,
2017), including Escherichia coli, Actinobacillus spp., Klebsiella spp. and Salmonella spp.
(Schneider et al., 1992; Steel et al., 1999; Meijer et al., 2000; Annear et al., 2011; HepworthWarren et al., 2015; Wright et al., 2017). Despite these findings of a predominance of Gramnegative bacteria, in one study, foals with septic arthritis had Gram-positive organisms (26/34)
identified more frequently than Gram-negative (8/34), and the authors speculated that
geographical differences may have contributed to this difference in microbiological culture
results (Vos and Ducharme, 2008). From an Australian context, two studies of neonatal foals
with synovial sepsis are available to consider microbiological culture results. In one study,
positive microbiological culture results were obtained from synovial structures of 48 foals, of
which 40 were Gram-negative isolates (Steel et al., 1999). In a later study, Gram-positive
(n=16) and Gram-negative (n=15) microorganisms were isolated with similar frequency from
the SF of foals (Neil et al., 2010). It is unknown whether the differences between these two
studies reflect changing patterns of microbial involvement in foals with synovial sepsis,
although some authors have suggested that the prevalence of Gram-positive bacterial isolates
in bacteraemia in foals may be greater than previously reported (Marsh and Palmer, 2001).
When considering studies from southern Australia with a mixed population of horses,
Staphylococcus spp. were the most common bacterial isolate (Lescun et al., 2006; Walmsley
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et al., 2011). These findings are similar to microbiological culture results obtained from horses
in other geographical locations (Taylor et al., 2010; Robinson et al., 2016; Gilbertie et al.,
2018). Awareness of commonly identified isolates from equine septic synovial structures is
important as it gives information for veterinarians to base empiric therapy choices in the interim
before microbiological culture results are available or if culture results are negative. It can also
give important information regarding prognosis of affected animals.
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%
Culture
positive
for each
study

Number
of
isolates
identified
in each
study

Enterococcaceae spp.

Anaerobes

Enterobacteriaceae spp.

Anaerobes

Aeromonas spp.

Achromobacter spp.

Actinobacillus spp.

Acinetobacter spp.

Bacteroides spp.

Chryseobacterium meningosepticum

Morganella morganii

Moraxella osloenis

Pantoea spp.

Pasteurella spp.

Pseudomonas spp.

Raoultella planticola

Sphingomonas paucimobilis

Sphingobacterium multivorum

Undentified rods

Aspergillus spp.

Candida

Fusarium spp.

Scedosporium spp.

Yeast spp.

Study

Streptococcaceae spp.

Table 2.1 Reported bacterial and fungal isolates from synovial fluid of horses with septic synovial structures. Appendix 1-3 have isolates report to species level for Gram-positive and -negative bacteria and fungi.

Staphylococcaceae spp.

1

52%
70%
25%
86%
54%
72%
79%
65%

114
39
131
72
18
127
75
25

38
11
48
8
12
17
15
6

28
14
8
10
4
38
15
3

9
3
26
8
1
34
24
3

2
3
3
1
0
0
1
0

19
5
36
29
1
23
11
7

3
0
0
0
0
0
0
0

0
0
2
0
0
0
0
1

1
0
0
0
0
0
0
0

5
0
3
11
0
6
5
1

1
0
1
0
0
0
3
1

0
3
0
1
0
0
0
0

0
0
0
1
0
0
0
0

0
0
0
1
0
0
0
0

0
0
1
0
0
0
0
0

0
0
0
0
0
1
0
0

1
0
0
1
0
0
0
1

4
0
2
0
0
5
0
2

0
0
0
1
0
0
0
0

0
0
1
0
0
0
0
0

1
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0

1
0
0
0
0
0
0
0

0
0
0
0
0
2
0
0

0
0
0
0
0
1
0
0

0
0
0
0
0
0
1
0

1
0
0
0
0
0
0
0

80
52
39
64
67

8
35
22
61
56

1
5
2
1
3

0
9
6
11
2

0
1
2
1
7

0
4
0
2
3

7
10
4
32
36

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
4
4
10
3

0
0
0
0
1

0
1
0
2
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
1
4
0
0

0
0
0
1
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
1
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
1

31

75

33

8

14

1
0

9

0

0

0

64
76

6
65

1
10

2
11

2
1

10

0
20

0
0

0
0

0
0

3
0
0
2

2
0
0
2

0
0
1
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

3
0
0
4

0
0
0
0

0
0
0
0

0
0
0
0

1
0
0
0

0
0
0
0

1
0
0
0

0
0
0
0

0
0
0
0

0
0
0
5

100
75

6
85

0
35

2
11

1
1

1
3

1
20

0
0

0
0

0
0

1
3

0
2

0
0

0
0

0
0

0
0

0
0

0
0

0
8

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
2

83
67

5
14
1039

2
3
251
24%

1
2
185
18%

1
0
139
13%

0
0
34
3%

1
6
277
27%

0
0
3
0%

0
0
3
0%

0
0
1
0%

0
2
63
6%

0
0
13
1%

0
0
8
1%

0
0
1
0%

0
0
1
0%

0
0
1
0%

0
0
1
0%

0
0
8
1%

0
0
29
3%

0
0
1
0%

0
0
1
0%

0
0
1
0%

0
0
1
0%

0
0
1
0%

0
0
4
0%

0
0
1
0%

0
0
1
0%

0
1
10
1%

Mixed age

(Gilbertie et al., 2018)
(Cousty et al., 2017)
(Robinson et al., 2016)
(Hepworth-Warren et al., 2015)
(Beccati et al., 2015)
(Dumoulin et al., 2010b)
(Dumoulin et al., 2010a)
(Wereszka et al., 2007)
Foals
(Meijer et al., 2000)
(Neil et al., 2010)
(Wright et al., 2017)
(Steel et al., 1999)
(Schneider et al., 1992)
Adult horses
(Taylor et al., 2010)
Wounds
(Meijer et al., 2000)
(Schneider et al., 1992)
Iatrogenic
(Meijer et al., 2000)
(Schneider et al., 1992)
Idiopathic/haematogenous
(Meijer et al., 2000)
(Schneider et al., 1992)
Total
Percent

Gram+

Gram
-

Fungi

2
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2.3 Diagnostic tests
Due to the limitations with microbiological culture techniques, including low sensitivity and
possible extended time for the detection of slow-growing organisms, veterinarians often rely
on a combination of historical information, physical examination findings and diagnostic test
results to make a diagnosis of synovial infection (Morton, 2005; Joyce, 2007; Steel, 2008).
2.3.1 Clinical examination
Clinical examination of horses and foals suspected to have SI is invaluable and contributes to
determination of the pre-test probability of synovial sepsis. Lameness is often severe (van
Weeren, 2016). Infection and synovial effusion of a closed synovial structure typically results
in a distended, painful joint with marked lameness (American Association of Equine
Practitioners grade 4-5/5) (Honnas et al., 1992; Bertone, 1996; AAEP, 1999; Carstanjen et al.,
2010). When wounds communicate with a synovial structure, leakage of SF from the infected
structure prevents the development of increased intra–articular pressure, and therefore, may
not result in marked lameness (Morton, 2005; Lugo and Gaughan, 2006; Carstanjen et al.,
2010). Wound healing may result in repair of synovial membranes and capsules: the subsequent
containment of the infectious process within the synovial structure can result in increases in
synovial pressure and accumulation of inflammatory mediators within the structure, leading to
nociceptive stimulation and marked increase in lameness (Lugo and Gaughan, 2006;
Carstanjen et al., 2010). During the clinical assessment of a horse with suspected or confirmed
synovial sepsis, it is important to be cognisant that recent administration of analgesic
medication may lessen nociception and level of lameness (Bertone, 1996; Morton, 2005; Lugo
and Gaughan, 2006).
Palpation and flexion of the affected structure can result in demonstrable evidence of pain,
synovial effusion, peri-synovial oedema or cellulitis, and increased cutaneous temperature of
the affected region (Honnas et al., 1992; Lugo and Gaughan, 2006; Joyce, 2007). Systemic
indicators or disease or discomfort including tachycardia and tachypnoea may also be observed
(Morton, 2005; Joyce, 2007). Pyrexia may also occur, however is more common in neonates
than adult horses (Schneider et al., 1992; Glass and Watts, 2017). In addition, neonatal foals
with synovial sepsis may demonstrate signs of depression, lethargy, inappetence or weakness,
and signs of extra-orthopaedic infection (e.g. pneumonia, diarrhoea, infection of umbilical
remnants) (Morton, 2005; Joyce, 2007; Neil et al., 2010; Wright et al., 2017). In adult horses,
trauma in the region of a synovial structure may indicate a suspicion for infection, given this is
the most common cause of synovial sepsis (Wright et al., 2003; Taylor et al., 2010; Robinson
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et al., 2016; Gilbertie et al., 2018). The removal of gross contamination from wounds and
punctures is important to allow thorough inspection of the lesion (Lugo and Gaughan, 2006).
2.3.2 Diagnostic imaging
Diagnostic imaging, in particular ultrasonographic and/or radiographic examination, are used
commonly during the diagnostic investigation of horses with synovial sepsis. It is useful to do
initial diagnostic imaging studies prior to synovial fluid collection, as air may be introduced
during synoviocentesis and this can affect the interpretation of images. While radiographic
examination of the affected region in the acute stage of disease is used to investigate for bony
trauma or presence of radiopaque foreign bodies, it is unlikely be useful to definitively diagnose
synovial sepsis, as the synovial tissues cannot be examined in detail. Despite these limitations,
soft tissue swelling in the region of a synovial structure may indicate effusion and positive
contrast radiography can be useful to detect likely breach of the synovium, particularly if no
SF for analysis can be obtained by synoviocentesis (Morton, 2005; Lugo and Gaughan, 2006;
Bryant et al., 2019). The procedure of positive contrast radiography involves the injection of
aqueous contrast medium (e.g. iohexol), using aseptic technique, into the suspected synovial
structure and then radiographs are made: if radiopaque contrast is detected outside if the
synovial structure, communication between the wound and synovial structure is confirmed
(Lugo and Gaughan, 2006; Barker, 2016; Bryant et al., 2019). Positive contrast radiography is
reported to have high specificity (86.4%) and moderate (59.1%) sensitivity for the detection of
synovial involvement in traumatic wounds (Figure 2.3) (Bryant et al., 2019). False negatives
may occur with self-sealing or chronic wounds and solar penetrations (Barker, 2016). With
chronicity, osteomyelitic changes associated with the infected synovial structure may become
apparent on plain radiographs (Joyce, 2007). In foals with synovial sepsis, radiographic
changes of osteomyelitis are common and can develop more rapidly than in mature animals.
Consequently, radiographic examination of foals is warranted, as between 19.4-78% of foals
with septic synovitis have concurrent osseous involvement (Firth et al., 1980; Martens R, 1980;
Koterba et al., 1984; Paradis, 1992; Schneider et al., 1992; Raisis et al., 1996; Gayle et al.,
1998; Steel et al., 1999; Neil et al., 2010). The predisposition to osteomyelitis in foals is likely
due to haematogenous spread of bacteria and the architecture of the physeal and epiphyseal
vasculature in neonates (Firth and Poulos, 1983). Early detection of osteomyelitis, and number
of bones/joints affected, in foals is important as survival (Raisis et al., 1996; Vos and
Ducharme, 2008; Neil et al., 2010) and subsequent athletic performance of affected animals
may be less than unaffected foals (Neil et al., 2010; Chidlow et al., 2019). In support of the
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benefit of early detection of osseous infection, the short-term survival of foals with
osteomyelitis and concurrent synovial sepsis in a recent study was 80.6% (Neil et al., 2010),
which is considerably greater than rates of survival in earlier studies (23-44%) (Martens R,
1980; Koterba et al., 1984; Paradis, 1992; Schneider et al., 1992; Steel et al., 1999). In adults,
bone involvement in association with SI has been associated with decreased survival (Wright
et al., 2003; Walmsley et al., 2011) and ensuing athletic performance (Walmsley et al., 2011),
emphasising the importance of radiographic examination for prognostication of affected
animals.
Ultrasound examination has diagnostic value in cases of synovial sepsis (Beccati et al., 2015).
Marked effusion and synovial thickening are commonly present in horses with synovial sepsis
and can be assessed ultrasonographically (Beccati et al., 2015). In addition, ultrasonographic
examination can be used for detailed assessment of soft tissue trauma, accumulation of
inflammatory debris, investigation for foreign bodies, bone and tendon defects (Wright et al.,
2003; Whitcomb, 2004; Whitcomb, 2006; Beccati et al., 2015). Ultrasonographic examination
may also facilitate other diagnostic procedures, including synoviocentesis for collection of SF,
distension of the cavity with sterile fluid or injection of contrast prior to radiography
(Whitcomb, 2006). Tendon involvement (Fraser and Bladon, 2004; Wereszka et al., 2007;
Walmsley et al., 2011) and deposits of pannus (Wright et al., 2003), have both been associated
with reduced rates of survival and return to function: as such, ultrasonography may facilitate a
more accurate prognostication.
The uses of advanced diagnostic imaging modalities, including magnetic resonance imaging
(MRI), computed tomography (CT) and nuclear scintigraphy for the assessment of horses with
synovial infection have been described (Long et al., 2000; Morton, 2005; Lugo and Gaughan,
2006; Gaschen et al., 2011). Magnetic resonance imaging and CT can provide improved detail
of osseous and/or soft tissues, in comparison to conventional imaging techniques (radiography
and ultrasonography) (Morton, 2005; Lugo and Gaughan, 2006). Subtle lesions or lesions in
complicated anatomical areas, such as the hoof capsule, can be detected using MRI and/or CT
imaging (Dyson et al., 2003; Morton, 2005; Lugo and Gaughan, 2006). Nuclear scintigraphy
may be useful for lesion localisation, particularly in the axial and proximal appendicular
skeleton, which are regions that are more difficult to examine with conventional methods (Long
et al., 2000; Hoskinson, 2001; Levine et al., 2007; Richardson and Ahern, 2012). The use of
Tc‐HMPAO labelled leukocytes has been described as an effective tool for the identification
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of orthopaedic infections in horses (Long et al., 2000).
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Figure 2.2 The radiographic image on the left shows a penetrating foreign body likely within the navicular bursa. On the right
a positive contrast radiograph confirms communication of the navicular bursa and the foreign body tract after the foreign
body removal.

2.3.3 Testing synovial structure integrity

Figure 2.3 Pressure distension of the digital flexor tendon sheath of a horse, showing communication of this synovial
structure with the wound in the region of the palmar pastern. Red arrows indicate fluid exiting the wound.
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The most convincing evidence that interruption of the joint cavity has occurred, through a
trauma, is distension of the synovial cavity in question (Lugo and Gaughan, 2006; Carstanjen
et al., 2010; van Weeren, 2016). It is important to choose a site for synoviocentesis and pressure
distension remote to wounds, abnormal tissue or cellulitis to avoid introduction of pathogens
into potentially unaffected synovial structures (Joyce, 2007; Moyer, 2011; Smyth et al., 2015;
van Weeren, 2016). Larger needle sizes (19G) may also be associated with higher odds of
bacterial translocation into joints from cellulitis tissue than smaller (20G; 22G) needle sizes;
however, this information is based on an in vitro model (Smyth et al., 2015). To minimise the
risk of iatrogenic SI, it has been recommended that the synoviocentesis site should be
aseptically prepared with antiseptic soap (i.e. chlorhexidine) for a minimum contact time of
seven minutes and then aseptically wiped with 70% isopropyl alcohol until it is free of soap,
just prior to the procedure (Moyer, 2011). First, a SF sample is collected for analysis (discussed
further in Section 2.3.4), then sterile isotonic fluid such as Hartmann’s solution can be injected
into the synovial cavity under pressure (Lugo and Gaughan, 2006). If fluid is seen to egress
from the wound on distension of the synovial cavity, communication of the wound with the
synovial structure is confirmed (Figure 2.2) (Lugo and Gaughan, 2006; Carstanjen et al., 2010;
van Weeren, 2016). The joint should be flexed and extended to determine if fluid egress if
dependent on the position of the limb (van Weeren, 2016). Positive contrast studies (discussed
further in Section 2.3.2) can also be done by replacing or mixing aqueous contrast medium
(e.g. iohexol) with sterile isotonic fluid and injecting into the synovial cavity in question under
pressure, then performing a radiographic study of the region of interest with orthogonal views
(Barker, 2016).

2.3.4 Synovial fluid collection
The method for choosing a suitable site and preparation for synoviocentesis is described in
Section 2.3.3. Prior to testing joint integrity (i.e. pressure distension and positive contrast
studies), collection of SF analysis should be performed. In open synovial structure injuries or
in small structures with large amounts of inflammatory debris, sample collection may be
unsuccessful (Steel, 2008). The concentration of urea in SF mimics that in serum (Gough et
al., 2002). In cases where SF collection is difficult, sterile ionic crystalloid fluid (i.e. Hartmanns
solution) can be injected into the synovial structure and aspirated to obtain a sample from which
comparison of the urea concentration in SF can be made with that in serum to determine the
dilution factor of the retrieved fluid (Morton, 2005; Steel, 2008). The recovered SF sample
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should be divided between blood culture bottle (Dumoulin et al., 2010a; Dumoulin et al.,
2010b) for microbiological growth and EDTA tube for cytological analysis (McIlwraith, 1980;
Steel, 2008).
2.3.5 Synovial fluid analysis
Laboratory analysis of SF is currently one of the most common and useful means of diagnosis
for septic synovial structures in horses (Madison et al., 1991; Steel, 2008). The characteristics
of normal SF and SF from septic synovial structures are provided in Table 2.2. Gross
examination of the appearance of SF, and determination of the concentrations of lactate,
glucose and total proteins in SF can all be undertaken at the point of care or in veterinary
facilities. Grossly, normal SF is translucent, pale yellow in colour and viscous (Malark et al.,
1991; Steel, 2008), while synovial infection results in changes in the gross appearance of SF to
include turbidity and reduced viscosity (Bertone, 1999; Wright et al., 2003; Steel, 2008). It has
been suggested that if newspaper print cannot be read through the fluid sample, then the total
nucleated cell count (TNCC) is likely > 30 x 109 cells/L (Bertone, 1999).
The normal lactate concentration of SF has been suggested to be <3.9-4.4 mmol/L and values
>4.9 mmol/L are considered to be highly suggestive of sepsis (Tulamo et al., 1989b). The
glucose concentration within SFs may be altered and is usually interpreted with the concurrent
whole blood/serum glucose concentration of the patient (Tulamo et al., 1989b). In one
experimental study, it was found that in over 80% of samples that were positive for synovial
sepsis, the glucose concentration in SF was ≥2.2 mmol/L less than the serum glucose
concentration (Tulamo et al., 1989b). The normal total protein concentration for SF is 18 g/L
± 2.6 g/L (Van Pelt, R.W., 1974). A large range for the concentrations of total proteins in SF
(20–98 g/L) have been reported for horses with synovial infection (Schneider et al., 1992;
Wright et al., 2003; Elmas et al., 2013). Many authors have suggested that a SF total protein
concentration of >30g/L is an indicator for sepsis (Lapointe et al., 1992; Schneider et al., 1992;
Steel, 2008; Taylor et al., 2010; Cousty et al., 2017). The findings of these studies indicate that
alterations in SF appearance and/or concentrations of glucose, lactate and total protein in SF
are economical and useful screening methods for the timely detection of synovial
inflammation/infection, these tests can be performed patient side and results may allow
justification for submission of SF samples for further investigation and implementation of
treatment for synovial sepsis.
A TNCC for SF <1 x 109 cells/L (Steel, 2008) is considered normal, with many samples having
less than 0.2 x 109 cells/L (Van Pelt, R.W., 1974; McIlwraith, 1980; Malark et al., 1991). While
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the TNCC in cases of synovial sepsis can vary, it is likely that counts will be >30 x 109 cells/L
(Lapointe et al., 1992; Schneider et al., 1992; Bertone, 1999; Steel et al., 1999; Wright et al.,
2003; Steel, 2008). In neonates TNCC greater than 5 x 109 cells/L should be viewed with
suspicion and counts greater than 10 x 109 cells/L can indicate infection (Steel, 2008; Glass
and Watts, 2017). However moderate increases TNCC (between 10x109 cells/L and 30 x 109
cells/L) in may also be due to sympathetic inflammation secondary to physitis (Steel, 2008;
Glass and Watts, 2017). Synovial fluid samples obtained from horses with a previous history
of corticosteroid administration, may also have lower TNCC despite sepsis. Total nucleated
cell counts greater than 10 x 109 cells/L can indicate SI (Steel, 2008; Smith et al., 2019).
In normal SF, the predominant nucleated cells are mononuclear cells and the differential count
usually has <10% neutrophils (Van Pelt, R.W., 1974; McIlwraith, 1980). Synovial samples
with a differential neutrophil count of >80% are likely to represent an infectious process
(McIlwraith, 1980; Bertone, 1996; Bertone, 1999; Wright et al., 2003). While cytological
appearance of nucleated cells may be altered in SF, including vacuolisation of mononuclear
cells (macrophages) and degenerative changes to neutrophils (e.g. Döhle bodies, cytoplasmic
basophilia and cytoplasmic vacuolisation), it is important to note that neutrophils in synovial
sepsis may not demonstrate obvious cytological abnormalities (Bertone, 1999). When
considering laboratory findings collectively, the combination of a total protein concentration
of >30 g/L count (Lapointe et al., 1992; Schneider et al., 1992; Steel, 2008; Taylor et al., 2010;
Cousty et al., 2017), TNCC of ≥30 x 109 cells/L (Lapointe et al., 1992; Schneider et al., 1992;
Bertone, 1999; Steel et al., 1999; Wright et al., 2003) and a differential neutrophil count of
>80% (McIlwraith, 1980; Bertone, 1996; Bertone, 1999; Wright et al., 2003) is highly
suspicious for a septic process. A Gram stain of SF can also be useful; however, this method
has a low sensitivity for detection of bacteria (Madison et al., 1991). One author reported that
25% of confirmed cases with synovial sepsis had bacteria detected on Gram staining of a
cytospin/smear preparation of SF (Schneider et al., 1992). Notwithstanding the limited
sensitivity of Gram staining, the detection of bacteria with this method (i.e. a positive test
result) provides rapid information of the causal bacteria involved in synovial sepsis (i.e. Gram
staining and appearance) which is invaluable to guide initial antimicrobial selection (Bertone,
1999).
Table 2.2 Synovial fluid parameters in normal and infected joints.

SF parameter

Normal SF

Septic SF
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Colour

Pale yellow 1,2

Turbid 1,5,9

Total protein

18 g/L ± 2.6 g/L3

>30 g/L1,6,7,11,12

Lactate

<3.9 mmol/L 4

≥4.9 mmol/L 13

Glucose

Equivalent to concentration

Reduction from

in peripheral blood1

concentration in peripheral
blood; <2.2 mmol/L1,13

Total nucleated cell count

<1 x 109 cells/L1,2,3,4

≥30 x 109 cells/L5,6,7,8,9,10

Differential neutrophil count

<10%3,4

≥80%4,5,9,10

1 (Steel, 2008); 2 (Malark et al., 1991); 3 (Van Pelt, R.W., 1974); 4 (McIlwraith, 1980); 5 (Bertone, 1999); 6
(Schneider et al., 1992); 7 (Lapointe et al., 1992); 8 (Steel et al., 1999); 9 (Wright et al., 2003); 10 (Bertone,
1996); 11(Cousty et al., 2017); 12 (Taylor et al., 2010); 13 (Tulamo et al., 1989b).

The pH of normal SF is similar to the pH of serum (7.32 ± 0.06) (Tulamo et al., 1989b, a). In
experimentally induced infectious arthritis, pH was shown to decline 12-24 hours after the
induction of infection (Tulamo et al., 1989b, a) and to be statistically significantly different
from 24 hours after the induction of infection (Tulamo et al., 1989b).
2.3.6 Peripheral blood analysis
Peripheral blood analysis, including haematological and blood biochemical examinations, may
be done in cases of suspect synovial sepsis. In adult horses, systemic blood analyses may be
unremarkable (Bertone et al., 1987b; Lapointe et al., 1992; Schneider et al., 1992; Bertone,
1999; Morton, 2005) or reveal increased concentrations of fibrinogen and total protein,
increased white blood cell count and or increased neutrophil differential count (Bertone et al.,
1987b; Lapointe et al., 1992; Schneider et al., 1992; Bertone, 1999). In neonates, a leucocytosis
with neutrophilia is often present, indicative of a systemic inflammatory response (Schneider
et al., 1992; Morton, 2005; Annear et al., 2011) and consistent with the frequent occurrence of
haematogenous spread of bacteria from an underlying focus of infection in these patients.
Consequently, bacterial culture of an aseptically-collected blood sample, particularly in
neonates where an underlying septic focus may be present, is useful for identification of
bacteria likely involved in synovial sepsis in foals (Bertone, 1999; Morton, 2005; Annear et
al., 2011). Fibrinogen concentrations ≥ 900 g/L in foals have been shown to be a useful
indicator of epiphyseal or physeal osteomyelitis (Newquist and Baxter, 2009); however, this is
not a specific marker and does not rule of synovial sepsis in an early stage (Annear et al., 2011).
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2.3.7 Microbiological culture
Microbiological culture of SF has been considered the gold standard for definitive diagnosis of
synovial infection in horses, however, it has substantial limitations (Steel, 2008). Despite the
value of conventional bacteriology for diagnosis of synovial sepsis, these methods have poor
sensitivity and reported rates of positive culture results in horses with synovial infection are
extremely varied and often disappointing. In an effort to increase the diagnostic performance
(test sensitivity) of bacterial culture, culture of synovial membrane tissue has previously been
considered superior compared to SF culture for detection of infection (McIlwraith, 1983);
however, another study found that culture of SF culture resulted in greater number of positive
culture results than when synovial membrane was used (Madison et al., 1991). The reported
rates of positive bacterial culture from horses with suspected synovial sepsis have ranged from
23–79% (Madison et al., 1991; Dumoulin et al., 2010a; Gilbertie et al., 2018).
The implications of a false negative culture result may have the consequence of misdiagnosis
of infection resulting in ineffective treatment and/or can leave veterinarians relying on empiric
choices for antimicrobial therapy which may also result in unsuccessful treatment. Without
successful identification of involved pathogens, inaccurate prognostication of affected horses
may occur as particular bacteria (i.e. Salmonella spp. (Steel et al., 1999) and Staphylococcus
spp. (Taylor et al., 2010; Gilbertie et al., 2018)) have been associated with lessened outcomes
in affected horses.
There are a number of possible reasons for poor sensitivity of conventional bacteriology for
detection of bacteria in SF and one or more factors may be involved in individual horses.
Intrinsic bactericidal properties of SF and low concentrations of bacteria within SF likely
contribute to false negative microbiological culture results (de Gara, 1943; von Essen and
Hölttä, 1986). In addition, extrinsic factors, including antimicrobial treatment prior to sample
collection and culture methodology used may be influenced by the diagnostic performance of
bacterial culture (McIlwraith, 1983; Lescun et al., 2006; Dumoulin et al., 2010a). In an effort
to increase the ability to detect and culture bacteria from SF samples, modifications to sample
handling have been made: the rate of positive culture has improved with the direct inoculation
of samples into commercially-available fluid culture bottles (von Essen and Hölttä, 1986;
Hughes et al., 2001; Dumoulin et al., 2010a; Dumoulin et al., 2010b). Fluid culture bottles may
provide superior results by helping to counteract some of the inherent difficulties of SF culture:
resins included within the bottles can decrease the inhibitory effect of factors such as antibiotics
and help with retrieval of partially phagocytosed bacteria from white blood cells (Hughes et
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al., 2001). In addition, fluid culture bottles allow a larger volume of SF to be used for culture,
resulting in a larger number of organisms within the culture media (von Essen and Hölttä,
1986). In some studies, fluid culture bottles have been superior to traditional methods such as
direct agar culture for the growth of bacteria (Dumoulin et al., 2010a; Dumoulin et al., 2010b).
In one study, the rate of positive culture of septic SF for traditional methods was 23.3–27.8%,
while the rate of positive culture with fluid culture medium was substantially greater (78.9%)
(Dumoulin et al., 2010a). Automated fluid culture systems can decrease the time to detection
of microorganisms within samples: in one study investigating the use of automated blood
culture systems for the isolation of bacterial from equine SF, the time from incubation to initial
detection was less than 24 hours for up to 80% of positive samples (Dumoulin et al., 2010b).
Recently, the use of an Epsilometer, AB Biodisk or Etest and a direct Etest was described for
use with equine SF samples (Dumoulin et al., 2017). The direct Etest is able to be used directly
on positive blood culture bottles, decreasing the time for susceptibility results by a minimum
of 24 hours and was reliable except for trimethoprim and sulfadiazine (Dumoulin et al., 2017).
2.3.8 Biomarkers
The analysis of biomarkers in equine SF has the potential to aid in the diagnosis of synovial
infection and monitor the response to treatment in affected horses, and several studies have
investigated possible biomarkers of synovial disease in horses (Spiers et al., 1994; Smith and
Heinegård, 2000; Jacobsen, 2006; Kidd et al., 2007; Ribera et al., 2011; Wauters et al., 2012;
Wauters et al., 2013; Robinson et al., 2017).
Cartilage oligomeric matrix protein (COMP) is found in cartilage, tendon, ligament and
meniscus (Di Cesare et al., 1994; Di Cesare et al., 2000) and is considered a marker of cartilage
breakdown (Tseng et al., 2009). Investigation of this biomarker in SF obtained from the digital
flexor tendon sheath of horses demonstrated that normal digital sheath fluid was observed to
have lower concentrations of COMP (16.29 µg/ml ± 3.83) than in horses with tenosynovitis
and no tendon injury (29.42 μg/ml ± 9.73), tendon injury (48.29 µg/ml ± 8.50) or tendon sheath
sepsis (78.53 µg/ml) (Smith and Heinegård, 2000).
The fibrinolytic activity within infected SF has been investigated through the evaluation of SF
D-dimer concentration in foals with septic joint disease (Ribera et al., 2011). The concentration
of D-dimers has been found to be significantly increased in septic joints in comparison to nonseptic joints and concentrations did not appear to be influenced by the presence or absence of
generalised septicaemia (Ribera et al., 2011). Increased concentrations of D-dimers may reflect
upregulation of inflammatory and haemostatic cascades, and subsequently fibrinolytic activity,
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in infected synovial structures. Although the number of foals examined in the study by Ribera
et al. (2011) was small (n = 39), the concentration of D-dimers in SF was considered by the
authors to be a complementary diagnostic marker of septic joint disease and further studies to
determine cut off values for the diagnosis of joint infection were recommended (Ribera et al.,
2011).
Matrix metalloproteinases are involved in the normal homeostatic balance and remodelling of
numerous tissues throughout the body as a component of normal metabolic activity, including
in the tissues of synovial structures. Further, upregulation of the synthesis and activity of matrix
metalloproteinases is a feature of tissue diseases and the roles of these enzyme in septic and
aseptic joint disease of horses have been investigated (Spiers et al., 1994; Clegg et al., 1997;
Trumble et al., 2001; Kidd et al., 2007). Concentrations of matrix metalloproteinase 2 (MMP
2) (Clegg et al., 1997) and matrix metalloproteinase 9 (MMP 9) (Clegg et al., 1997; Trumble
et al., 2001) have been found to be increased in SF of horses with both septic and aseptic joint
diseases. The ratio of pro-MMP 2 and MMP 9 within SF has also been described to be an
accurate marker of disease and of use for monitoring the treatment of horses with synovial
infection (Kidd et al., 2007). Further, an additional finding of the study by Kidd et al. (2007)
was that the initial ratio of pro-MMP 2 and MMP 9 within SF was 4.8 times higher in horses
with synovial infection that were subjected to humane euthanasia, and the authors concluded
that this marker was a good prognostic indicator for survival in horses with synovial sepsis
(Kidd et al., 2007).
The neutrophils recruited in cases of infectious inflammation have increased viability due a
delay in apoptosis caused by both bacterial and host factors: this mechanism allows for
accumulation of neutrophils with a high potential of pathogen killing (Colotta et al., 1992;
Anwar and Whyte, 2007). Once neutrophils have phagocytosed bacteria and intracellular death
of pathogens has occurred, macrophages then phagocytose and clear the apoptotic neutrophils
(Haslett, 1999; Kobayashi et al., 2003; Watt et al., 2005; Anwar and Whyte, 2007). In an effort
to increase the utilisation of neutrophil assessment for the diagnosis of synovial sepsis in
horses, flow cytometry has been used to identity neutrophil viability within equine SF and the
type of cell death, apoptotic or necrotic, that occurs (Wauters et al., 2012). In infected SF
samples, neutrophil viability was identified to be higher and apoptosis was the predominate
type of cell death observed (Wauters et al., 2012).
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Myeloperoxidase is an antibacterial enzyme produced and released by neutrophils as part of
the oxidative bust activity (Borregaard, 2007). In horses, the activity of myeloperoxidase has
been shown to be significantly greater in joints with infection, with cut-off values of 5000
ng/ml and 350 ng/ml for total and active myeloperoxidase, respectively, for diagnosis of
synovial sepsis (Wauters et al., 2013). Total and enzymatically active myeloperoxidase can be
used as a complimentary test when SF total protein concentration and white blood cell counts
are inconclusive (Wauters et al., 2013).
Serum and SF concentrations of serum amyloid A (SAA) in horses with aseptic and septic joint
disease have been investigated (Jacobsen, 2006a; Jacobsen et al., 2006b; Sanchez-Teran et al.,
2016a; Sanchez-Teran et al., 2016b; Sanchez-Teran et al., 2012; Ludwig et al., 2016; Robinson
et al., 2017; Sinovich et al., 2020). Horses with synovial sepsis have been observed to have
significantly greater concentrations of SAA in blood (Jacobsen, 2006b ; Ludwig et al., 2016;
Robinson et al., 2017; Sinovich et al., 2020) and/or SF (Jacobsen, 2006a; Jacobsen, 2006b;
Ludwig et al., 2016; Robinson et al., 2017) than horses with aseptic joint disease and horses
without synovial disease. Additionally, serum SAA has been shown to increase more rapidly
than SF SAA (Ludwig et al., 2016), and may be more useful than SF SAA for investigation of
SI in the first 12-24 hours of disease. In one study, SAA concentrations of >60.7 µg/mL in
blood and >1.14 µg/mL in SF were sensitive (blood 82.4%; SF 80%) and specific (blood
88.9%; SF 73%) for the diagnosis of synovial infection (Robinson et al., 2017). However, it is
important to remember that serum SAA may be increased by other concurrent inflammatory
foci, such as extensive lacerations (Sinovich et al., 2020), and this must be taken into account
when interpreting results. The use of serum and SF SAA for monitoring response to treatment
of horses with SI has also been investigated (Jacobsen et al., 2006b; Sanchez-Teran et al.,
2016a; Sanchez-Teran et al., 2016b; Sanchez-Teran et al., 2012; Haltmyer et al., 2017;
Sinovich et al., 2020). Serum amyloid A has been shown to not be effected by repeated joint
sampling and antimicrobial administration or arthroscopy or through and through joint lavage
(Jacobsen et al., 2006b; Sanchez-Teran et al., 2016a; Sanchez-Teran et al., 2016b; SanchezTeran et al., 2012). This indicates that SF SAA may be a useful monitoring tool for treatment
response of horses with SI, particularly as TNCC and neutrophil differential counts of SF can
be effected by repeated sampling and treatment (Jacobsen et al., 2006b; Sanchez-Teran et al.,
2016a; Sanchez-Teran et al., 2016b; Sanchez-Teran et al., 2012; Haltmyer et al., 2017; Long
and Walston, 2020). Furthermore serial testing of serum SAA has shown promise for
monitoring treatment response in clinical cases (Sinovich et al., 2020; Haltmyer et al., 2017).
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With a decrease in serum SAA between two consecutive time points being associated with a
positive response to treatment (Haltmyer et al., 2017) and a significant difference being seen
between the mean serum SAA in horses with SI that survived and those that required euthanasia
on humane grounds (Sinovich et al., 2016). SAA shows promise as a useful biomarker and
complementary test for the diagnosis of SI, monitoring of treatment response and
prognostication of affected horses.
The assessment of SF metabolites has also been assessed to differentiate between septic and
non-septic joint pathologies in horses (Anderson et al., 2018). Of 13 SF metabolites that were
measured using nuclear magnetic resonance spectroscopy, glucose was identified to
discriminate between septic and non-septic joint disease (Anderson et al., 2018).
Synovial fluid biomarkers offer promise for the detection of synovial infections and monitoring
affected horses’ responses to treatment; however, as there are limited data on the clinical
application of biomarkers and more work is needed prior to routine use for diagnosis of SI.

2.4 Molecular techniques
The bacterial ribosome is comprised of a large (50S) and small (30S) subunits (Renvoise et al.,
2013). The ribosomal RNA (rRNA) molecules consist of highly conserved sequences, shared
by all bacterial species (Harris and Hartley, 2003; Petti, 2007). Ribosomal 16S rRNA, 23S
rRNA, 16S-23S rRNA, rpoB, groRL,gyrB and recA are genes found in nearly all bacteria
(Fenollar and Raoult, 2004; Drancourt and Raoult, 2005). Initially, these conserved genes,
specifically 16S rRNA, were used for the study of bacterial phylogeny (Janda and Abbott,
2007; Sontakke et al., 2009). The use of PCR targeting conserved sections of bacteria allows
for a broad range assay that can detect most bacteria (Rantakokko-Jalava et al., 2000) and the
16SrRNA gene is the most common target for the identification of bacterial isolates (Fenollar
and Raoult, 2004; James, 2010).
The use of broad range PCR assays have had various applications in human medicine, including
the investigation of bacterial disease associated with endocarditis (Jalava et al., 1995;
Goldenberger et al., 1997), meningitis (Kotilainen et al., 1998), bacteraemia (Ley et al., 1998)
and osteoarticular infections (Jalava et al., 2001; Moumile et al., 2003; Verdier et al., 2005;
Fenollar et al., 2006; Kobayashi et al., 2006; Fihman et al., 2007; Rosey et al., 2007; Yang et
al., 2008; Kim et al., 2010; Bonilla et al., 2011; Lallemand et al., 2016; Coiffier et al., 2019).
The identification of Tropheryma whippelii in Whipple’s disease (Wilson et al., 1991; Relman
et al., 1992) and Bartonella henselae as the cause of bacillary angiomatosis (Relman et al.,
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1990) were some of the first observations of the usefulness of broad range PCR assays for
diagnosis of bacterial disease. The benefits of broad range PCR assays, over microbiological
culture for detection of bacteria, includes investigation of culture negative conditions, detection
of viable and non-viable bacteria (useful particularly if treatment has been commenced),
identification of rare and difficult to culture bacteria, and to make distinctions between bacterial
species not possible with traditional culture techniques (Waites et al., 2005) (Harris and
Hartley, 2003).
Broad range PCR has been used for the investigation of human osteoarticular infections (Jalava
et al., 2001; Fenollar et al., 2006; Kobayashi et al., 2006; Fihman et al., 2007; Rosey et al.,
2007; Yang et al., 2008; Kim et al., 2010; Bonilla et al., 2011; Lallemand et al., 2016; Coiffier
et al., 2019). The sensitivity and specificity of broad range PCR for diagnosis of osteoarticular
infection in one study was 92.5% and 98.7%, respectively (Fenollar et al., 2006). For the
diagnosis of septic arthritis, varied rates of test sensitivity of PCR methods (24% to 96.2%)
have been reported (Yang et al., 2008; Kim et al., 2010; Bonilla et al., 2011; Lallemand et al.,
2016; Coiffier et al., 2019). The benefits of broad range molecular techniques are highlighted
with the use of 16S rDNA PCR in children (Rosey et al., 2007; Hernández-Rupérez et al.,
2018). The use of 16S rDNA PCR has facilitated the identification of fastidious bacteria, in
particular Kingella kingae (Verdier et al., 2005; Rosey et al., 2007; Hernández-Rupérez et al.,
2018), where the method is reported to achieve a diagnosis in 23% of culture negative cases
(Rosey et al., 2007) and offers statistically significant improvements in the rates of diagnosis
of septic arthritis compared to microbiological culture in children (Hernández-Rupérez et al.,
2018).
There has been a number of reports of the use of 16S rRNA PCR in veterinary medicine (Crabill
et al., 1996; Pressler et al., 2002; Pille et al., 2004; Jones et al., 2007; Muir et al., 2007; Pille et
al., 2007; Ferris et al., 2010; Elmas et al., 2013; Scharf et al., 2015; Kaewmongkol et al., 2016).
These include for the detection of bacteria within the uteri of mares (Ferris et al., 2010),
Ehrlichia canis in the cerebrospinal fluid from a dog, Mycobacterium kansaii from the pleural
fluid of a dog (Pressler et al., 2002), bacteria involved in fibrinous pericarditis of horses (Jones
et al., 2007) and bacterial DNA in degenerative joints of dogs (Muir et al., 2007). The use of
broad range PCR has also been reported for the diagnosis of septic synovitis in dogs (Scharf et
al., 2015) and horses (Crabill et al., 1996; Pille et al., 2004; Pille et al., 2007; Elmas et al.,
2013). Good sensitivity (87-89.5%) and specificity (72-93.5%) of 16S rRNA PCR has been
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reported in horses with the use of this technique and it appears promising for the diagnosis of
synovial infection in horses.
2.4.1 DNA extraction
Careful processing of samples prior to PCR, specifically DNA extraction, is crucial. This
process releases intracellular bacterial DNA for amplification and helps to reduce inhibitors,
such as heme in blood, (Akane et al., 1994), sodium polyanetholesulfonate (common additive
to blood culture media) (Fredricks and Relman, 1998) and glycoproteins with acidic
polysaccharides (Freise et al., 2001) within biological samples. Bacterial DNA may be more
difficult to release from Gram-positive bacteria, during the extraction process, due to the
thicker cell wall (Trampuz et al., 2003). Furthermore, spin columns utilised in some
commercial kits are reported to have a limited capacity of 50μg (Jordan and Durso, 2005). This
is the amount of DNA in approximately 5 x 106 white blood cells (Jordan and Durso, 2005). If
leukocyte counts are greater than this within SF the leukocyte DNA may compete with bacterial
DNA for binding on the spin column (Jordan and Durso, 2005). Resulting in a reduction of the
amount of bacterial DNA eluted and possibly decreasing assay sensitivity (Jordan and Durso,
2005).Without efficacious DNA extraction false negative results may occur on broad range
PCR, possibly decreasing the sensitivity of this test for identification of synovial infection
(Wilson, 1997; Rådström et al., 2004).
There have been various DNA extraction protocols reported within the human literature,
including manual and automated methods. Commercial kits are produced by many companies
such as Qiagen (Moumile et al., 2003), Roche (Fenollar et al., 2006; Rosey et al., 2007), BioRad (Fenollar et al., 2006) and BioMe´rieux (Fihman et al., 2007) for DNA extraction.
Automated systems may decrease the chance of cross contamination between samples
(Fenollar et al., 2008).
There is limited information within the literature about DNA extraction for PCR of SF in horses
(Pille et al., 2004; Pille et al., 2007; Schneeweiss et al., 2007; Elmas et al., 2013). Available
studies investigating the use of broad range PCR for the diagnosis of synovial infection in
horses report the use of commercially available kits and techniques including the QIAamp
DNA Mini Kit, Qiagen, Hilden, Germany (Pille et al., 2004; Pille et al., 2007) and automated
DNA extraction with a robotic magnetic bead-based system (Maxwell 16 Instrument; Promega,
Madison, Wisconsin, USA) (Elmas et al., 2013). The most comprehensive study of DNA
extraction investigated the effectiveness of five different commercially available kits for DNA
extraction from normal SF in horses, cattle and pigs (Schneeweiss et al., 2007). These kits
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included the high pure PCR template preparation kit (Roche Diagnostics, GmbH, Penzberg,
Germany), kitQIAamp DNA stool mini-kit and the QIAamp DNA mini-kit (Qiagen GmbH,
Hilden, Germany), MasterPureTM Complete DNA and RNA purification kit (Epicentre®,
Madison, USA) and the GenElute bacterial genomic DNA kit (Sigma Aldrich, St. Louis, USA).
In that study, all of the kits were found to be useful for analysing pelleted normal SF, and when
analysing non-pelleted normal SF, two kits based on silica columns, and one employing a
desalting process, yielded inhibitor free DNA (Schneeweiss et al., 2007). However, the
transferability of these findings to clinical samples being investigated for synovial infection
must be questioned. These samples may be markedly different from normal SF samples and
consideration of factors such as increased TNCC are warranted as they may reduce the amount
of bacterial DNA eluted (Jordan and Durso, 2005).
The efficacy of DNA extraction and the presence of inhibitors in samples post-extraction
should be checked in case of negative PCR results (Hoorfar et al., 2003; Fenollar et al., 2008).
Amplification of the human β-actin (Fenollar et al., 2006) and β-globin (Jalava et al., 2001;
Moumile et al., 2003; Fenollar et al., 2006; Lallemand et al., 2016; Coiffier et al., 2019) genes
have been reported as a positive control for this purpose during the investigation of human
osteoarticular infections.
2.4.2 Broad range PCR assays and primers
The polymerase chain reaction is a biochemical process that copies and amplifies DNA. The
amplified DNA product is then visualized following separation of DNA segments, most
commonly via gel electrophoresis (Carter et al., 2010; Wang and Kaltenboeck, 2012). While
bacteria have a number of conserved genes that may be targeted for amplification in broad
range PCR, for the diagnosis of osteoarticular infections in humans, horses and dogs, primers
targeting the 16S rRNA gene have been described (Table 2.3) (Fenollar et al., 2006; Fihman et
al., 2007; Pille et al., 2007; Rosey et al., 2007; Bonilla et al., 2011; Elmas et al., 2013; Scharf
et al., 2015; Coiffier et al., 2019).
In humans, several broad range protocols have been reported in investigation of osteoarticular
disease, including 16S rRNA amplification with (Fenollar et al., 2006; Fihman et al., 2007;
Coiffier et al., 2019) and without (Tunney et al., 1999; Bonilla et al., 2011) identification of
the pathogen by sequencing, 16S rRNA amplification followed by Southern hybridisation
(Mariani et al., 1996), 16S rRNA amplification followed by multiplex PCR on positive results
(Mariani et al., 1998) and real time 16S rRNA amplification with probes (Yang et al., 2008).
The use of 16S rRNA amplification with sequencing has been reported in dogs and horses
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(Pille et al., 2007; Scharf et al., 2015) and 16S rRNA amplification with sequencing and probes
has been described in horses (Pille et al., 2004) for diagnosis of SI. In addition, the use of real
time 16S rRNA PCR with sequencing has been reported for diagnosis of SI in horses (Elmas
et al., 2013). Although primer-dependent amplification methods and post-amplification probes
may offer benefits of shortened assay times, these methods are not able to identify rare or novel
pathogens and so may decrease the sensitivity of the assay. Therefore, it has been suggested
that 16S rRNA amplification with sequencing should be utilised for accurate identification of
microorganisms involved in osteoarticular infection (Fenollar et al., 2008). As these techniques
do not provide information regarding sensitivity patterns of isolates, it has been suggested that
PCR should be used in combination with microbiological culture to maximise therapeutic
management selection (Harris and Hartley, 2003; Renvoise et al., 2013).
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Table 2.3 Primers published for molecular amplification in human & veterinary osteoarticular infections.

Reference
Human
(Bonilla et
al., 2011)
(Bonilla et
al., 2011)
(Bonilla et
al., 2011)
(Coiffier et
al., 2019)
(Coiffier et
al., 2019)
(Fenollar et
al., 2006)
(Fihman et
al., 2007)
(Fihman et
al., 2007)
(Rosey et al.,
2007)
Horse
(Elmas et al.,
2013)
(Pille et al.,
2007)
Dog
(Scharf et al.,
2015)

Sample type

PCR assay

Forward primer

Reverse primer

SF

16S rRNA

U1 F: GGAGGAAGGTGGGGATGACG

U1 R: ATGGTGTGACGGGCGGTGTG

SF

PSL F:
AGGATTAGATACCCTGGTAGTCCA
Uni F: CCATGAAGTCGGAATCGCTAG

P13P R: AGGCCCGGGAACGTATTCAC

SF

Real time
16S rRNA
Real time
16S rRNA
16S rRNA

SF

16S rRNA

Bone & SF

16S rRNA

PB : 5'- TAA CAC ATG CAA CAA GTC
GAA CG - 3'
UNI14 : 5' - GTG CCA GCA GCA GCG GTA
AT - 3'
536F: 5’-CAGCAGCCGCGGTAATAC

UNI21 : 5' - ACA CGA GCT GCT GAC AGC
AGC CA - 3'
P13B: 5' - CGG GAT CCC AGG GCC GGG
AAC - 3'.
rp2: 5’-ACGGCTACCTTGTTACGACTT

Bone & SF

16S rRNA

536F: 5’-CAGCAGCCGCGGTAATAC

1050R: 5’-CACGAGCTGACGACA

Bone & SF

16S rRNA

SF

Real time
16S rRNA

16S-241bp-F: 5’GGAGGAAGGTGGGGATGACG
27F 5’-AAGAGTTTGATCCTGGCTCAG

16S–241bp–R: 5’ATGGTGTGACGGGCGGTGTG
244 5’-CCCACTGCTGCCTCCCGTAG

SF

5’-GGA TTA GAT ACC CTG GTAGT-3’

5’-GGT AAG GTT CTT CGCG-3’

SF

Real time
16S rRNA
16S rRNA

16S8-27F: AGAGTTTGATCMTGGCTCAG

B-16S509-525R: 5’biotinGCTGCTGGCACGDAGTT

SF

16S rRNA

27F: 5′-AGA GTT TGA TC[A/C] TGG CTC
AG-3′

1492R: 5′-G[C/T]T ACC TTG TTA CGA
CTT-3′

SF

Uni R: ACTCCCATGGTGTGACGG
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2.5 Treatment
Synovial infections can require prolonged, expensive therapy and a positive outcome is not
always guaranteed (Richardson and Stewart, 2019). Effective treatment requires a combination
of lavage of the affected cavity, debridement of infected or devitalised tissue and appropriate
antimicrobial therapy (McIlwraith et al., 2015a; Richardson and Stewart, 2019).
2.5.1 Synovial lavage
High volume lavage is a mainstay of therapy for infected synovial cavities in horses
(Richardson and Stewart, 2019). This technique facilitates the removal of pathogens, toxins,
inflammatory mediators, fibrin and debris (McIlwraith et al., 2015a; Richardson and Stewart,
2019). High volume lavage can be achieved through endoscopy (Wright et al., 2003; Fraser
and Bladon, 2004; Milner et al., 2014; McIlwraith et al., 2015a; Cousty et al., 2017), through
and through needle lavage (Meijer et al., 2000; Richardson and Stewart, 2019) and arthrotomy
(Bertone, 1999; Richardson and Stewart, 2019). It many cases more than one procedure may
be employed and other treatments such as wound care (McIlwraith et al., 2015a) and drains
(Ross et al., 1991; Rettig and Lischer, 2017) can aid with effective therapy.
Endoscopy is considered the gold standard technique for lavage of the synovial cavity (Wright
et al., 2003; Richardson and Ahern, 2012; McIlwraith et al., 2015a). Most synovial cavities can
be treated endoscopically, with exceptions of marked joint capsule damage which may preclude
cavity distension or if there is minimal synovial space (e.g. the tarsometatarsal joint)
(McIlwraith et al., 2015a). The procedure is performed with the horse under general anaesthesia
and involves the placement of an arthroscopic camera through a conical obturator within a
surgical created portal (Richardson and Ahern, 2012; McIlwraith et al., 2015a). A number of
portals can be made for most synovial cavities to allow thorough examination of the cavity,
access for the removal of devitalised tissues, foreign materials and egress of synovial and
lavage fluids (Richardson and Ahern, 2012; McIlwraith et al., 2015a). The superior
visualisation achieved also allows for identification and treatment of osseous (Wright et al.,
2003) and tendinous (Fraser and Bladon, 2004) lesions that may not be identified with preoperative diagnostic imaging. These lesions require debridement as they can harbour pathogens
and foreign materials (Frees et al., 2002; Wright et al., 2003) and may act as a nidus for
persistent infection (McIlwraith et al., 2015a). Lavage should be continued until the synovial
cavity appears visibly clean (Smith, 1986; Thiery, 1989; Gaughan, 1994). At the cessation of
the procedure, arthroscope and instrument portals are closed routinely (van Weeren, 2016).
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Through and through, needle lavage is a technique where two large gauge needles are inserted
at alternative ends of the synovial cavity (Martens R., 1980) or a stab incision is made for
egress to allow continuous flow of synovial and lavage fluid from the cavity (Richardson and
Stewart, 2019). The benefit of a stab incision for egress is the avoidance of egress needles
becoming clogged with fibrin or synovium and ability for primary closure of the incision at the
end of the lavage procedure (as per an arthroscopy portal) (Richardson and Stewart, 2019).
This lavage method can be done under sedation and local anaesthesia or general anaesthesia of
the horse and the technique may be useful when there is severe joint capsule trauma, minimal
synovial space prohibiting endoscopy, or financial constraints (McIlwraith et al., 2015a;
Richardson and Stewart, 2019). Although endoscopic techniques have been considered
superior (Wright et al., 2003; Richardson and Ahern, 2012; McIlwraith et al., 2015a), the higher
recovery of microspheres through 14G needles versus arthroscopic portals (Loftin et al., 2016)
and the failure of some authors to find endoscopic techniques statistically superior (Wereszka
et al., 2007), demonstrates that needle lavage techniques are a valid alternative if endoscopy is
not available or feasible.
Arthrotomy or open joint surgery is done with the patient under general anaesthesia. This
technique is less frequently used, but may be employed for the removal of large osseous
fragments, possibly in combination with endoscopic techniques or for the removal of large
fibrin deposits in cases of chronic infection (Bertone, 1999; McIlwraith et al., 2015a)
(Richardson and Stewart, 2019). Arthrotomy is often reserved for infection refractory to closed
techniques due to the risk complications such as ascending bacterial infection, exuberant
granulation tissue, synovial fistulae formation and excessive fibrosis (McIlwraith et al., 2015a).
Sterile buffered polyionic solution is the lavage fluid of choice (Bertone et al., 1987a; Baird et
al., 1990). Other lavage solutions and additives including antiseptics (Bertone et al., 1987a;
Wilson et al., 1994), antimicrobials (Bertone et al., 1986; Baird et al., 1990), dimethyl sulfoxide
(Bertone, 1996; Bertone, 1999; Frees et al., 2002), and fibrinolytics (Jackson, 1985) have been
suggested. However, there is a lack of evidence to support the use of lavage additives and some
solutions, notably antiseptic solutions (Bertone et al., 1987a; Wilson et al., 1994) and dimethyl
sulfoxide may produce synovial irritation or have deleterious effects on articular cartilage
matrix metabolism, respectively (Matthews et al., 1998; Smith et al., 2000).
The requirement for repeat synovial lavage can be a difficult clinical decision, particularly as
monitoring the elimination of synovial infection can be problematic (Coustey et al. 2017;
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Anderson et al., 2018). Reduction and discontinuation of anti-inflammatory medications
combined with clinical comfort of the patient and reduction in oedema surrounding and
effusion of the affected structure are often relied on to indicate treatment success (Bertone,
1999; McIlwraith et al., 2015a; Richardson and Stewart, 2019). If repeat lavage is required, a
combination of lavage therapies may be employed (i.e. arthroscopy initially followed by
through and through lavage on subsequent days). Different authors have suggested repeating
lavage daily (Richardson and Stewart, 2019) to every other day (Meijer et al., 2000) for
refractory infections.
Traumatic wounds and penetrations require careful debridement, as any remaining devitalised
tissue or foreign material can act as a nidus for continuing infection and, if possible, these
wounds should be closed (McIlwraith et al., 2015a). In the case of wounds that are unable to
be closed (i.e. solar punctures), the wound should be debrided, dressed and treated to heal by
second intention. Immobilisation in the form of Robert Jones bandages and external coaptation
should be considered if possible, to aid with second intention wound healing (McIlwraith et
al., 2015a).
The use of passive (Santschi et al., 1997; Bertone, 1999), closed suction drainage (Ross et al.,
1991) and vacuum-assisted drainage (Rettig and Lischer, 2017) have been reported to facilitate
synovial drainage in the treatment of synovial infection. Complications associated with passive
drainage, including ascending bacterial infection (Bertone et al., 1992) combined with
improved success rates with other methods such as endoscopic (Wright et al., 2003) lavage
likely leave this method redundant. Closed suction may be advantageous and is thought to
remove harmful inflammatory mediators (Ross et al., 1991). Recently vacuum-assisted closure
has been described to help successfully treat a case of chronic septic osteoarthritis of the
antebrachiocarpal joint (Rettig and Lischer, 2017).
Sonication introduces ultrasonic wave energy into a fluid, which creates acoustic cavitation
(Bulat, 1974). This technology has been investigated in to treat infections in human medicine
and has been shown to enhance the antimicrobial treatment for Escherichia coli biofilms
(Rediske et al., 2000; Carmen et al., 2005). In a recent case report, the successful use of the
combination of arthroscopic lavage, acoustic cavitation and antimicrobial therapy for treatment
of SI in a horse was described (Rinnovati et al., 2020). Although this is the first report of the
use of this technology for treatment of SI in horses the technique shows promise as an
adjunctive therapy for SI.
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Synovial lavage must be combined with effective systemic and regional antimicrobial
techniques for successful pathogen elimination and outcomes.
2.5.2 Antimicrobial therapy
Ideally, culture and sensitivity results should dictate antimicrobial therapy; however, as
discussed previously (Section 2.3.7), given the poor sensitivity of these methods, veterinarians
often have to rely on empirical antimicrobial choices (see Section 2.2.3). It must also be
recognised that in vitro bacterial susceptibility does not indicate in vivo efficacy (Lescun,
2011). Systemic antimicrobial therapy is considered necessary in all cases of synovial infection
and determining the duration of therapy can be difficult and is often reliant upon resolution of
clinical signs of the affected animal (McIlwraith et al., 2015a). Systemic antimicrobial
treatment is often supplemented with regional antimicrobial administration (McIlwraith et al.,
2015a; van Weeren, 2016; Cousty et al., 2017; Richardson and Stewart, 2019). These
techniques include intravenous regional limb perfusion (Whitehair et al., 1992; Rubio-Martinez
et al., 2012; Biasutti et al., 2020), intraosseous perfusion (Rubio-Martinez et al., 2012; van
Weeren, 2016; Richardson and Stewart, 2019), antimicrobial infused biomaterials (Butson et
al., 1996; Summerhays, 2000; Ivester et al., 2006), intra-synovial antimicrobial administration
(Lloyd et al., 1990; Mills et al., 2000; Taintor et al., 2006; Stewart et al., 2010) and intra
synovial continuous rate infusion of antimicrobials (Lescun et al., 2000; Lescun et al., 2006;
Meagher et al., 2006).
Recently, the use of platelet-rich plasma lysate has been investigated for the treatment of SI in
horses (Gilbertie et al., 2020). As bacteria have been observed to form free floating biofilms,
tolerant to traditional antimicrobial therapy in infected joints (Gilbertie et al., 2019), platelet
rich plasma formulations were investigated for ability to combat synovial fluid biofilm
aggregates (Gilbertie et al., 2020). Platelet rich plasma lysate exhibited synergism with
amikacin against aminoglycoside tolerant biofilm aggregates and the authors concluded that
this treatment has the potential to augment current antimicrobial treatment protocols (Gilbertie
et al., 2020).

2.6 Prognosis
The reported prognosis for survival and return to function for horses and foals affected by
synovial infection varies considerably between studies. Overall rates of survival of between
42–98% have been reported (Schneider et al., 1992; Steel et al., 1999; Meijer et al., 2000; Post
et al., 2003; Wright et al., 2003; Fraser and Bladon, 2004; Smith et al., 2004; Smith et al., 2006;
Vos and Ducharme, 2008; Stewart et al., 2010; Walmsley et al., 2011; Findley et al., 2014;
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Milner et al., 2014; Cousty et al., 2017). Similarly, a considerable range in the rates of return
to function in horses with synovial sepsis have been reported (26–90%) (Schneider et al., 1992;
Steel et al., 1999; Post et al., 2003; Wright et al., 2003; Fraser and Bladon, 2004; Smith et al.,
2006; Wereszka et al., 2007; Findley et al., 2014). This variation likely reflects the complexity
of disease, differences in populations studied and differences in treatment. Given the large
disparities in the rates of survival and return to function in horses with synovial sepsis, studies
have been undertaken in an effort to determine factors that are associated with prognosis
(Lapointe et al., 1992; Schneider et al., 1992; Steel et al., 1999; Meijer et al., 2000; Post et al.,
2003; Wright et al., 2003; Fraser and Bladon, 2004; Smith et al., 2004; Smith et al., 2006; Kidd
et al., 2007; Wereszka et al., 2007; Vos and Ducharme, 2008; Walmsley et al., 2011; Findley
et al., 2014; Milner et al., 2014; Beccati et al., 2015; Wright et al., 2017; Gilbertie et al., 2018;
Suarez-Fuentes et al., 2018; Isgren et al., 2020). Elucidation of factors involved in prognosis
may allow optimisation of treatment regimens for affected horses and/or provide evidencebased information for client communication.
The sex of horses does not appear to be an important risk factor for outcome in SI. Smith et al.
(2004) reported that male and female foals affected with septic arthritis were less likely to start
in a race, when compared to healthy counterparts. This finding is not surprising, as all foals
within the study affected by septic arthritis, were less likely to start on a racecourse compared
to unaffected siblings and there was no difference in performance outcome between male and
female foals affected by septic arthritis (Smith et al., 2004). Other authors have reported no
association between sex and outcome (Smith et al., 2006; Vos and Ducharme, 2008). From
these findings, it could be speculated that female and entire male horses may have improved
outcomes possibly due to inherent value as breeding animals (which has a lower athletic
requirement), compared to geldings.
The age of horses affected by SI influences prognosis for survival and return to function, with
adults reported to have superior rates of both, in comparison to foals. Recent rates of survival
for adult horses are reported between 84-90.3% (Wright et al., 2003; Walmsley et al., 2011;
Milner et al., 2014; Cousty et al., 2017) and return to function of 52-81% (Schneider et al.,
1992; Wright et al., 2003; Walmsley et al., 2011). Rates of survival for foals are reported
between 45-84.1%(Schneider et al., 1992; Steel et al., 1999; Smith et al., 2004; Vos and
Ducharme, 2008; Neil et al., 2010; Wright et al., 2017) and ability to achieve intended function
of 26.16-62% (Steel et al., 1999; Smith et al., 2004; Wright et al., 2017). Neonatal foals are
more likely to have more complex clinical conditions including multiple joint involvement and
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multisystem disease, both of which have been identified as being associated with decreased
likelihood of survival (Smith et al., 2004) and return to function (Steel et al., 1999; Meijer et
al., 2000). The occurrence of septic synovitis has also been shown to decrease survival rates of
foals undergoing surgery for concurrent conditions, including patent urachus and umbilical
remnant infection (Oreff et al., 2017; Reig Codina et al., 2019). These factors may explain the
reduced likelihood of future athletic performance. Furthermore, Thoroughbred foals with
orthopaedic disease had reported lower rates of going on to race (29-48%) (Steel et al., 1999;
Smith et al., 2004; Neil et al., 2010) and orthopaedic disease has been significantly associated
with foals being less likely to race than siblings (Chidlow et al., 2019).
Associations between breed and outcome in animals with SI have been reported. NonThoroughbred horses in a study of endoscopic surgical treatment of contaminated and septic
synovial cavities were identified to be less likely to return to function (Wright et al., 2003).
However, the population in that study (Wright et al., 2003) was predominantly Thoroughbred
and Thoroughbred cross horses (85.1%), which may have influenced the results. In contrast, in
a study of horses with SI following solar foot penetrations, when breed was dichotomised, the
group of Thoroughbreds, Thoroughbred crosses, Warmbloods, Warmblood crosses and Arabs
was significantly less likely to return to pre-injury level of activity than cobs, ponies and
draught breed crosses (Findley et al., 2014). The authors of this study speculated that this
finding was due to the latter group having breeds with a higher tolerance for low level lameness
and less demanding athletic expectations (Findley et al., 2014). In another study, no effect of
breed on survival in horses with SI was found (Vos and Ducharme, 2008).
It is possible that horses with low athletic requirements have improved performance outcomes
after treatment of SI. In a study of the outcomes of horses undergoing treatment for septic
navicular bursitis, the good rate of return to function was considered to be associated with the
low level athletic activity (e.g. trail riding) of the included horses (Suarez-Fuentes et al., 2018)
and has been reported previously (Findley et al., 2014). The outcomes of racing Thoroughbreds
and Standardbreds with SI have been examined. In previous studies, descriptive performance
data indicated that Standardbreds (45-62.8%) may be more likely to return to racing after
treatment for synovial infection than Thoroughbreds (31-40.5%) (Schneider et al., 1992; Steel
et al., 1999; Smith et al., 2004). However, further investigation of the effect of horse use on
performance outcomes after treatment for SI is required to facilitate evidence-based decisionmaking for affected animals.
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The cause of synovial infection may affect prognosis. In one study, horses with a wound
penetration of the synovial cavity were five times more likely to survive than horses with other
causes of SI (Milner et al., 2014). The authors of that study speculated that wounds may be
observed earlier by the client, leading to more prompt treatment or drainage of SF for removal
of bacteria and inflammatory mediators, with the possible reduction in detrimental effects on
synovial tissues (Milner et al., 2014). In a study of the treatment of 39 cases of septic arthritis
by joint lavage, the recovery rate of adult horses affected by wounds was 87%, while the overall
recovery rate for adult horses was 81% (Meijer et al., 2000), suggesting an improved rate of
survival for horses with wounds as the underlying cause of SI. In a study of the
ultrasonographic findings in 38 horses with septic synovial structures (Beccati et al., 2015), it
was found that inflammatory debris was more likely in horses with an underlying cause of
sepsis not caused by wounds (Beccati et al., 2015). Marked deposits of inflammatory debris
have been associated with reduced survival (Wright et al., 2003; Milner et al., 2014) and return
to function of affected horses (Wright et al., 2003; Wereszka et al., 2007), most likely due to a
reduction in the effectiveness of synovial lavage due to and refugia of bacteria within
inflammatory debris (Orsini, 2017). These findings may explain the improved prognosis of
horses with synovial infection due to wounds. In contrast, an earlier study found little
improvement in the rate of survival of adult horses affected by wounds (86%) when compared
with survival of the entire adult population (85%) (Schneider et al., 1992).
There is limited evidence that the location of SI affects prognosis. In a study of horses that
underwent endoscopic treatment for synovial sepsis (Milner et al., 2014), bursal infection was
not retained in the final statistical model of factors associated with outcome, while in a study
of 108 foals with osteomyelitis, foals with involvement of the navicular bursa were less likely
to be discharged from hospital (Neil et al., 2010). In a multicentre study examining the
outcomes of horses with synovial structure involvement following hoof penetrations, low
survival (56%) and return to function (36%) rates were reported (Findley et al., 2014). The
poor outcomes in that study were considered to be multifactorial, including a higher likelihood
of involvement of environmental bacteria, puncture wounds are more likely to seal and prevent
drainage of inflammatory SF and likely bone or tendon involvement associated with the injury,
complicating treatment efficacy and response (Findley et al., 2014). Conversely, other studies
that examined the clinical outcomes after endoscopic treatment of synovial sepsis of the
navicular bursa reported survival rates of between 75–84.2% (Wright et al., 1999; SuarezFuentes et al., 2018), suggesting the prognosis after this type of infection is good. The outcomes
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of horses with synovial sepsis of the calcaneal bursa are also varied with 66.7-84.4% of horses
reported to survive (Post et al., 2003; Isgren et al., 2020). An early report suggested that
synovial sepsis of the tendon sheath was significantly associated with increased likelihood of
survival as all horses with synovial sepsis of the tendon sheath survived to discharge (Schneider
et al., 1992). In more recent reports of horses with septic tenosynovitis, between 76.9-87.8%
of horses survived and 53-69% returned to function (Fraser and Bladon, 2004; Smith et al.,
2006; Wereszka et al., 2007). It is worth noting the initial study (Schneider et al., 1992) only
included 14 horses with septic tenosynovitis whereas the more recent studies had larger
numbers (Fraser and Bladon, 2004; Smith et al., 2006; Wereszka et al., 2007). In foals with SI,
involvement of the coxofemoral joint and navicular bursa have been associated with reduced
likelihood of survival (Neil et al., 2010). In contrast, the prognosis of foals with septic arthritis
was not influenced by the structure affected in an earlier study (Vos and Ducharme, 2008).
The involvement of multiple joints has been associated with decreases in survival (Steel et al.,
1999; Smith et al., 2004; Wereszka et al., 2007; Vos and Ducharme, 2008; Hepworth-Warren
et al., 2015) and return to function(Steel et al., 1999) for horses with SI. These associations
may be most relevant for foals (Schneider et al., 1992; Steel et al., 1999; Smith et al., 2004;
Vos and Ducharme, 2008; Hepworth-Warren et al., 2015), as haematogenous spread is more
likely to cause multiple joint infection. Schneider et al. (1992) observed that foals were more
likely that adults to have multiple joint involvement and survival was less likely (Schneider et
al., 1992). In contrast, involvement of greater than one joint was not found to be associated
with survival in other studies of adults (Milner et al., 2014) and foals (Wright et al., 2017).
There is a lack of agreement regarding the effects of positive bacterial culture and bacterial
isolate on the prognosis of horses affected with synovial sepsis. Positive bacterial culture has
been associated with reduced likelihood of survival (Steel et al., 1999; Taylor et al., 2010;
Walmsley et al., 2011) and return to function (Walmsley et al., 2011). Taylor et al. (2010)
found that horses with positive bacterial cultures from SF were 19 times more likely to be
subjected to euthanasia during hospitalisation than horses with negative cultures (Taylor et al.,
2010). In the same study, SI with Staphylococcus aureus was associated with reduced
likelihood of return to function (Taylor et al., 2010). In another study, coagulase positive
Staphylococcus spp., β haemolytic Streptococcus spp. Pseudomonas aeruginosa and other
Gram-negative species were associated with increased likelihood of euthanasia (Gilbertie et
al., 2018). Infection with Salmonella spp. was associated with unfavourable prognosis for
survival in one study examining the outcomes of foals with septic arthritis (Steel et al., 1999).
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In contrast to these reports, positive bacterial culture (Schneider et al., 1992; Milner et al.,
2014), Staphylococcus spp. (Walmsley et al., 2011) or the type of bacteria cultured (Schneider
et al., 1992) were not associated with outcome in other studies.
Involvement of bone or tendon, associated with SI, has been observed to decrease the
likelihood of survival (Wright et al., 2003; Findley et al., 2014) and return to function of
affected horses (Post et al., 2003; Wereszka et al., 2007; Stewart et al., 2010; Walmsley et al.,
2011). Refugia of bacteria within synovial debris and fibrin and secondary degenerative
changes to synovial tissues are likely responsible for these findings (Steel et al., 1999; Findley
et al., 2014; Orsini, 2017). However, other authors have found no association between bone or
tendon involvement and outcomes (Milner et al., 2014).
The timely institution of treatment has been suggested as an important factor in the successful
treatment of SI in horses (Morton, 2005; Joyce, 2007). This temporal relationship has been
observed in a number of studies investigating factors associated with prognosis of horses with
synovial sepsis (Steel et al., 1999; Fraser and Bladon, 2004; Wereszka et al., 2007; Herdan et
al., 2012; Findley et al., 2014). Increasing time to treatment has also been associated with the
development of pannus, and marked pannus deposits have been associated with increased
likelihood of non-survival and reduced performance (Wright et al., 2003; Milner et al., 2014).
In contrast, no association between a delay in treatment and outcome in horses with synovial
sepsis have been found in other studies (Smith et al., 2006; Kidd et al., 2007; Stewart et al.,
2010; Walmsley et al., 2011; Milner et al., 2014). This may suggest that other factors, including
host immunity and bacterial virulence, may have more of an effect on the outcome of SI (Patti
et al., 1994; Palmqvist et al., 2005; Kidd et al., 2007). The latter findings give veterinarians the
assurance to treat horses with a delay between synovial cavity contamination and presentation
for treatment. The type of treatment methods used for synovial infection may influence the
prognosis of affected horses. Endoscopic examination, lavage and surgery is considered the
gold standard for management of affected synovial cavities (Wright et al., 2003; Richardson
and Ahern, 2012; McIlwraith et al., 2015a; Orsini, 2017) as these methods allow direct
examination of the cavity, assessment of amount of damage, debridement and high volume
lavage to remove inflammatory mediators, organisms and compromised tissues. In several
studies, rates of 86-90.3% (Wright et al., 2003; Milner et al., 2014; Cousty et al., 2017) for
survival and an 81% (Wright et al., 2003) return to function rate were observed for horses with
synovial infection were treated by endoscopy. Despite these advantages, not all studies have
found surgical type or technique to be associated with outcome (Schneider et al., 1992;
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Wereszka et al., 2007). The requirement for multiple synovial lavages in the management of
horses with synovial sepsis has been shown to be a negative prognostic indicator (Findley et
al., 2014; Milner et al., 2014). This is likely a reflection of persistent sepsis and ongoing
inflammation in the affected structure (Milner et al., 2014). Regional antimicrobial delivery
has been shown to positively influence the outcomes of horses with synovial infections
(Whitehair et al., 1992; Lescun et al., 2006; Rubio-Martinez et al., 2012). One study found an
association between regional intravenous administration of antimicrobial drugs, non-survival
and reduced post-operative performance (Wright et al., 2003); however, they speculated that
the surgeon’s selection criteria may have influenced this outcome. In the same study, nonsurvival and reduced post-operative performance was associated with increasing days duration
of systemic antimicrobial therapy (Wright et al., 2003): an outcome the authors’ considered
predictable, given the criteria for cessation of antimicrobials was based on the clinical response
of individual animals to treatment.
Due to inconsistencies within the literature regarding many variables identified to be associated
with survival and return to performance of horses with SI, further investigation and elucidation
of risk factors for these outcomes is required.

2.7 Conclusion
The diagnosis and treatment of synovial infections in horses is a challenge for veterinarians.
Current diagnostic techniques have limited sensitivity for detection of bacteria within SF
samples from affected synovial structures. Investigation of PCR for the diagnosis of SI in
horses may increase sensitivity of detection for this condition, and also decrease the time for
detection of underlying microorganisms, resulting in improved treatment and prognosis of
affected animals. Determination of factors associated with outcomes (survival, return to athletic
performance) is also important for the treatment of horses with SI and provision of evidencebased prognosis for clients. Within the scientific literature, there is limited information on
factors associated with outcome in horses with synovial sepsis, and lack of agreement on
factors that influence prognosis of affected horses. Further investigation into the factors
associated with the outcomes of horses with SI is warranted to direct therapeutic choices and
allow accurate prognostication of affected horses.

2.8 Study objectives
The objectives of this research are to:
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1. To investigate epidemiological factors associated with septic synovial structures in
horses by
a. Describing outcomes for horses and foals with synovial infections presented to
the Veterinary Clinical Centre (VCC), Charles Sturt University (CSU)
b. Identifying factors associated with survival to discharge from hospital and
return to function for horses and foals with synovial infections presented to the
VCC, CSU
2. To investigate molecular techniques for the diagnosis of synovial infections in horses
including
a. determination of an appropriate protocol to optimise bacterial DNA extraction
from equine septic synovial fluid
b. investigation of the efficacy of different 16S rRNA primers for application to
equine septic synovial fluid
c. comparison of the effectiveness of a broad range PCR method to
microbiological culture for diagnosis of synovial infections in horses
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Synovial infections (SI) are common in horses of all ages and can be associated with
high rates of morbidity and mortality. Identifying factors influencing survival and return
to function may be useful for management of affected individuals and determination
of prognosis. The objectives of this study were to identify factors associated with
survival and return to function of horses and foals with SI presented to an equine
hospital. This study is a retrospective case series. Data were collected from medical
records of all horses with SI that were presented to a single equine hospital between
April 1st, 2008 and May 1st, 2017. Long–term follow up was obtained by a semistructured telephone questionnaire of clinical outcomes and analysis of online race
records. Univariate models were created using generalized linear and linear mixed models
to assess factors associated with outcomes. Multivariable models were created using
generalized linear and linear mixed models to determine factors significantly associated
with outcomes. Of 186 horses presented with SI, 161/186 (86.6%) were treated and
145/161 (90.1%) survived to discharge. The majority of joints were treated with synovial
lavage (93.8%). One hundred and twenty horses were included in the return to function
analysis and 79 (65%) returned to function. Increasing number of days of treatment
with systemic antimicrobials was associated with increased likelihood of survival for
each horse (OR 1.15, 95% CI 1.04−1.27, P = 0.025) and when considering each
individual synovial structure (OR 1.11, 95% CI 1.04−1.17, P = 0.004). Horses treated
with doxycycline were less likely to return to function (OR 0.39, 95% CI 0.19−0.8, P =
0.031). The overall rate of survival of horses treated with SI is good. The likelihood of
return to function is lower than for survival. The findings of this study, combined with
relevant antimicrobial stewardship practices, can be used as a part of evidence-based
decision-making when veterinarians are treating horses with SI.
Keywords: horse, joint, synovial structure, outcome, prognosis

INTRODUCTION
Synovial infections (SI) are common in horses of all ages. Causes of SI include direct contamination
by a penetrating injury, hematogenous spread in neonates or contamination at the time of a
synovial injection or surgery (1–3). Early recognition of SI and aggressive treatment are considered
integral to a successful outcome (4–9). Recommended treatments for SI include high volume lavage
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of the affected synovial cavity to remove pathogens, toxins,
inflammatory mediators, fibrin and debris combined with
systemic and local or regional antimicrobial therapy (2, 10, 11).
However, conventional bacterial culture and susceptibility testing
of synovial fluid from horses with SI is frequently unrewarding,
leading to inherent difficulty in evidence-based antimicrobial
selection (1, 9, 12–16).
Synovial infections can be associated with high rates of
morbidity and mortality. Reported rates of survival in horses
with SI range from 42 to 98% (1, 4, 6–9, 17–25), while rates of
return to function also vary widely (26–90%) (1, 4, 7–9, 20, 22,
23). Consequently, factors associated with outcome for horses
with SI have been investigated, including etiology, time between
synovial fluid contamination and treatment, microbiological
culture results, location and number of synovial cavities affected,
age, breed, treatment regimens, involvement of surrounding
structures, and length of hospital stay (4, 6–9, 18, 20–23, 25–28).
A clear understanding of the factors associated with outcomes
are necessary for sound treatment decisions and for formulating
a more accurate prognosis for affected horses; however, a
lack of agreement between existing studies makes it difficult
for clinicians to estimate the effects on both survival and
return to function (4, 6–9, 18, 20–23, 25–28). As such, further
investigation of factors associated with outcomes of horses with
SI are warranted to direct evidence-based approaches to the
management and prognostic assessment of affected horses.
The objectives of this study were to (1) describe outcomes for
horses and foals with SI presented to a single hospital and (2)
identify the factors associated with survival to discharge from
hospital and with return to function.

racingaustralia.horse) for Thoroughbreds. Survival was defined
as any horse or foal that was discharged from hospital. Return
to function was defined as any horse that participated in
the pre-injury discipline post-injury or any horse or foal that
participated in its intended discipline post-injury (both hereafter
described as return to function). Charles Sturt University Human
Research Ethics Committee approval (H17143) and Charles Sturt
Animal Ethics Committee approval (A16065) were obtained for
this study.

Statistical Analysis
Statistical analyses were performed for two binomial outcomes,
survival and return to function (Figure 1). To determine
factors associated with survival, only horses treated for SI were
included. Return to function analysis included all horses that
survived to discharge and were old enough to compete in
their intended discipline at the time of follow up. Descriptive
data were generated (using Microsoft Office Excel). For each
response logistic regression was used, univariate generalized
linear models (GLM) for whole horse data and generalized
linear mixed models (GLMM) for synovial structure data were
created prior to multivariable analyses using generalized linear
and linear mixed models. Four models were used to examine
explanatory variables (Supplementary Items 2, 3) specific to
the individual synovial structures affected and to the horse for
both outcomes of interest: Model 1 (horse level, survival, GLM)
included a single explanatory variable only, Model 2 (individual
synovial structure, survival, GLMM) added two random terms
to Model 1—Horse ID and synovial structure within horse.
Model 3 (horse level, return to function, GLM) was based
on Model 1 but included multiple explanatory factors and
interactions, Model 4 (individual synovial structure, return to
function, GLMM) was based on Model 3 but included multiple
explanatory factors and interactions. Most of the explanatory
variables were qualitative but where they were quantitative a
linear relationship between the explanatory variable and the
response was explored. Variables from the univariate analysis
with a P-value of <0.1 (Supplementary Items 2, 3) were carried
into the multivariable analysis. Plausible interactions between
variables were investigated for both groups. For all analyses
significance was set at P < 0.05 (statistical software R and
ASRemlR was used), goodness of fit and over-dispersion were
checked and were satisfactory for all models, finally, odds ratios
are reported.

MATERIALS AND METHODS
All horses with SI presented to the Charles Sturt University
equine hospital over a 9 year period (April 1st 2008 and May
1st 2017) were included in the study. Confirmed or suspected
SI were defined as direct contamination through a breach
of a joint or a tendon sheath, and/or a total nucleated cell
count (TNCC) ≥30 x 109 cells/L, total protein concentration
≥30 g/L and differential cell count of >80% neutrophils in a
synovial fluid sample and/or a positive microbiological culture
from synovial fluid (6, 7, 17, 23, 29). Microbiological culture
was done by inoculating the recommended amount of synovial
fluid into the BACTEC Peds PlusTM /F culture bottle and this
was this was immediately placed into the BACTEC 9050
automated blood culture system. All instrument positive bottles
were subcultured onto agar media after bacterial growth was
detected on the system. Data on signalment, history, physical
findings, diagnostic tests, treatment and outcomes were retrieved
from the hospital medical records. Return to function was
assessed by two authors (DEC and BJH) using a semi-structured
telephone questionnaire (Supplementary Item 1). In addition,
for race horses, information on starts, prize money, wins, and
places before and after injury were collected from online race
records of Harness Racing Australia (http://www.harness.org.au/
hra.cfm) for Standardbreds and Racing Australia (http://www.
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RESULTS
One hundred and eighty-six horses and foals with SI were
included in the study. Of these 94 (50.5%) were referred to
the hospital by a veterinarian. Horses ranged from 1 day to 25
years of age. There were 52/186 (28%) that were <6 months
of age and 134/186 (72%) that ≥6 months of age. The most
represented breeds were Thoroughbreds 64/186 (34.4%) and
Standardbreds 41/186 (22%). Other breeds included Australian
stock horses (n = 21), Quarter horses (n = 18), cross breeds (n
= 11), Warmbloods (n = 7), Polo ponies (n = 6), Clydesdales
(n = 4), Appaloosas (n = 4), pony breeds (n = 4), Arabians
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FIGURE 1 | Flow diagram illustrating the process to inclusion of horses and foals.

<6 months of age 42/186 (22.6%), 17 horses had idiopathic SI
or haematogenous spread and five were due to an iatrogenic
cause. There was a positive microbiological culture in 67/122
(54.9%) of cases and the most frequently isolated bacteria
were Streptococcus species (n = 13), Pasteurellaciae species (n
= 10), Staphylococcus species (n = 10), Escherichia species
(n = 7), Enterococcus species (n = 5), and Clostridium
species (n = 4).
Twenty-four horses (12.9%) were subjected to euthanasia after
the diagnosis was made. This was due to predicted poor prognosis
(n = 20), the cost associated with treatment (n = 3), and poor
horse temperament for treatment (n = 1).
One hundred and sixty-one horses underwent treatment
for SI involving 208/240 (86.7%) synovial structures. Thirteen
synovial structures were treated with medical therapy only,
predominantly due to client financial constraints. One hundred
and ninety-five (93.8%) were treated with a form of synovial
lavage: including needle lavage in 75 (38.5%) structures,
endoscopic lavage in 90 (46.2%) structures, arthrotomy in

(n = 3), Andalusians (n = 2), and Miniature horses (n =
1). Ninety seven (52.2%) horses were female, 49/186 (26.3%)
were male, 39/186 (21%) were male castrates and sex was
not recorded for one horse. Function or intended function
was most often racing: 47/186 (25.3%) were Thoroughbred
race horses and 37/186 (19.8%) were Standardbred race horses.
The functions or intended functions for all horses is provided
in Table 2.
In total, 240 synovial structures were affected. One hundred
and fifty nine (85.5%) horses had one structure affected, 18 had
two structures affected, three had three structures affected, one
had four structures affected, two had five structures affected, two
had six structures affected, and one had ten structures affected.
The forelimb was involved for 99 SI (41.3%) and the hind
limb in 141 (58.7%) of SI. There were 173/240 (72.1%) joints,
50 (20.8%) tendon sheaths and 17 (7.1%) bursae affected by
SI (Table 1).
The majority of cases were caused by penetrating wounds
122/186 (65.6%), followed by haematogenous spread in foals
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discharge and 109/118 (92.4%) of horses ≥6 months survived to
discharge. Survival of horses by use is presented in Table 2.
Univariate analyses revealed that increasing number of
systemic treatment days (OR 1.15, 95% CI 1.04–1.27, P = 0.007)
and the use of regional antimicrobial therapy (OR 4.42, 95% CI
1.43–13.71, P = 0.043) were associated with increased likelihood
of survival, while an increasing number of synovial structures
affected was associated with decreased likelihood of survival (OR
0.67, 95% CI 0.47–0.94, P = 0.029). The results of all variables
examined in the univariate analysis for survival are provided in
Supplementary Items 2, 3.
In the final multivariable models, an increasing number
of systemic treatment days was associated with an increased
likelihood of survival: model 1 (OR 1.15, 95% CI 1.04–1.27,
P = 0.025) and Model 2 (OR 1.11, 95% CI 1.04–1.17, P =
0.004) (Table 3). There were no significant interactions between
variables present.

TABLE 1 | Frequency of distribution of infected synovial cavities.
Synovial cavity

Number affected (%)

Calcaneal bursa

8 (3.3)

Carpal sheath

3 (1.3)

Cubital joint

6 (2.5)

Digital flexor tendon sheath

42 (17.5)

Distal interphalangeal joint

17 (7.1)

Distal intertarsal joint

1 (0.4)

Extensor carpi radialis sheath

2 (0.8)

Femoropatella joint

23 (9.6)

Femorotibial joint (medial or lateral)

5 (2.1)

Middle carpal joint

16 (6.7)

Fetlock joint

36 (15.0)

Navicular bursa

9 (3.8)

Proximal interphalangeal joint

9 (3.8)

Proximal intertarsal joint

1 (0.4)

Antebrachiocarpal joint

13 (5.4)

Glenohumeral joint

2 (0.8)

Tarsal sheath

3 (1.3)

Tarsocrural joint
Tarsometatarsal joint
Total

Return to Function
Of the 145 individuals that survived, 17 were lost to follow up
and eight were excluded from the analysis of athletic performance
due to insufficient age for athletic use at the time of follow up.
One hundred and twenty horses were available for long-term
follow up and 78 (65%) returned to function. Ninety-two horses
were used as athletes and 55/92 (58.8%) returned to function,
this included 30/60 (50%) of racehorses and 25/32 (78.1%) of
performance horses. The median time of follow up was 1486.5
(142–3,256) days. Of the horses <6 months of age, 16/30 (53.3%)
went on to intended function while 62/90 (68.9%) of horses ≥6
months of age returned to function. Return to function of horses
by use is provided in Table 2. Of racehorses that survived to
discharge Standardbreds had a greater median number of starts
(33 vs. 8.5), wins after injury (2 vs. 0), places after injury (6 vs. 1)
and prize money after injury ($12,124 vs. $3,742.5) compared to
Thoroughbreds (Table 4). Of the 42 horses that did not return to
function, there were 28 race horses and 14 from other disciplines.
Of the 14 horses from other disciplines 11 did not return to
function due to the synovial infection, one mare was retired to
stud immediately after the injury and data was lost for follow-up
of two horses. Of this group, four horses are known to have been
subjected to euthanasia after discharge (antimicrobial associated
colitis n = 2, laminitis n = 1, lameness refractory to pain relief n
= 1). Of the 28 race horses, there were 18 Thoroughbreds and 10
Standardbreds that did not return to function. Stud book records
showed that 4/18 Thoroughbreds and 2/10 Standardbreds were
recorded as deceased at the time of manuscript preparation.
Additionally one Standardbred was noted to have been subjected
to euthanasia after discharge, due to gastric rupture unrelated to
the synovial infection.
Increasing number of hospitalization days (OR 0.9, 95%
CI 0.84–0.97, P = 0.006), treatment with doxycycline (OR
0.32, 95% CI 0.14–0.71, P = 0.005), an increasing number of
different antimicrobial drugs administered (OR 0.63, 95% CI
0.04–0.99, P = 0.04), complications associated with treatment
(OR 0.17, 95% CI 0.03–0.88, P = 0.023), increasing number
of repeat treatments with intra-thecal antimicrobials (OR 0.76,
95% CI 0.62–0.93, P = 0.002) and an increasing number of

41 (17.1)
3 (1.3)
240

six structures and in 24 (12.3%) a combination of needle
lavage and endoscopic lavage or arthrotomy was used. In
cases treated with synovial lavage the number of lavages
ranged from 1 to 5. One hundred and forty-two (68.3%)
had one lavage and 53 structures (27.2%) had more than
one lavage.
All horses were treated with systemic antimicrobial therapy.
The median duration of systemic antimicrobial therapy was 12
(1–77) days. Regional antimicrobial therapy was done in 127/208
of affected synovial structures (61.1%): intravenous regional
perfusion of antimicrobials (n = 115; 90.6%), intraosseous
regional perfusion of antimicrobials (n = 9), or a combination
of intravenous and intraosseous regional perfusion (n = 3).
Intravenous or intraosseous regional perfusion was done once
in 11, twice in 28, three times in 59, four times in 15, five
times in nine, and six times in five affected structures. Intrathecal
administration of antimicrobials was done in 140/208 (67.3%)
SI. Intrathecal administration of antimicrobials was done twice
in 36 SI, three times in 24, four times in four, and five
times in three.
Complications associated with treatment were observed
in 15 horses, including laminitis (n = 2), antimicrobialassociated diarrhea (n = 8), colic (n = 2), thrombophlebitis
(n = 1), right dorsal colitis (n = 1), and nosocomial wound
infection (n = 1).

Survival to Discharge
One hundred and forty-five (90.1%) horses survived to discharge.
Of the horses <6 months of age, 36/43 (83.7%) survived to
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TABLE 2 | Survival and return to function of horses by use.
Horse use or intended use

All horses with SI
N (%)

Treated horses
N (%)

Survived to discharge N (%)

Returned to function N (%)

All

186

161/186 (86.6)

145/161 (90.1)

78/120 (65.8)

Racehorses

84/186 (45.2)

74/84 (88.1)

64/74 (86.5)

30/60 (50)

Thoroughbred

47/84 (25.3)

43/47 (91.5)

39/43 (90.7)

18/36 (50)

Standardbred

37/84 (19.9)

31/37 (83.8)

25/31 (80.6)

12/24 (50)

Performance horses

54/186 (29)

47/54 (87)

45/47 (95.7)

25/32 (78.1)

Campdrafting and western sports

16/54 (8.6)

12/16 (75)

11/12 (91.7)

7/8 (87.5)

Dressage

9/54 (4.8)

7/9 (77.8)

6/7 (85.7)

2/3 (66.7)

Endurance

2/54 (1.1)

2/2 (100)

2/2 (100)

1/1 (100)

Eventing

3/54 (1.6)

3/3 (100)

3/3 (100)

3/3 (100)

Harness

2/54 (1.1)

2/2 (100)

2/2 (100)

2/2 (100)

Polo & polo crosse

13/54 (7)

13/13 (100)

13/13 (100)

5/7 (71.4)

Rodeo

2/54 (1.1)

1/2 (50)

1/1 (100)

0/1 (0)

Show horses

3/54 (1.6)

3/3 (100)

3/3 (100)

1/3 (33.3)

Show jumping
Non-performance horses

4/54 (2.2)

4/4 (100)

4/4 (100)

4/4 (100)

48/186 (25.8)

40/48 (83.3)

36/40 (90)

23/28 (82.1)

General purpose

11/48 (5.9)

10/11 (90.9)

9/10 (90)

7/9 (77.8)

Broodmares

15/48 (8.1)

13/15 (86.7)

13/13 (100)

12/12 (100)

Breeding stallions

2/48 (1.1)

1/2 (50)

1/1 (100)

1/1 (100)

Paddock companions

2/48 (1.1)

1/2 (50)

1/1 (100)

1/1 (100)

Unknown

18/48 (9.7)

15/18 (83.3)

12/15 (80)

2/5 (40)

The text in bold refers to the total numbers of horses grouped by differing athletic requirements.

DISCUSSION

TABLE 3 | Multivariable analysis for survival and return to function.
Variable

P-value

Odds ratio

95% Confidence
interval

1.15

1.04–1.27

Management of septic synovial structures in horses can represent
a diagnostic and therapeutic challenge. The results of this study
contribute to the current body of work (1, 4, 6–9, 18, 20–
23, 25–27) by introducing new clinical variables that might
be helpful in making more informed treatment decisions and
accurate prognostications.
In this study, 90.1% of horses treated for SI survived to
discharge and of these, approximately two thirds returned
to function. Specifically, the positive association between
antimicrobial treatment duration with survival and doxycycline
treatment being a negative prognostic indicator for return to
function represent new insights.
We found positive association between longer systemic
antimicrobial treatment duration and predicted survival. This
may reflect an increased owner commitment to treatment;
however, in a previous study, 12 days or more systemic
antimicrobial treatment was associated with reduced survival and
post-operative performance of horses with SI (23). Differences
in reported survival rates may be a reflection of different
horse populations, lesion types or other associated factors which
were included in the multivariable analyses. The decreased
likelihood of return to function with prolonged antimicrobial
use in the univariate analyses of the current study is consistent
with the findings of a previous study (23). This finding
may reflect that prolonged antimicrobial use is more likely
in horses with refractory infections that can be at increased
risk of comorbidities or orthopedic sequelae of SI leading to

Model 1—Horse data for survival
Number of days (total)
on systemic
antimicrobials

0.025

Model 2—Individual synovial structure data for survival
Number of days (total)
on systemic
antimicrobials

0.004

1.11

1.04–1.17

Model 4—Individual synovial structure data for return to function
Doxycycline

0.031

0.39

0.19–0.8

repeated treatments with intra-thecal and regional antimicrobials
(OR 0.57, 95% CI 0.41–0.8, P = 0.027) were negatively
associated with return to function. The results of all the
univariate analysis for return to function are provided in
Supplementary Items 2, 3.
In the multivariable analysis, for return to function when
considering each individual synovial structure (Model 4),
treatment with doxycycline was negatively associated with return
to function (OR 0.39, 95% CI 0.19–0.8, P = 0.31) (Table 3). There
were no significant outcomes for the multivariable analysis of
return to function when considering each horse (Model 3). Both
models for return to function had no significant interactions
between variables.
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$645–$59,859
0–50

33

7–55

0

0–9

2

0–9

0

0–16

6

0–18

$0

$0–$53,594

$12,124

reduced likelihood of return to function (9, 18, 23). As such,
these associations should be considered when management of
horses with SI requires prolonged administration of systemic
antimicrobial drugs. The judicious use of antimicrobials must
be balanced against the requirement to treat the presenting
clinical condition (30, 31). According to current antimicrobial
stewardship recommendations, treatment should be based on
culture and in vitro sensitivity results, with preference made to
first line antimicrobials (30, 31). Selection of antimicrobials of
medical importance should be restricted to cases when infection
with an organism is likely to be susceptible based on culture
and sensitivity results or for the treatment of life threatening
conditions (30, 31). When in vitro culture and sensitivity results
are not available, treatment choices should be made using an
evidence based approach (32).
Treatment of horses with doxycycline in our study negatively
affected return to function. This is likely explained by
the use of this drug in juvenile horses and/or those with
infections refractory to treatment with alternative antimicrobial
drugs preferentially receiving this drug. Doxycycline is readily
distributed into synovial fluid at high concentrations (33).
This favorable pharmacokinetic property, and the ease of oral
administration of the drug for prolonged treatment durations,
make doxycycline an attractive choice for treatment of SI.
In addition, the likelihood of antimicrobial-associated diarrhea
in foals is considered lower than in adult horses possibly
due to the increased bioavailability of orally administered
antimicrobials and poorly developed intestinal microflora (34,
35). These factors may influence preferences for antimicrobial
treatment of foals and horses with refractory infections with
doxycycline. Additionally, in this and previous studies, foals had
a reduced rate of return to function (7, 21, 26) in comparison
to adult horses. In the univariate analysis of the current study,
increasing age was associated with increased predicted return
to function. Interactions between doxycycline and both age and
complications associated with treatment were investigated and
were not significant.
The rate of survival of horses with SI in this study was 90.1%.
This is comparable with recent reports of survival rates for horses
with SI of 84–90.3% (6, 17, 18, 23), including a study from
a similar geographical location (south-eastern Australia) where
84% of horses survived (6). Initial reports had lower rates of
survival (65%) (36) and a poor prognosis for affected horses
was described (37). With the advent of improved diagnostic
techniques (13) allowing for more accurate identification of
causative microorganisms and the development of endoscopic
surgical techniques (18, 23) an improvement in rates of survival
has been observed.
The rate of return to function for horses treated with SI in
this study was 65%. Similar rates of return to athletic use (54–
56.5%) have been reported in earlier studies (1, 6). Wright et al.
reported a greater return to preoperative level of performance
in horses with SI (81%) (23); however, their study population
had a smaller proportion of foals in comparison to our study.
The rate of return to function for foals (53.3%) in this study was
lower than adult horses (68.9%) and other studies have similarly
reported a low return to function rates for foals of 26% (7) and
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Dollars.
c Australian

b Standardbred.

a Thoroughbred.

12/24
(50)
SBb

0

$0–$59,110
$3742.5
$0–$37,990
$0
0–8
1
0–3
0
0–3
0
0–3
0
1–32
8.5
0–14
18/36
(50)
TBa

0

$0–$59,859
$7,160
$0–$53,594
$0
0–18
2
0–16
0
0–9
1
0–9
0
1–55
13
0–50
0
30/60
(50)
All

Median

Range

Median

Range

Median

Range

Median

Range

Median

Range

Median

Range

Median

Range

Median

Range

Outcomes Associated With Synovial Infections

Mean
N (%)

Wins before injury
Starts after injury
Starts before
injury
Return to
function

TABLE 4 | Descriptive data on return to function for racehorses that survived to discharge.

Wins after injury

Places before
injury

Places after
injury

Prize money
before injury
(AUD)c

Prize money after
injury (AUD)c
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suggest immediate surgical treatment is not required for positive
outcomes (6, 18–20, 28).
No association was found between outcomes and bone
or tendon involvement in this study. Involvement of
bone and tendon with SI has been related to decreased
likelihood of survival (4) and return to function (6, 9, 19).
Damage to bone or tendon may lead to persistent tissue
contamination or result in secondary degenerative changes
increasing the likelihood of negative outcomes (4, 7, 11).
The findings of this study were unexpected and may give
clinicians assurance to treat horses with underlying bone and
tendon involvement.
The use of, and methods for, regional antimicrobial delivery
in the current study were not significantly associated with
outcome in the final multivariable models; however, there
was an association between regional antimicrobial therapy
and survival in the univariate analysis. The local delivery
of high antimicrobial concentrations is considered to be of
benefit in the management of SI in horses and positively
influences case outcomes (16, 38, 39). In contrast to our
findings, one study found an association between regional
intravenous administration of antimicrobial drugs and nonsurvival or reduced postoperative performance (23). The
authors of that study speculated that the procedure was
often used in established infections and consequently poor
outcomes may reflect a bias toward those cases rather than
regional therapy being an unsuccessful treatment modality (23).
Despite the lack of an association in the final model between
regional antimicrobial therapy and survival, this technique
is likely an important part of the therapeutic regimen for
treatment of SI.
In this study there was no significant effect of lavage method
on outcomes. Synovial lavage is integral to the treatment of
SI and endoscopy is considered the gold standard method
for direct management of affected structures (2, 10, 11). This
technique best allows examination of the synovial cavity (23),
debridement of damaged tissue and inflammatory debris and
complete lavage of the affected structure (10). The findings of
this study suggest that high volume lavage may be the most
important component of therapy, and this has been observed
by another author (9). Repeat synovial lavage has been shown
to be a negative prognostic indicator (4, 18). However, in this
study more than one lavage was not associated with survival
or return to function. While this finding is unexpected, it is
encouraging for clinicians treating cases refractory to the initial
synovial lavage.
There are limitations of the current study. The retrospective
design led to some missing data that may have influenced the
outcomes of data analysis. Bias due to treatment preferences
of individual clinicians, horses subjected to euthanasia for
reasons other than poor prognosis, horses that did not return
to function for causes other than SI and possible retirement
of sound horses that had greater value for breeding than
as athletes were also likely. Follow up data on non-racing
horses were collected directly from clients and recall bias
forms another potential limitation affecting the accuracy of
our data.

48% (21). Collectively these findings suggest that adult horses
have improved rates of return to function compared to foals after
treatment of SI. This difference in outcome may be due to more
complex clinical conditions in neonates which are more likely
to have multi-systemic disease and multiple joint involvement.
Both multiple SI and multi-systemic disease have previously been
identified as being negatively associated with survival (7, 9, 21)
and return to function (7). Although multiple SI was not retained
in the final models for survival and return to function in this
study, a negative association was present in the univariate analysis
for survival.
Nearly half of the horses in this study population were
used or intended to be used for racing (45.4%) and of the 58
race horses treated for SI available for follow up, 31 (53.5%)
had at least one start in a race. This finding indicates that
return to full athletic function after SI is possible. Previous
rates of return to racing range between 31 and 56% (1, 7, 21),
similar to the findings of the current study. After treatment
of SI, Standardbreds in this study performed better than
Thoroughbreds. Similar to our findings, Standardbred horses
have been reported in previous studies to have increased post
SI performance in comparison to Thoroughbreds with 45–62.8
and 31–36% of horses returning to racing respectively (1, 7).
Although not significant in the final model, the performance
data suggest an effect of breed on improved return to function.
We speculate that Standardbreds in our population are an
inherently more robust breed of horse that are more likely to
perform despite secondary degenerative effects of SI and they
also are more likely to have a greater number of lifetime starts
than Thoroughbreds meaning there are more opportunities for
performance outcomes.
No associations were observed between positive culture
of synovial fluid and either outcome in the current study.
These findings are similar to those of a previous retrospective
study (1) and may be explained by the limited sensitivity of
culture techniques for detection of bacteria in synovial fluid
(1, 13, 27). However, a number of studies have found an
association between positive bacterial culture (6, 27) or culture
of specific pathogens, namely Staphylococcus aureus (27) and
Salmonella (7) and survival or return to function in horses
with SI. Positive microbiological culture may be an unreliable
prognostic indicator.
In this study, increasing time between onset of SI and
treatment did not have an effect on survival or return to function.
Similarly, no influence of time period prior to treatment and
outcome was found in a number of previous studies (6, 18–
20, 28). Conversely, a delay from time of onset of SI to treatment
has been identified as a negative prognostic indicator of SI in
other studies (4, 5, 7–9). Case by case differences in factors
such as the causative organism of SI or host immune status and
other considerations including advances in treatment methods
may be responsible for the conflicting findings between studies.
In addition, in this study there was no association between
after–hours anesthetic induction and either outcome. Previously
a negative association in horses with SI between anesthetic
induction outside of working hours and outcome has been
reported (18). The findings of this and previous studies may
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In conclusion, the results of this study indicate that horses
with SI that are treated have a good prognosis for survival
and moderate prognosis for achieving the desired use. In our
study, survival was influenced by the duration of antimicrobial
treatment, with a positive effect for increasing days of therapy.
Return to function was negatively associated with treatment with
doxycycline and horses treated with this antimicrobial drug were
2.5 times less likely to return to function. These findings provide
veterinarians with information for evidence-based decision
making when managing horses and foals with SI and should
be combined with responsible antimicrobial stewardship. The
intended outcome of effective treatment of SI must consider
the judicious use of antimicrobials in order to contribute to
minimizing the emergence of antimicrobial resistance.
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4.1 Abstract
Currently, microbiological culture is the preferred method for the diagnosis of synovial sepsis
in horses. However, due to limitations in the sensitivity of bacterial culture methods, molecular
techniques, such as polymerase chain reaction (PCR) of the 16S ribosomal DNA region of
bacteria, have been proposed as alternative and more sensitive options for the diagnosis of
synovial sepsis in this species. For molecular techniques such broad range PCR to be utilised,
optimisation of sample preparation, including DNA extraction is necessary. The objective of
this study was to develop a method for DNA extraction from synovial fluid samples obtained
from horses with clinically diagnosed septic arthritis, using a commercially available DNA
extraction kit. Samples of synovial fluid were collected aseptically from horses presented to a
single veterinary teaching hospital for investigation of suspected synovial sepsis. The synovial
fluid samples were stored in EDTA tubes and frozen at -80˚C until the time of processing.
Initially, the commercially-available DNA extraction kit (DNeasy® Blood and Tissue Kit) was
used according to the labelled directions for tissue samples. The extraction protocol was
subsequently amended to address identified difficulties in the processing of synovial fluid
samples that have not previously been reported. Nucleic acid quantification was performed on
the samples to determine success of extraction. This commercial kit was determined suitable
for DNA extraction of clinical equine synovial fluid samples being investigated for sepsis;
however, due to the nature of inflammatory debris in the samples, modification of the
extraction protocol was required, including sample centrifugation and removal of excess
supernatant, increased volume of protease used and increased time of incubation of the synovial
fluid with proteases.
Keywords: DNA extraction; Broad range PCR; Equine; Synovial fluid; Septic synovitis
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4.2 Introduction
Bacterial infection of synovial structures (synovial sepsis) can lead to morbidity and mortality
in affected horses (Schneider et al., 1992; Steel et al., 1999; Fraser and Bladon, 2004; Smith et
al., 2006; Wereszka et al., 2007; Findley et al., 2014; Cousty et al., 2017). In an attempt to limit
undesirable outcomes in horses with synovial sepsis, prompt diagnosis of the disease is
important to initiate appropriate treatment, including lavage of the affected structure,
administration of antimicrobial drugs and supportive care. To optimise antimicrobial treatment,
drug selection should ideally be based in identification of bacterial species involved in synovial
sepsis and incorporation of in vitro sensitivity testing or previously identified geographicallybased sensitivity patterns for commonly isolated bacteria.
Unfortunately, the diagnosis of synovial sepsis can prove a challenge for veterinarians due to
difficulties in confirmation of synovial structure involvement and limited sensitivity of
conventional bacteriological culture methods (Madison et al., 1991; Pille et al., 2007;
Dumoulin et al., 2010a; Robinson et al., 2016; Gilbertie et al., 2018). The reported rates of
positive bacterial culture in horses with confirmed synovial sepsis range between 23.3-79%
(Madison et al., 1991; Pille et al., 2007; Dumoulin et al., 2010a; Robinson et al., 2016; Gilbertie
et al., 2018), depending upon the method used for culture. Given the low sensitivity and
negative predictive value of bacterial culture, a combination of clinical examination findings
and cytological results are often used to support a diagnosis of synovial infection in horses,
especially when the pre-test probably of disease is high (Morton, 2005; Joyce, 2007; Steel,
2008).
The sensitivity of bacterial culture of synovial fluid samples may be increased by the use of
blood culture medium enrichment and automated blood culture systems (Pille et al., 2007;
Dumoulin et al., 2010a; Dumoulin et al., 2010b), rather than conventional agar plate methods
(Pille et al., 2007; Dumoulin et al., 2010a). In affected horses, a positive culture result not only
supports a diagnosis of synovial sepsis, it allows identification of the causative
microorganism(s) and in vitro sensitivity testing to direct appropriate and targeted
antimicrobial drug selection (Gilbertie et al., 2018). Further, bacterial identification may
provide information regarding prognosis of the affected animal, as pathogens such as
Staphylococcus aureus and Salmonella spp. have been associated with negative outcomes in
horses with synovial sepsis (Steel et al., 1999; Taylor et al., 2010; Robinson et al., 2016;
Gilbertie et al., 2018). However, time delays in detection, microorganism identification and
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sensitivity testing may impact on clinical decision-making in affected horses, as this
information may take a number of days to be available.
Given the limitations of bacterial culture for investigation of infectious disease, molecular
methods for the detection of bacteria in synovial fluid samples have been investigated in human
and equine medicine for the diagnosis of synovial sepsis (Crabill et al., 1996; Louie and
Liebling, 1998; Pille et al., 2007; Elmas et al., 2013; Budding et al., 2016). Broad range PCR
techniques amplify specific 16S ribosomal DNA regions present in all bacteria and have been
reported to have greater diagnostic sensitivity (87-89.5%) (Pille et al., 2007; Elmas et al., 2013)
in comparison to traditional microbiological techniques (23-79%) (Madison et al., 1991;
Dumoulin et al., 2010a; Gilbertie et al., 2018) for detection of synovial infection of horses. In
addition to improved sensitivity, PCR methods also have the potential to shorten the time to
diagnosis, with implications for clinical decision-making and patient management (Elmas et
al., 2013).
To prepare samples for broad range PCR, DNA extraction is required. The process is crucial
as it releases and concentrates bacterial DNA while removing potential inhibitors of PCR
amplification (Rådström et al., 2004; Yang and Rothman, 2004; Schneeweiss et al., 2007;
Bonilla et al., 2011). Inhibitors may act to interfere with cell lysis, cause nucleic acid
degradation or inhibit polymerase activity for amplification of DNA (Wilson, 1997). There are
numerous inhibitors that may affect DNA extraction and PCR reactions including heme in
blood (Akane et al., 1994), sodium polyanetholesulfonate (common additive to blood culture
media) (Fredricks and Relman, 1998) and glycoproteins with acidic polysaccharides (Freise et
al., 2001).Without efficacious DNA extraction false negative results may occur on broad range
PCR, possibly decreasing the accuracy of this test for identification of synovial infection
(Wilson, 1997; Rådström et al., 2004).
There are a number of commercially available kits and systems available for DNA extraction.
However, there is a paucity of information regarding the extraction of inhibitor-free DNA for
PCR of synovial fluid of horses (Crabill et al., 1996; Pille et al., 2004; Pille et al., 2007;
Schneeweiss et al., 2007; Elmas et al., 2013). The successful extraction of bacterial DNA from
equine synovial fluids was first described in samples of normal synovial fluid spiked with
bacteria (Crabill et al., 1996). In subsequent studies (Pille et al., 2004; Pille et al., 2007; Elmas
et al., 2013), the use of broad range PCR for detection of bacteria within synovial fluid in horses
with synovial disease was reported. While these studies (Pille et al., 2004; Pille et al., 2007;
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Elmas et al., 2013) described the DNA extraction technique employed, contextual information
regarding the specific techniques when utilised on clinically-relevant samples was not
included. In one study, (Schneeweiss et al., 2007) the effectiveness of five different
commercially available DNA extraction kits on normal synovial fluid from horses, cattle and
pigs was reviewed. All of the kits were found to be useful for analysing pelleted normal
synovial fluid, and when analysing non-pelleted normal synovial fluid, DNA extraction was
achieved using two kits based on silica columns and one employing a desalting processes
yielded inhibitor-free DNA (Schneeweiss et al., 2007). However, the cytological, protein and
molecular characteristics of inflamed synovial fluid may influence DNA extraction and provide
different results to fluid from healthy synovial structures, and investigation of DNA extraction
techniques for diseased synovial structures is warranted.
The aim of this study was to investigate the use of a commercially available silica column DNA
extraction kit (DNeasy® Blood and Tissue Kit, Qiagen, Hilden, Germany) that has been
previously described by other authors (Pille et al., 2004; Pille et al., 2007; Schneeweiss et al.,
2007), for use the preparation of synovial fluid samples from horses with synovial disease for
broad range PCR.

4.3 Materials and methods
Synovial fluid samples collected from horses with suspected synovial sepsis presented to the
Veterinary Clinical Centre (Charles Sturt University, Wagga Wagga) over a two year period
(August 2016-August 2018). The samples were collected from horses during standing sedation
or general anaesthesia using standard approaches. The hair over the synoviocentesis site was
clipped and aseptically prepared using chlorhexidine surgical scrub (Hexawash, 4%
chlorhexidine gluconate solution, Apex Laboratories Pty Ltd, Somersby) and medical grade
alcohol (ethyl alcohol solution, Hilditch Oilchem Pty Ltd, Epping, Australia). Samples were
obtained by veterinary surgeons wearing sterile gloves, via needle puncture and syringe
aspiration. For each horse, synovial fluid in excess to the amount required for conventional
diagnostic tests (cytology, total nucleated cell count, total protein concentration, lactate
concentration, bacterial culture) was stored in 1 ml commercially prepared EDTA tubes (BD
Australia, Macquarie Park, NSW, Australia) at -80˚C until the time of processing. Four samples
that were an exudate (total nucleated cell count > 30 x 109/L, total protein concentration >30
g/L) and were positive on microbiological culture, confirming synovial sepsis, were chosen for
inclusion in the study (Table 4.1 and 4.2) due to ample sample volume suitable for method
optimisation.
79

All processing of synovial fluid samples for DNA extraction was done in a biological safety
cabinet decontaminated with UV light prior to use. Dedicated pipettes with disposable filter
tips, laboratory coats and disposable gloves were used to transfer synovial fluid samples into
2ml microcentrifuge tubes that were individually packaged and sterilised by autoclave steam
sterilisation prior to use. For DNA extraction, the Qiagen DNeasy® Blood and Tissue Kit
(Qiagen, Hilden, Germany) was chosen due to its commercial availability and applicability to
commercial laboratory activities and three methods were investigated. This kit had also been
used previously for extraction of canine synovial fluid for broad range PCR (Scharf et al.,
2015).
For Method 1, the quick start protocol provided by the manufacturer for tissue was used. For
each sample, 200 μl of synovial fluid was mixed with 180 μL of Buffer ATL and 20 μl of
proteinase K in a 2 ml microcentrifuge tube. The tube was then vortexed and incubated for one
hour at 56˚C. The wash steps were then followed as per the protocol provided in Table 4.3. The
DNA in the sample was eluted by adding 100 μl of nuclease free distilled water to the centre
of the spin column membrane and incubation for one minute at room temperature (15-25˚C)
and then centrifugation for 1 minute at ≥6000 x g.
For Method 2, the amount of synovial fluid used was reduced to 100 μl, which was mixed with
180 μl of Buffer ATL, and the amount of proteinase K added to the sample was increased to
50 μl. This combination was then vortexed and incubated overnight before proceeding to the
wash steps listed in Table 4.3. The DNA in the sample was eluted by adding 100 μl of nuclease
free distilled water to the centre of the spin column membrane, incubation for one minute at
room temperature (15-25˚C) and then centrifugation for 1 minute at ≥6000 x g.
For Method 3, 500 μl of synovial fluid was placed in a 2 ml microcentrifuge tube and
centrifuged at 8000 x g for 15 minutes. Then, 400 μl of synovial fluid supernatant was discarded
and the pellet and up to 100 μl of synovial fluid was then mixed with 180 μl of Buffer ATL
and 50 μl of proteinase K and vortexed. The preparation was incubated at 56˚C overnight,
before proceeding to the wash steps as listed in Table 4.3. The DNA in the sample was eluted
by adding 100 μl of nuclease free distilled water to the centre of the spin column membrane,
incubation for one minute at room temperature (15-25˚C) and then centrifugation for 1 minute
at ≥6000 x g.
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For all methods, nucleic acid quantification of the samples that were processed successfully
was performed using a spectrophotometer (NanoDrop 2000, ThermoFisher Scientific,
Waltham, Massachusetts, USA).

4.4 Results
4.4.1 Method 1
During step four of the wash protocol (Table 4.3), for all samples, synovial fluid did not pass
through the spin columns adequately. The lack of flow of the fluid through the columns was
attributed to the large deposits of fibrin present in all of the samples. With attempted
progression of the samples to step five, the appropriate buffer could not be added to the samples
due to the synovial fluid not moving through the spin columns. Due to these methodological
problems, continued attempts of DNA extraction by this method were discontinued.
4.4.2 Method 2
Due to the methodological difficulties associated with Method 1, the volume of synovial fluid
used in the extraction technique was halved and the amount of proteinase K was increased from
20 μl to 50 μl in an attempt to lyse the fibrin deposits within the synovial fluid samples. Despite
subjective improvement in the transit of the samples through the spin columns with Method 2,
progression from wash stage five to six (Table 4.3) was not possible for all samples due to
accumulation of fluid in the spin columns and DNA extraction by this method was
discontinued.
4.4.3 Method 3
In an attempt to resolve the methodological issues encountered in Methods 1 and 2, a new
technique was developed (as described in 2. Materials and methods). The aim of the
centrifugation process to retrieve the cell pellet was to extract and discard fibrin from the
samples. Subsequent to this step, the samples were able to be processed through the wash steps
outlined in Table 4.3 and DNA elution was achieved. Nucleic acid quantification showed
quantifiable amounts of DNA within the processed samples (Table 4.4).

4.5 Discussion
In this study, a new method for extraction of DNA from synovial fluid samples was developed
and applied successfully to samples from horses with synovial sepsis. Development of this
method (Method 3) was required as we determined that samples of synovial fluid from infected
synovial structures did not process through the commercially provided mini spin column
membrane due to the effect of fibrin deposits. By centrifuging the samples to create a pellet
and removing the supernatant with fibrin deposits prior to processing, the methodological issue
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was resolved. This finding is important as it will benefit the preparation of synovial fluid
samples for broad range PCR analysis.
The finding of the current study that gross inflammatory deposits of synovial fluid can
influence the success of DNA extraction has not been reported previously. In previous studies
of the use of broad range PCR for investigation of synovial infection in horses, no impacts of
synovial fluid contents on sample preparation were reported (Crabill et al., 1996; Pille et al.,
2004; Pille et al., 2007; Schneeweiss et al., 2007; Elmas et al., 2013). In an early report of PCR
investigation of synovial fluid, normal synovial fluid was inoculated with bacterium, conditions
that do not accurately reflect and infected synovial structure (Crabill et al., 1996). While the
extraction protocol in this earlier study (Crabill et al., 1996) differed from the commercial kit
used in the current study, the absence of inflammatory mediators in the samples of that study
likely prevented issues with sample processing. The use of normal synovial fluid samples
spiked with bacteria, for method development, risks a lack of transferability of the findings to
clinical application. The first studies of broad range PCR on samples of synovial fluid from
horses with synovial disease were reported by Pille et al. (2004). In these studies (Pille et al.,
2004; Pille et al., 2007), DNA extraction was done using a commercial kit (QIAamp DNA
Mini Kit, Qiagen, Hilden, Germany) produced by the same company as the kit used in our
study and the protocol included an overnight incubation, at 56˚C, of 200 ul of synovial fluid
mixed with proteinase K and lysis buffer. The authors did not report any difficulty in sample
processing and this protocol provided the impetus for modifications that were made to our
DNA extraction protocol in Method 2. However, these modifications were insufficient to
resolve the problem of the synovial fluid not moving through the spin columns, despite the
absence of this issue being reported previously (Pille et al., 2004; Pille et al., 2007).
In the current study, the failure of DNA extraction Methods 1 and 2 was likely due to occlusion
of the column membrane with proteins in the synovial fluid, including fibrin. Intra-synovial
fibrinocellular conglomerates or pannus occur in established synovial infections (McIlwraith
et al., 2015a). The accumulation of these inflammatory deposits occurs due to the marked
inflammatory response of the host in an attempt to clear infection from the affected synovial
structure (Higgins and Lees, 1984; Bertone and McIlwraith, 1987; McIlwraith et al., 2015a).
These deposits proved problematic as they occluded spin columns and prevented wash steps
and therefore elution of DNA during the extraction process. To the authors’ knowledge,
methodological issues during processing of synovial fluid samples for DNA extraction is not
previously reported. In the current study, a new method was developed (Method 3), in which
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synovial fluid was pelleted to remove inflammatory deposits from the samples and prevent
occlusion of the spin columns during processing of samples: after inclusion of this
modification, all subsequent wash steps were able to be performed and DNA elution achieved.
This optimisation of sample processing is crucial for effective DNA extraction, without which,
molecular techniques, such as broad range PCR, would be unable to be utilised for the diagnosis
of synovial infection (Wilson, 1997; Rådström et al., 2004; Yang and Rothman, 2004;
Schneeweiss et al., 2007; Bonilla et al., 2011). Similarly, in a previous study, the extraction of
inhibitor free DNA for real time PCR from normal synovial fluid of horses, cattle and pigs was
investigated (Schneeweiss et al., 2007), and five techniques (two made by the same
manufacturer as this study, four with a column-based purification) were compared. In that
study, the samples were centrifuged at 8000 x g for 15 minutes and all of the tested kits
performed well when used with the pelleted synovial fluid. The results of Schneeweiss et al.
(2007) and the current study indicate that optimisation of methods for sample preparation for
DNA extraction may include centrifugation of samples to harvest cell pellets for processing in
subsequent steps.
In conclusion, the commercial kit used in this study is suitable for DNA extraction of septic
equine synovial fluid samples. However, consideration of the interference from inflammatory
debris is required in exudative synovial fluid samples and inclusion of centrifugation, to harvest
cell pellets for processing, in the preparation of samples may lead to optimisation of the
protocol.
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Table 4.1: Results of analysis of synovial fluid samples, obtained from horses with synovial
sepsis, used for optimisation of DNA extraction.
Sample number

Gross appearance

1

Turbid yellow
orange fluid
Turbid yellow fluid
Turbid yellow fluid
Turbid red orange
fluid

2
3
4

Total nucleated cell Total protein
count (x 109 cells/L) concentration (g/L)
309.8
76.0
106.5
NA
306.0

48.0
36.0
46.0
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Table 4.2: Bacterial culture results from samples of synovial fluid included for investigation of DNA
extraction.

Sample number
1
2
3
4

Microbiological culture result
Haemophilus haemolyticus
Actinobacillus equuli
Escherichia coli
Actinobacillus equuli
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Table 4.3: Qiagen Quick-Start Protocol used during DNA extraction (DNeasy® Blood and
Tissue Kit, Qiagen, Hilden, Germany).
Protocol step number
One
Two
Three
Four

Step description
Modified for each method as described in
Section 4.3.
Add 200 μl Buffer AL. Mix thoroughly by
vortexing. Incubate blood samples at 56˚C for
10 minutes.
Add 200 μl ethanol (96-100%). Mix thoroughly
by vortexing.

Pipet the mixture into a DNeasy Mini Spin
column (spin column) placed in a 2 ml
collection tube. Centrifuge at ≥6000 x g for 1
minute. Discard the flow-through and collection
tube.

Five

Place the spin column in a new 2 ml
collection tube. Add 500 μl Buffer AW1.
Centrifuge at ≥6000 x g for 1 minute. Discard
the flow through and collection tube.

Six

Place the spin column in a new 2 ml
collection tube, add 500 μl Buffer AW2, and
centrifuge at 20000 x g for 3 minutes. Discard
the flow through and collection tube.

Seven

Transfer the spin column to a new 2 ml
microcentrifuge tube.
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Table 4.4: Results of quantification of nucleic acid obtained after application of DNA
extraction Method 3 to synovial fluid samples from four horses with synovial sepsis.
Sample number
One
Two
Three
Four

Concentration of nucleic acid (ng)
60
7.9
14.7
26.0
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5.1 Abstract
Synovial sepsis is frequently recognised in horses and commonly results in morbidity, loss of
athletic function, and in some cases, mortality. Effective treatment of the condition relies on
definitive diagnosis of infection and isolation of the microorganism(s) involved. Currently, the
conventional method for diagnosis of synovial sepsis is microbiological culture of synovial
fluid (SF). This diagnostic technique can have low sensitivity, resulting in false negative
diagnosis or reliance on a combination of clinical examination findings and SF analysis results
to make a clinical diagnosis of synovial sepsis. Furthermore, without culture and antimicrobial
drug sensitivity testing of causative microorganisms, targeted antimicrobial drug regimens
cannot be selected to treat affected animals and appropriateness of treatment can only be
estimated from clinical response to treatment. As such, diagnostic methods with greater
sensitivity for detection of bacteria in SF samples are required in clinical practice. The objective
of this study was to investigate the use of broad range 16S rRNA PCR for detection of bacteria
in SF for diagnosis of synovial sepsis in horses. Samples of SF were collected, using routine
aseptic technique, from horses presented to one teaching hospital for investigation of synovial
sepsis. Samples were stored in EDTA tubes and frozen at -80˚C until the time of processing.
Positive controls were obtained using PCR amplification of the equine β-actin gene. Four
different primers targeting the conserved 16S section of bacterial ribosomal DNA were used
for 16S rRNA PCR of SF. Sanger sequencing was done on SF samples positive on 16S rRNA
PCR to identify microorganisms. All of the primer sets detected bacteria in the SF samples for
horses with synovial sepsis. Primer sets 1, 3 and 4 outperformed primer set 2. Overall
sensitivity of the primer sets was poor (6.9-44.83%) and specificity was good (91.78-100%).
While 16S rRNA PCR is able to detect microorganisms in septic SF samples from horses and
provides the opportunity for an alternative method to diagnose septic synovitis, further
optimisation of the method is required to improve sensitivity and diagnostic accuracy. The
equine β-actin gene was determined to be an effective positive control for broad range PCR
methods applied to equine (SF).
Keywords: Equine; Broad range PCR; 16S rRNA PCR, Synovial sepsis; Synovial infection;
Septic arthritis
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5.2 Introduction
Synovial sepsis is a common condition in horses and has the potential to result in animal
morbidity, loss of function and risk of mortality. Reported rates of successful treatment of
horses with synovial sepsis are highly variable, ranging between 42-98% (Schneider et al.,
1992; Meijer et al., 2000; Wright et al., 2003).
Synovial effusions, heat, pain on palpation, or a wound in close proximity to a synovial cavity
may increase the index of suspicion of synovial infection by an attending veterinarian (Honnas
et al., 1992; Lugo and Gaughan, 2006; Joyce, 2007). Direct communication of a synovial
structure with a wound may be detected by distension of the synovial cavity (Lugo and
Gaughan, 2006; Carstanjen et al., 2010; van Weeren, 2016) or contrast study (Barker, 2016),
providing a definitive diagnosis of synovial involvement on clinical examination. If these
clinical methods are not definitive, or possible synovial infection is thought to originate from
an underlying cause other than a traumatic penetration, analysis of SF provides important
information prior to availability of microbiological culture results, or if culture results are
negative (Steel, 2008).
Currently, microbiological culture is required for confirmation of infection and to provide
information for evidence-based antimicrobial choices for horses with synovial sepsis. The
reported rates of positive bacterial culture of SF from horses with synovial sepsis vary
considerably (23-79%) (Madison et al., 1991 Dumoulin, 2010a; Gilbertie et al., 2018), with
improved rates of detection achieved with the use of blood culture media (Pille et al., 2007;
Dumoulin et al., 2010a; Dumoulin et al., 2010b). Effective treatment of synovial sepsis relies
on prompt diagnosis and identification of causative microorganisms to facilitate appropriate
drug selection. Systemic, local or regional administration of antimicrobial drugs are important
components of treatment of synovial sepsis in horses. Without identification of the underlying
organisms, veterinarians must rely on empirical antimicrobial drug selection. The low rates of
microorganism detection achieved with culture of SF are thought to be due to the inherent
bactericidal properties of SF (de Gara, 1943; Hughes et al., 2001), sequestration of
microorganisms within the synovial membrane and inflammatory deposits within the joint
(such as pannus) (McIlwraith, 1983), and a low concentration of viable microorganisms
available for culture within the sample (Hughes et al., 2001).
The use of molecular techniques, targeting the conserved 16S region of bacterial DNA (Baker
et al., 2003), have been reported in human (Fenollar et al., 2006; Fihman et al., 2007; Bonilla
et al., 2011; Lallemand et al., 2016; Coiffier et al., 2019) and veterinary medicine (Pille et al.,
91

2007; Elmas et al., 2013; Scharf et al., 2015) for the diagnosis of osteoarticular infections.
Molecular techniques are proposed to have improved sensitivity due to the ability to detect
difficult to grow (Moumile et al., 2003; Rosey et al., 2007; Hernández-Rupérez et al., 2018),
novel (Fenollar et al., 2006) and non-viable organisms (van Der Heijden et al., 1999; Rampini
et al., 2011).
In horses, the use of molecular techniques were first described for the identification of bacteria
in SF experimentally, with the use of 16S rRNA PCR reported to detect known amounts of
bacteria spiked into SF samples (Crabill et al., 1996). The first investigation for the use of
molecular techniques in clinical equine SF samples was reported by Pille et al (2004) who
described the used of 16S rRNA PCR and sequencing in six confirmed positive cases of
synovial infection, with the use of pathogen specific probes. This group then went onto
investigate the use of 16S rRNA PCR and sequencing on 57 samples of equine SF with
presumed infection and found that this method was a sensitive (89.5%) and specific (93.5%)
technique (Pille et al., 2007). The use of real time 16S rRNA PCR has also been described in
horses for the diagnosis of septic synovitis (Elmas et al., 2013). This study reported good
sensitivity (87%) and specificity (72%) with the time between sample collection and PCR assay
result approximately 4 hours (Elmas et al., 2013).
The use of an internal positive control has been suggested as mandatory for diagnostic PCR
assays (Hoorfar et al., 2003); however, the use of a positive control has not been described
previously for diagnostic assays of equine SF (Pille et al., 2007; Elmas et al., 2013). The human
β-actin (Fihman et al., 2007) and β-globin genes (Jalava et al., 2001; Moumile et al., 2003;
Fenollar et al., 2006; Lallemand et al., 2016; Coiffier et al., 2019) have both been described
previously as internal positive controls with broad range PCR assays investigating
osteoarticular infections in humans. These assays help to validate that effective DNA extraction
and removal of inhibitors has occurred from samples: steps required to avoid false negative
results (Trampuz et al., 2003; Yang and Rothman, 2004; Schneeweiss et al., 2007; Bonilla et
al., 2011).
The aim of this study was to investigate the use of 16S rRNA PCR for the diagnosis of synovial
sepsis in horses. The objectives were to (1) optimise primers targeting the equine β-actin gene
for use as positive controls and (2) optimise 16S rRNA primers for the detection of bacterial
DNA within equine SF.
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5.3 Materials and methods
5.3.1 Sample inclusion and storage
Horses that underwent investigation of possible synovial sepsis at the Veterinary Clinical
Centre, Charles Sturt University, Wagga Wagga, between August 2016 and August 2018 were
included in the study if synovial sepsis was suspected, SF was collected and diagnostic analysis
of SF was performed: bacteriological culture and/or total protein concentration and/or total
nucleated cell count and/or cytological examination. Surplus SF remaining after routine
diagnostic investigation was stored in EDTA at -80 ˚C until the time of sample processing.
Samples were classified as septic if one or more of the following criteria were present:
1. observation of an open synovial structure detected on clinical examination; usually by
pressure distension
2. cytological results consistent with sepsis: total nucleated cell count (TNCC) >30 x109
cells/L, total protein concentration >30 g/L and differential count of neutrophils >80%
and/or bacteria observed on microscopic examination
3. positive bacteriological culture.
Any samples that did not meet this criteria were classified as non-septic.
The study was approved by the Charles Sturt University Animal Care and Ethics Committee
(A16065).
5.3.2 Sample collection
Sites for synoviocentesis were clipped and aseptically prepared using chlorhexidine surgical
scrub (Hexawash, 4% chlorhexidine gluconate solution, Apex Laboratories Pty Ltd, Somersby)
and medical grade alcohol (ethyl alcohol solution, Hilditch Oilchem Pty Ltd, Epping,
Australia). Veterinarians collecting the samples wore sterile gloves and maintained strict
aseptic technique. Samples were collected by needle puncture and syringe aspiration, with the
size of the needle and syringe used chosen by the attending veterinarian. Samples were then
placed into blood culture medium (BD BACTEC PEDS Plus/F, BD, North Ryde, Australia)
and aliquoted into 1ml EDTA tubes to reduce the possibility of contamination prior to
molecular tests by utilising different aliquots of the sample for routine clinical tests and
molecular techniques.
5.3.3 Laboratory handling
All processing of SF samples for DNA extraction, PCR preparation and post PCR experiments
were done in separate rooms with unidirectional room flow. Dedicated pipettes with disposable
filter tips, laboratory coats and disposable gloves were used for each stage of sample processing
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and reagents were divided into aliquots to prevent frequent handling. DNA extraction and PCR
preparation were both done in a biological safety cabinet decontaminated with UV light prior
to use.
5.3.4 DNA extraction
Synovial fluid samples were transferred into 2ml microcentrifuge tubes that were individually
packaged for each sample run and sterilised by autoclave steam sterilisation prior to use. A
commercial kit for DNA extraction (DNeasy® Blood and Tissue Kit, Qiagen, Hilden,
Germany) was used. Initially, 500μl of SF was placed in a 2ml microcentrifuge tube and
centrifuged at 8000g for 15 min: 400μl of SF supernatant was then discarded and the cell pellet
and up to 100μl of SF was mixed with 180μl of Buffer ATL and 50μl of proteinase K and
vortexed. The prepared sample was incubated at 56˚C overnight before proceeding to the wash
steps (Table 5.1). The DNA in the sample was eluted by adding 100μl of nuclease free distilled
water to the centre of the spin column membrane, incubation for one minute at room
temperature (15-25˚C) and then centrifugation for 1 minute at ≥6000 x g. Extracted samples
were stored at -20˚C until sample processing. Samples were processed in clusters of four
samples with the addition of one negative control. For the negative control, nuclease free water
was used and handled in the same manner as the clinical samples.
5.3.5 PCR positive control
The development of a positive control was undertaken to detect possible PCR inhibition and
false negative results from the clinical samples. Use of the β-actin gene as a positive control
for broad range PCR on human SF has been described (Fihman et al., 2007). The primers
described by Fihman et al. (2007) were modified for use on equine samples (Table 5.2).
Optimisation of the positive PCR control was undertaken by investigation of six methods with
the primers tested on four septic SF samples (chosen due to a diagnosis of sepsis and surplus
fluid for method optimisation) with two negative controls included with each group of samples.
For Methods 1-4 the Equine ACTB primers (Table 5.2) were used.
Method 1: for the PCR reaction of Method 1, 23μl of mastermix (Table 5.3) was added to 2μl
of template (clinical sample prepared by DNA extraction). The PCR cycle was done (Table
5.4). The gel electrophoresis was run as follows: 2% agarose in 100ml volume TAE, 60V for
30 min and 1μl GelRed was dye added.
Method 2: As for Method 1, with the exception of an annealing temperature of 62˚C.
Method 3: As per Method 1, with the exception of an annealing temperature of 57˚C.
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Method 4: As per Method 1, with the exception of an annealing temperature of 55˚C.
Method 5: as per Method 1, with the exception of the use of new primers targeting the β-actin
gene (Eq_K9 ACTB, designed by author LB, based on consensus sequences in the horse and
dog) and an annealing temperature of 60˚C.
Method 6: As for Method 5 with the exception of an annealing temperature of 62 ˚C.
The positive control, utilising Method 6, was done on all of the synovial samples prior to broad
range PCR. This allowed negative samples to be excluded from the study prior to the broad
range PCR. The samples were prepared for the positive control PCR reaction in 13 groups.
Each group contained a maximum of four clinical samples and two negative. A sample was
considered positive if there was a band of the correct size (390 bp) on gel electrophoresis of
the sample.
5.3.6 PCR negative controls
Each group of four SF samples was processed with two negative control samples, for both
positive controls and the broad range PCR. The first negative control was started during the
DNA extraction process: one sample of nuclease free water was processed in the same manner
as the clinical samples. The second negative control was run during preparation for the PCR
cycle when one sample of nuclease free water was processed in the same manner as the clinical
samples. The purpose of the use of a negative control from both the DNA extraction and PCR
preparation phase with each group of SF samples was as an indicator of during which process
contamination had happened if it occurred.
5.3.7 Broad range 16S rRNA PCR
Four primer sets were investigated for 16S rRNA PCR in this study. Broad range primer set 1
was from Pille et al (2004) (Table 5.5) as this primer set was reported to have good sensitivity
for detection of bacteria in equine SF. For the PCR reaction, 23μl of mastermix (Table 5.3) was
added to 2μl of template. The samples were prepared in groups of four with two negative
controls. The PCR cycle was done (Table 5.4). The gel electrophoresis was run as following:
2% agarose in 100ml volume TAE, 60V for 30 min and 1μl GelRed dye was added. A sample
was considered positive for bacteria if there was a band of the correct size (517bp) on gel
electrophoresis of the sample.
Broad range primer sets 2-4 were derived from Relman (1993) (Table 5.5). These primers had
previously been used for diagnosis of bacteria in varying specimens from human patients in
Australia (Akram et al., 2017) For the PCR reaction, 20μl of mastermix (Table 5.3) was added
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to 5μl of template. The PCR cycle was done (Table 5.4). The gel electrophoresis was run as
follows: 2% agarose in 100ml volume TAE, 60V for 30 min and 1μl GelRed dye was added.
A sample was considered positive for bacteria if there was a band of the correct size (794bp,
873bp and 479bp) on gel electrophoresis of the sample.
5.3.8 Sanger Sequencing
Sanger sequencing was done on the products of 16S rRNA PCR gel electrophoresis that had a
band of the correct size on gel electrophoresis. The products were purified for Sanger
sequencing using a commercially available kit and following the manufacturer’s instructions
(QIAquick® PCR Purification Kit, Qiagen, Hilden, Germany). Once prepared, the products
were sent to the Australian Genome Research Facility (AGRF, Gehrmann Laboratories,
Brisbane, QLD, Australia) for Sanger Sequencing. The results of sequencing were then
checked for correct sequence length using online DNA sequencing software (Chromas,
Technelysium Pty Ltd, South Brisbane, QLD, Australia). A Basic Local Alignment Search
Tool (BLAST) search was then done (National Center for Biotechnology Information, U.S.
National Library of Medicine, Bethesda MD, USA) for sequence identification. A positive
result on Sanger sequencing was classified as a sequence with the correct product length on
both the forward and reverse primer; BLAST search result that had a close match (>95% of the
sequence matched) and the forward/reverse primer identification matched.
5.3.9 Statistical analysis
All data was recorded in Microsoft Excel (Microsoft, Redmond, Washington, USA).
Sensitivity, specificity and positive and negative likelihood ratios for 16S rRNA PCR, in
comparison to a clinical diagnosis (diagnosis made on clinical exam and/or cytological
analysis), were determined using Medcalc (Acacialaan 22, 8400 Ostend, Belgium).

5.4 Results
Fifty-one SF samples (one sample per synovial structure) from 41 horses, were included.
Twenty-one of the samples were considered non-septic and 30 were considered septic.
5.4.1 PCR positive control, optimisation
For Methods 1–4, a double band (size 219bp and size 750bp) was obtained for each of the
septic SF samples. Four attempts to optimise these primers did not change the result. For
method 5 and 6 the Eq_K9 ACTB primers were used.
For Method 5, the band obtained was the correct size (390bp) and positive for all four septic
samples, but faint. The two negative control samples were also negative.
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For Method 6, the band obtained was the correct size (390bp), and consistently positive for all
four septic synovial samples. The two negative control samples were also negative. This
method was used for positive controls on all of the clinical samples.
5.4.2 PCR positive controls, synovial samples
Fifty of the 51 synovial samples had a positive result on the internal positive control amplifying
the equine β-actin gene. One septic SF sample was negative on β-actin amplification (sample
112) and was discarded from the study as sufficient sample did not remain to repeat the DNA
extraction process. Images of the gel electrophoresis of positive controls for all samples are
provided in appendices item 7.
5.4.3 PCR Negative controls, synovial samples
For primer set 1 and 4, all of the negative controls were negative. For primer set 2, four of the
negative controls were positive. For primer set 3, 12 of the negative controls were positive.
3.4 Broad range 16S rRNA PCR - primer sets 1-4, synovial samples
Results for non-septic and septic samples for primer sets 1-4 are provided in Table 5.6.
5.4.4 Sanger Sequencing
The results of Sanger sequencing for each SF sample are provided in Table 5.6. The four
negative controls from the 16S rRNA PCR reaction using primer set 2 that were positive on
gel electrophoresis were all identified on Sanger sequencing as a plant bacterium
Bradyrhizobium spp. The 12 negative controls from the 16S rRNA PCR reaction using primer
set 3 that were positive on gel electrophoresis were all identified on Sanger sequencing as a
plant bacterium Bradyrhizobium spp.
5.4.5 Sensitivity, specificity, positive and negative likelihood ratios
The sensitivity, specificity, positive and negative likelihood ratio values for a diagnosis of
synovial infection are provided in Table 5.7.

5.5 Discussion
In this study, broad range 16S rRNA PCR was able to detect microorganisms in equine SF.
While the specificity of the methods used was good, sensitivity was poor and the primers used
influenced the diagnostic performance of 16S rRNA PCR. The study determined a suitable
positive control for broad range PCR of equine SF, with the use of primers targeting the equine
β-actin gene.
An internal positive control based on amplifying the equine β-actin gene was developed in this
study, to test the efficiency of DNA extraction and possible presence of inhibitors within SF
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samples. Although described previously for other molecular applications in horses (Hughes et
al., 2011), to our knowledge this is the first description for use as a positive control with broad
range PCR.
The sensitivity of 16S rRNA primers examined in the current study was poor for the diagnosis
of synovial infection (when compared to clinical diagnosis) and ranged from 6.9-44.83%.
Specificity was good and ranged from 79.2-100%. Primer set 3, previously for human patient
management in Australia (Akram et al., 2017), had the highest sensitivity (44.83%) in our
study. The sensitivities of broad range 16S rRNA PCR using the primer sets in our study were
lower in comparison to other veterinary studies utilising similar assays (Pille et al., 2007;
Scharf et al., 2015) that had good sensitivity for diagnosis of synovial infection in horses
(89.5%) (Pille et al., 2007) and dogs (72.8%) (Scharf et al., 2015). In our study, the 16S rRNA
primers used in primer set one gave a sensitivity of 24.14%; however, in a previous study the
use of these primers were associated with a sensitivity of 89.5% (Pille et al., 2007). When
considering the diagnosis of osteoarticular infections with broad range PCR in the human
literature, a wide variation of sensitivities have been reported (24-92.5%) (Fenollar et al., 2006;
Fihman et al., 2007; Bonilla et al., 2011; Lallemand et al., 2016; Coiffier et al., 2019). When
the performance of 16S rRNA PCR for the diagnosis of septic arthritis in humans is considered,
sensitivities of 24-62.5% were reported (Bonilla et al., 2011; Coiffier et al., 2019) which are
more comparable to our findings. Explanations for the reduced sensitivity of 16S rRNA PCR
in the current study and previous studies (Bonilla et al., 2011; Coiffier et al., 2019) may include
small numbers of bacteria in SF samples (Harris and Hartley, 2003), the inherent molecular
and ionic composition of SF that contains PCR inhibitors (Mariani et al., 1995), sample
handling errors (Louie and Liebling, 1998) and unsuccessful DNA extraction (Yang and
Rothman, 2004; Schneeweiss et al., 2007; Bonilla et al., 2011). DNA extraction releases
intracellular bacterial DNA and reduces inhibitors of PCR (Yang and Rothman, 2004;
Schneeweiss et al., 2007; Bonilla et al., 2011). During the process of DNA extraction, small
amounts of bacteria may be diluted or lost (Trampuz et al., 2003), lysis protocols utilising
proteinase K (as in the current study) may be less effective (Mariani et al., 1995), highly viscous
samples may have more PCR inhibitors or excess DNA (Rosey et al., 2007; Yang et al., 2008),
samples with high white blood cell counts leukocyte DNA may compete with relatively smaller
amounts of bacterial DNA to bind to the Qiagen spin columns (capacity of the column is
limited) (Jordan and Durso, 2005) and it may be more difficult to release bacterial DNA from
Gram positive bacteria due to the more resistant cell wall (Trampuz et al., 2003; Yang et al.,
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2008; Coiffier et al., 2019). However, the amplification of the equine β-actin gene was used in
the current study to help reduce the risk of false negative results due to inadequate DNA
extraction processes. The specificity of 16S rRNA PCR for detection of bacteria in SF in this
study was good and comparable to previous reports (Fenollar et al., 2006; Fihman et al., 2007;
Pille et al., 2007; Bonilla et al., 2011; Scharf et al., 2015; Lallemand et al., 2016; Coiffier et
al., 2019).
In the current study, likelihood ratios were also calculated, given the lack of a true gold
standard/reference method for diagnosis of synovial sepsis and the limitations of reliance on
sensitivity and specificity alone, to determine diagnostic accuracy. Negative likelihood ratio
values for all primer sets approached 1 (range 0.72-0.93) and as such, the discriminatory ability
of the broad range PCR methods to ‘rule out’ synovial sepsis were negligible, as a value of 1
does not have diagnostic value (McGee, 2002; Grimes and Schulz, 2005). The positive
likelihood ratio values for the primer sets were modest, ranging from 1.88 to 5.07%. Positive
likelihood ratios of this size are likely associated with small approximate changes in probability
of the presence of synovial sepsis of between 15 and 30% (McGee, 2002). The impact of pretest probability on the likelihood ratios must be considered also. When the history and clinical
examination findings (e.g. a wound in proximity of a synovial structure, synovial effusion or
cytological changes of intra-synovial inflammation) are suggestive of synovial sepsis, the pretest probability of disease is increased. Consequently, with careful patient selection prior to
broad range PCR testing, a modest positive likelihood ratio for broad range PCR may still be
useful to increase the post-test probability of disease and the diagnosis of synovial sepsis
(Grimes and Schulz, 2005; Akobeng, 2007).
The interpretation of the diagnostic accuracy of all tests for synovial sepsis is complicated by
the lack of a true gold standard test for comparison (Peters et al., 2004; Mathews et al., 2008).
Although currently accepted criteria (Bertone, 1996; Bertone, 1999; Wright et al., 2003; Steel,
2008) for the investigation of synovial infection were utilised for the categorisation of samples
as septic or non-septic in this study, there is still a risk of incorrect classification, resulting in a
false positive or negative diagnosis. This is particularly important when considering the false
positive broad range PCR results in this study. False positive results may be due to sample
contamination (Millar et al., 2002; Trampuz et al., 2003; Peters et al., 2004; Fenollar et al.,
2006; Millar et al., 2007; Fenollar et al., 2008). The identification of fastidious difficult to
culture bacteria (Louie and Liebling, 1998; Harris and Hartley, 2003; Fenollar and Raoult,
2004; Fenollar et al., 2006; Rosey et al., 2007; Fenollar et al., 2008; Budding et al., 2016) or
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novel bacteria (Fenollar et al., 2006; Woo et al., 2008; Keller et al., 2010) may also complicate
the interpretation of a positive result (Sontakke et al., 2009). In the current study, three of the
five false positive samples were not positive on Sanger sequencing and from the mixed
pherograms were suspected to have polymicrobial infection (data not shown). To further
investigate mixed bacterial infections, cloning of isolates would be required (Fenollar et al.,
2006), and was outside the scope of this study. The remaining two false positive samples were
positive on Sanger sequencing. Both of the samples (31 and 88) were obtained from neonates
with poly-articular disease. If contamination was the cause of these false positive results, it
likely occurred at the time of sample collection for sample 31. The isolate was typical for
synovial infection in this age group of foal (Annear et al., 2011; Wright et al., 2017) and not
usual for a vertical contaminant (Fenollar et al., 2008). Furthermore, the sample was processed
in the same run as non-septic SF samples for both DNA extraction and 16S rRNA PCR and
there were no other positive results in the same run. The chance of contamination at the time
of sampling or carry over contamination from a sample in the same run should be considered
for sample 88, as this sample was processed in a run with another sample that had the same
bacterial species isolated (identified via BCM). However, in this case, carry over contamination
was considered unlikely as the possible contaminant sample was not next to sample 88 in the
PCR run, was not positive on 16S rRNA PCR, and samples adjacent to it in the PCR run were
not contaminated. Finally, the possibility of early infection must be considered for these cases.
A scheme for the interpretation of discordant results has been suggested when a culture result
is negative, but broad range PCR is positive on more than two assays: in such situations, the
result is considered a true positive (Fenollar et al., 2006). Both sample 31 and 88 were positive
on more than one 16S rRNA PCR reaction, utilising different primer sets, suggesting that these
samples may indeed be true positives. If these sample were indeed true positives, increased
sensitivity and positive likelihood ratios for broad range PCR would be anticipated. Improved
sensitivity of broad range PCR has also been observed in human children (Hernández-Rupérez
et al., 2018).
In the current study, the non-DNA control samples from the PCR preparation phase were
positive on gel electrophoresis for primer sets 2 and 3: this finding represents sample
contamination. Contamination may occur during sample collection (Wilbrink et al., 1998;
Fenollar et al., 2008; James, 2010) and/or processing (Corless et al., 2000; Jalava et al., 2001;
van der Zee et al., 2002; Evans et al., 2003; Trampuz et al., 2003; Borst et al., 2004; Fenollar
and Raoult, 2004; Fenollar et al., 2008; James, 2010). Within the human literature, skin biopsy
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over the site of sampling has been suggested to prevent skin flora contaminants (Wilbrink et
al., 1998); however, this is impractical for veterinary applications. During sample processing,
sources of contamination of PCR assays include vertical contamination from equipment (van
der Zee et al., 2002; Evans et al., 2003; Trampuz et al., 2003; Borst et al., 2004), reagents
(Corless et al., 2000; Trampuz et al., 2003; Borst et al., 2004; Fenollar and Raoult, 2004),
laboratory surfaces or technicians and amplicons within the laboratory (Jalava et al., 2001;
Trampuz et al., 2003; Borst et al., 2004; Fenollar et al., 2008) and carry over/lateral/horizontal
contamination during the assay from one sample to another (Jalava et al., 2001; Trampuz et al.,
2003; Fenollar and Raoult, 2004; Fenollar et al., 2008). Sanger sequencing of these positive no
DNA control samples identified Bradyrhizobium spp. This bacterial isolate, from legumes, was
an amplicon known to have been within the laboratory used for the preparation of samples in
the current study and represents vertical contamination (Fenollar et al., 2008). It has been
suggested that bacterial species previously amplified within the laboratory used for sample
processing cause the most contamination of PCR, along with those present in water or reagents
(Fenollar and Raoult, 2004). In this study, the finding is difficult to explain as contamination
of the non-DNA control samples from the PCR preparation phase did not result in
contamination of the entire cluster of samples handled in the same manner. Nevertheless, these
findings highlight that contamination of samples is a potentially important limitation of PCR.
There are limitations of the current study. As there is no gold standard for the diagnosis of
synovial sepsis, samples classified as septic were only presumed septic and errors in sample
classification between septic and non-septic groups may have occurred. The number of samples
used in each group was small and increasing the sample size may provide improved assessment
of the diagnostic accuracy of molecular methods to discriminate between synovial sepsis and
non-septic SF. The substantial problem of contamination was highlighted by the contamination
of PCR negative controls in this study, without contamination of clinical samples in the same
sample clusters. Another consideration is the clinical relevance of positive broad range PCR
results, as a positive result does not give any information regarding the viability of the bacterial
DNA identified (Louie and Liebling, 1998; Peters et al., 2004) and there is an inability to
determine sensitivity for detected bacteria (Fenollar et al., 2008).
In conclusion, while 16S rRNA PCR is able to detect bacteria in septic SF samples from horses
and provides the opportunity for an alternative method to diagnose septic synovitis, further
optimisation of the method is required to improve sensitivity and diagnostic accuracy. The βactin gene is an effective positive control for broad range PCR methods applied to equine SF.
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Table 5.1: The Qiagen Quick-Start Protocol used for DNA extraction (DNeasy® Blood and
Tissue Kit, Qiagen, Hilden, Germany).
Protocol step number
One
Two
Three
Four

Step description
Modified for each method as described in
Section 5.3.4.
Add 200 μl Buffer AL. Mix thoroughly by
vortexing. Incubate blood samples at 56˚C for
10 minutes.
Add 200 μl ethanol (96-100%). Mix thoroughly
by vortexing.

Pipet the mixture into a DNeasy Mini Spin
column (spin column) placed in a 2 ml
collection tube. Centrifuge at ≥6000 x g for 1
minute. Discard the flow-through and collection
tube.

Five

Place the spin column in a new 2 ml
collection tube. Add 500 μl Buffer AW1.
Centrifuge at ≥6000 x g for 1 minute. Discard
the flow through and collection tube.

Six

Place the spin column in a new 2 ml
collection tube, add 500 μl Buffer AW2, and
centrifuge at 20000 x g for 3 minutes. Discard
the flow through and collection tube.

Seven

Transfer the spin column to a new 2 ml
microcentrifuge tube.
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Table 5.2: Primers used for PCR positive controls on equine synovial fluid samples.
Sequence name

Sequence

Product (base pairs)

Equine ACTB F*

CCA GAG CAA GAG

219

GGG CAT CC
Equine ACTB R*

GCC GGG GTG TTG AAG

219

GTC TC
Eq_K9 ACTB F

GGA CTT CGA GCA GGA

393

GAT GG
Eq_K9 ACTB R

AGG TGG ACA RTG AGG

393

CCA G
*(Fihman et al., 2007)
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Table 5.3: Mastermix used for PCR reactions in this study.
Mastermix

Primer set

substrate
(μl per

Positive

sample)

control

10 x PCR

2.5 μl

2.5 μl

2.5 μl

2.5 μl

2.5 μl

0 μl

0 μl

1.5 μl

1.5 μl

1.5 μl

1 μl

1 μl

1 μl

1 μl

1 μl

0.5 μl

3 μl

0.625 μl

0.625 μl

0.625 μl

0.5 μl

4.5 μl

0.625 μl

0.625 μl

0.625 μl

0.125 μl

0.125 μl

0.125 μl

0.125 μl

0.125 μl

18.375 μl

11.875 μl

13.625 μl

13.625 μl

13.625 μl

1

2

3

4

buffer
25 mM
MgCl2
5 mM
dNTP’s
F primer
(10uM)
R primer
(10uM)
HotStarTaq
(5.5 U)
Ultrapure
Water
F primer = forward primer; R primer = reverse primer
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Table 5.4: Polymerase chain reaction methodology.
Primer set
Positive control

One

Two; three; four

PCR cycle
95oC x 15 min; then (95˚C x 30 sec then
59˚C x 60 sec then 72˚C x 60sec) x 40; then
72˚C x 10 min.
95oC x 15 min; then (95˚C x 20 sec then
66˚C x 60 sec then 72˚C x 60 sec) x 2; then
(95˚C x 20 sec then 64˚C x 60 sec then 72˚C
x 60 sec); (95˚C x 20 sec then 62˚C x 60 sec
then 72˚C x 60 sec); (95˚C x 20 sec then
60˚C x 60 sec then 72˚C x 60 sec); (95˚C x
20 sec then 58˚C x 60 sec then 72˚C x 60
sec); (95˚C x 20 sec then 56˚C x 60 sec then
72˚C x 60 sec) x 25; then 72˚C x 10 min.
95oC x 15 min; then (96˚C x 15 sec then
60˚C x 90 sec then 72˚C x 120 sec) x 30;
then 72˚C x 10 min.
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Table 5.5: Primers used for 16S rRNA PCR for the detection of bacterial DNA in equine
synovial fluid samples.
Primer set

Sequence name

Sequence

Product (base pairs)

1 (forward)

16S 8-27F*

AGA GTT TGA

517

TCM TGG CTC AG
1 (reverse)

B 16S 509-525R*

GCT GCT GGC

517

ACG DAG TT
2 (forward)

16S U1**

ACG CGT CGA

794

CAG AGT TTG ATC
CTG GCT
2 (reverse)

16S U1R **

GGA CTA CCA

794

GGG TAT CTA AT
3 (forward)

16S U3 **

AGT GCC AGC

873

AGC CGC GGT AA
3 & 4 (reverse)

16S U4 **

AGG CCC GGG

NA

AAC GTA TTC AC
4 (forward)

16S U5**

TCA AAK GAA

479

TTG ACG GGG GC
*(Pille et al., 2004); ** (Relman, 1993)
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Table 5.6: Results of 16S rRNA PCR and Sanger sequencing of synovial fluid from horses,
for each of the four primer sets.
Primer Set
Set 1
ID

PCR

Sequencing

+

Set 2
PCR

Sequencing

+

Set 3
PCR

Sequencing

+

Set 4
PCR

Sequencing

+

Non-septic samples
128

No

NA

No

NA

No

NA

No

NA

129

No

NA

No

NA

No

NA

No

NA

130

No

NA

No

NA

No

NA

No

NA

141

No

NA

No

NA

No

NA

No

NA

137

No

NA

No

NA

No

NA

No

NA

147

No

NA

No

NA

No

NA

No

NA

153

No

NA

No

NA

No

NA

No

NA

166

No

NA

No

NA

No

NA

No

NA

20

No

NA

No

NA

No

NA

No

NA

148

No

NA

No

NA

No

NA

No

NA

5

No

NA

No

NA

No

NA

No

NA

4

No

NA

No

NA

No

NA

No

NA

75

No

NA

No

NA

No

NA

No

NA

16

No

NA

No

NA

Yes

Negative

No

NA

105

No

NA

No

NA

Yes

Negative

No

NA

31

Yes

Actinobacillus No

NA

Yes

A. equuli

No

NA

equuli
144

No

NA

No

NA

No

NA

No

NA

146

No

NA

No

NA

No

NA

No

NA

169

No

NA

No

NA

No

NA

No

NA

170

No

NA

No

NA

Yes

Negative

No

NA

88

Yes

A. equuli

No

NA

Yes

A. equuli

Yes

A. equuli

Septic samples
104

No

NA

No

NA

No

NA

No

NA

85

Yes

Escherichia

No

NA

Yes

E. coli

Yes

E. coli

No

NA

No

NA

No

NA

coli
68

No

NA
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Primer Set
Set 1
ID

PCR

Sequencing

+

Set 2
PCR

Sequencing

+

Set 3
PCR

Sequencing

+

Set 4
PCR

Sequencing

+

44

No

NA

No

NA

No

NA

No

NA

43

No

NA

No

NA

Yes

Streptococcus

No

NA

dysgalactiae ss
equisimilis
71

No

NA

No

NA

Yes

Negative

No

NA

62

Yes

Pasteurella

No

NA

Yes

P. caballi

Yes

P. caballi

caballi
97

No

NA

No

NA

Yes

Negative

No

NA

56

No

NA

No

NA

No

NA

No

NA

35

Yes

A. equuli

No

NA

Yes

A. equuli

Yes

A.equuli

77

No

NA

No

NA

No

NA

No

NA

17

No

NA

No

NA

No

NA

No

NA

19

No

NA

No

NA

No

NA

No

NA

28

Yes

Streptococcus

Yes

Streptococcus

Yes

Streptococcus

Yes

S.

spp.

spp.

pyogenes

pyogenes

29

No

NA

No

NA

No

NA

No

NA

72

No

NA

Yes

Negative

Yes

Staphylococcus

No

NA

aureus
1

No

NA

No

NA

No

NA

No

NA

11

No

NA

No

NA

No

NA

No

NA

12

No

NA

No

NA

No

NA

No

NA

98

No

NA

No

NA

No

NA

No

NA

106

No

NA

No

NA

No

NA

No

NA

109

No

NA

No

NA

Yes

A. equuli

No

NA

112

No

NA

No

NA

No

NA

No

NA

113

No

NA

No

NA

No

NA

No

NA

116

No

NA

No

NA

No

NA

No

NA

121

No

NA

No

NA

Yes

Negative

No

NA

87

Yes

A. equuli

No

NA

Yes

A. equuli

Yes

A. equuli

91

Yes

A. equuli

No

NA

Yes

A. equuli

Yes

A. equuli
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Primer Set
Set 1
ID

PCR

Sequencing

+

15

Yes

Set 2
PCR

Sequencing

+

A. equuli

No

Set 3
PCR

Sequencing

+

NA

Yes

Set 4
PCR

Sequencing

+

A. equuli

Yes

A. equuli
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Table 5.7: Sensitivity, specificity, positive and negative likelihood ratio values of four 16S
rRNA PCR primer sets for the diagnosis of synovial sepsis in horses. Ninety-five percent
confidence intervals are provided in parentheses.
Primer

Sensitivity (%)

Specificity (%)

set
1

Positive

Negative

likelihood ratio

likelihood ratio

2.53 (0.58-11.0)

0.84 (0.65-1.07)

24.14 (10.30-

90.48 (69.62-

43.54)

98.83)

2

6.90 (0.85-22.77)

100 (83.98 -100)

N/A*

0.93 (0.84-1.03)

3

44.83 (26.45-

79.19 (52.83-

1.88 (0.79-4.47)

0.72 (0.48-1.09)

64.31)

91.78)

24.14 (10.30-

95.24 (76.18-

5.07 (0.67-38.16)

0.80 (0.64-1.00)

43.54)

99.88)

4

*Calculation of positive likelihood ratio not possible, due to specificity of 100%.
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6.1 Abstract
Synovial infections are commonly encountered in horses. The diagnosis of this condition can
be difficult due to the variable sensitivity of conventional synovial fluid (SF) microbiological
culture and lack of a gold standard diagnostic test. Subsequently, veterinarians are often reliant
on a combination of findings from clinical examination and SF analysis to make a diagnosis of
synovial sepsis. The development of new diagnostic techniques for synovial sepsis with
improved sensitivity and shorter time to detection of underlying microorganisms is necessary.
The objectives of this study were to (1) compare the results of 16S rRNA PCR to culture and
clinical findings for the diagnosis of synovial sepsis in horses and (2) investigate the use of
sequencing of 16S rRNA PCR products for the identification of bacteria in clinical cases of
synovial sepsis. Forty-six synovial fluid samples obtained from 43 horses that were
investigated for synovial infection, including use of culture, between August 2016 and August
2018 were included in the study. In comparison to a diagnosis obtained from clinical and
clinicopathological findings, culture had a sensitivity of 48.2% (95% CI: 28.7-68.1%),
specificity of 100% (95% CI: 82.4-100%), estimated positive likelihood ratio of 5.48 and a
negative likelihood ratio of 0.52 (95% CI: 0.36-0.75). The 16S rRNA PCR had a sensitivity of
33.33% (95% CI: 16.5-54.0%), specificity of 89.47% (95% CI: 66.9-98.7%), positive
likelihood ratio of 3.17 (95% CI: 0.77-13.04) and a negative likelihood ratio of 0.75 (95% CI:
0.55-1.01). There were significant differences in the rates of diagnosis of synovial sepsis
between clinical findings and culture (p<0.001) and clinical findings and 16S rRNA PCR
(p<0.001), while the distributions of diagnosis were equally likely between culture and 16S
rRNA PCR (p=0.73). Overall, there was fair agreement between methods for diagnosis of
sepsis (Fleiss Kappa statistic = 0.347), while there was moderate agreement (0.434) between
clinical findings and SF culture, slight agreement (0.203) between clinical findings and 16S
rRNA PCR and moderate agreement (0.550) between culture and 16S rRNA PCR results. For
clinical findings and culture, the overall percent agreement was 69.6% (95% CI: 56.3-82.9%)
and the positive percent agreement (PPA) and negative percentage agreement (NPA) were 65%
(95% CI: 47.8-82.2%) and 73.1% (95% CI: 39.1-100%), respectively. For 16S rRNA PCR and
culture, overall percent agreement was 82.6 (95% CI: 71.6-93.6%), PPA was 66.7% (95% CI:
44.9-88.5%) and NPA was 88.2% (95% CI: 80.1-96.3%). The overall percentage agreement
for 16S rRNA PCR and clinical findings was 56.5% (95% CI: 42.2-70.9%) and PPA and NPA
were 47.4% (95% CI: 27.7-67.0%) and 63.0% (95% CI: 30.9-95.0%), respectively. The use of
16S rRNA PCR for diagnosis of synovial infection in horses gives comparable results to
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culture. Synovial fluid 16S rRNA PCR does not replace the use of microbiological culture;
however, the method may be a useful adjunct in a clinical setting.
Keywords: Equine; 16S rRNA PCR; Microbiological culture; Septic arthritis; Synovial
infection; Septic synovitis

6.2 Introduction
Synovial infection is a common clinical disorder in horses. The accurate diagnosis of this
condition can be problematic in the absence of a gold standard test. Currently, the preferred
test for confirmation of bacterial involvement in synovial disease is microbiological culture
(Steel, 2008); however, the sensitivity of the test is poor, with several reports suggesting
positive results for microbiological culture occur in 50% or less of cases with presumed
synovial infection (Madison et al., 1991; Taylor et al., 2010; Gilbertie et al., 2018). With the
advent and use of blood/fluid culture bottles, an improvement in the rates of positive culture
from horses with synovial sepsis have been reported (von Essen and Hölttä, 1986; Hughes et
al., 2001; Pille et al., 2007; Dumoulin et al., 2010a; Dumoulin et al., 2010b). Although
decreased time to detection of pathogens has also been observed with the use of blood culture
bottles (Dumoulin et al., 2010a; Dumoulin et al., 2010b), these techniques may still take up to
13 days for detection of slowly-growing microorganisms (Dumoulin et al., 2010b) and further
time is required for species identification. These delays can impact on the ability of clinicians
to make evidence-based choices at the onset of treatment of horses with suspected synovial
disease.
The use of broad range PCR has been described for the diagnosis of synovial infection in human
(Fenollar et al., 2006; Fihman et al., 2007; Bonilla et al., 2011; Lallemand et al., 2016; Coiffier
et al., 2019) and veterinary medicine (Crabill et al., 1996; Pille et al., 2004; Pille et al., 2007;
Elmas et al., 2013; Scharf et al., 2015). The 16S rRNA gene is present in all bacterial species
(Baker et al., 2003) and can be targeted for amplification to identify bacteria within clinical
specimens (Petti, 2007). These molecular techniques have been suggested to potentially offer
improved sensitivity and rates of diagnosis due to the ability to detect fastidious (Moumile et
al., 2003; Rosey et al., 2007) or novel bacteria (Fenollar et al., 2006) and non-viable organisms
(van Der Heijden et al., 1999; Rampini et al., 2011): benefits in cases where treatment has been
instated prior to sample collection (Canvin et al., 1997; van Der Heijden et al., 1999).
Furthermore, the use of broad range molecular techniques may decrease the time to diagnosis
of infection and identification of underlying organisms (Yang and Rothman, 2004; Bonilla et
al., 2011; Elmas et al., 2013).
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In horses, the use of 16S rRNA PCR (Pille et al., 2007) and real time quantitative 16S rRNA
PCR (Elmas et al., 2013), and sequencing of PCR products (Pille et al., 2007; Elmas et al.,
2013) have been reported for the investigation of synovial infection. Broad range 16S rRNA
PCR and sequencing of SF was reported to have a sensitivity and specificity of 89.5% and
93.5%, respectively, for the diagnosis of synovial infection in horses and was reported to be
significantly more sensitive than agar but not blood culture medium incubation of SF (Pille et
al., 2007). Additionally, real time 16S rRNA PCR in horses was reported to have a sensitivity
and specificity of 87% and 72%, respectively, for diagnosis of synovial infection in horses, and
was significantly more sensitive than culture using agar incubation of SF, with 83% of samples
correctly classified within four hours (Elmas et al., 2013). These broad range PCR techniques
have shown promise as methods for diagnosis of synovial sepsis, given the potential
improvements in sensitivity and time to detection for cases of synovial infection. These benefits
could aid veterinarians in the diagnosis and treatment of this condition.
The aims of this study were to investigate the efficacy of 16S rRNA PCR compared to culture
for the diagnosis of synovial infections in horses and use of sequencing for identification of
bacterial species. Our hypotheses were that (1) 16S rRNA PCR would have improved
diagnostic accuracy compared to culture and (2) sequencing of 16S rRNA PCR products will
identify bacteria involved in septic synovial structures and be comparable to microbiological
culture.

6.3 Materials and methods
6.3.1 Sample inclusion, collection and storage
Horses presented to the Veterinary Clinical Centre (Charles Sturt University, Wagga Wagga)
between August 2016 and August 2018 for investigation of possible synovial sepsis, were
eligible for inclusion in the study. To be included in the study, samples of SF must have been
collected, undergone microbiological culture and have sufficient surplus SF for molecular
testing. Sites for synoviocentesis were clipped and aseptically prepared using chlorhexidine
surgical scrub (Hexawash, 4% chlorhexidine gluconate solution, Apex Laboratories Pty Ltd,
Somersby) and medical grade alcohol (ethyl alcohol solution, Hilditch Oilchem Pty Ltd,
Epping, Australia). Veterinarians collecting the samples wore sterile gloves and maintained
strict aseptic technique. Samples were collected by needle puncture and syringe aspiration, with
the size of the needle and syringe chosen at the discretion of the attending veterinarian.
Synovial fluid was placed in a BACTEC Peds Plus™/F blood culture bottle (BD Australia,
Macquarie Park, NSW, Australia) and EDTA tubes (BD Australia, Macquarie Park, NSW,
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Australia) for microbiological culture and cytological analysis, respectively. Surplus SF was
stored in EDTA tubes at -80 ˚C until the time of processing for molecular studies. Forty-six
synovial fluid samples from 43 horses were included in the study.
6.3.2 Diagnosis of synovial sepsis
Synovial structures were classified as septic if one or more of the following three criteria was
present:
1.

observation of an open synovial structure detected on clinical examination; usually by

pressure distension of the structure using injection of sterile saline, and/or
2.

cytological examination of synovial fluid revealed total nucleated cell count (TNCC)

>30 x 109 cells/L, total protein concentration (TP) >30 g/L and differential count of neutrophils
(Neut%) >80% and/or bacteria observed on microscopic examination, and/or
3.

positive microbiological culture from synovial fluid.

6.3.3 Microbiological culture
For microbiological culture, 0.5-5 ml of SF was inoculated into a BACTEC Peds Plus™/F
culture bottle. The culture bottle was then immediately placed into a BACTEC 9050 automated
blood culture system (BD Australia, Macquarie Park, NSW, Australia). All bottles were
incubated until microbial growth was detected by the automated system or for a maximum of
seven days. All bottles with detection of microbiological growth were subcultured onto
Columbia sheep blood agar, Columbia CNA sheep blood agar, chocolate agar and MacConkey
agar (Edwards, Narellan, NSW, Australia). These agar plates were incubated in 6% CO2 at
35˚C for at least seven days. The Columbia sheep blood agar and Columbia CNA sheep blood
agar were also incubated in an anaerobic environment created by a gas-pak. Microorganisms
were identified to the species level according to standard laboratory methods.
6.3.4 Synovial fluid 16S rRNA PCR and sequencing
For each SF sample, DNA extraction was done as described previously (Crosby et al.,
unpublished data: Chapter 5, Section 5.3.4). Broad range 16S rRNA PCR was performed using
one primer set (Table 6.1) as described previously (Crosby et al., unpublished data: Chapter 5,
Section 5.3.5-5.3.7). All samples that had a band of the correct size on gel electrophoreses were
considered positive and underwent Sanger sequencing for microorganism identification, using
methods described previously (Crosby et al., unpublished data: Chapter 5, Section 5.3.8). A
sample was considered positive if it fulfilled the following criteria:
1. it was positive on gel electrophoresis, with a band of the expected size and
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2. for the outcome of Sanger sequencing:
a. the result was the correct sequence length
b. on BLAST search the identified organism had >95% of the sequence match
c. on BLAST search the forward and reverse primer matched.
6.3.5 Statistical analysis
All data was recorded in Microsoft Excel (Microsoft, Redmond, Washington, USA). Data for
age, TNCC, TP and Neut% were assessed for normality using the Shapiro-Wilk test.
Descriptive data were reported as mean and standard deviation for normally distributed data or
median and interquartile range for non-normally distributed data. For comparisons between
septic and non-septic groups, the independent t test (two-tailed) or Mann-Whitney U test were
used for normally-distributed and non-normally distributed continuous data, respectively,
while the Fisher’s exact test was used for categorical data (breed, sex, affected limb).
Sensitivity, specificity and positive and negative likelihood ratios for SF culture and 16S rRNA
PCR, in comparison to a clinical diagnosis (diagnosis made on clinical exam and/or cytological
analysis), were determined using Medcalc (Acacialaan 22, 8400 Ostend, Belgium). To
investigate the null hypothesis that the distributions of positive and negative diagnoses of
synovial sepsis between the three methods (clinical diagnosis, culture, 16S rRNA PCR), and
between pairs of diagnostic methods, were equally likely, the Cochran’s Q test and McNemar
tests were used, respectively. Overall agreement between the three methods for diagnosis of
synovial sepsis was determined by calculation of the Fleiss Kappa statistic, and Cohen’s Kappa
was used to investigate agreement between pairs of methods. Agreement between pairs of
diagnostic methods for detection of synovial sepsis was also determined by calculation of
overall, positive and negative percentage agreement using Epitools Epidemiological
Calculators (Ausvet, Bruce, ACT, Australia). Inferential statistical analyses were performed in
R (Version 3.6.2) or SPSS® (IBM, Version 26). Significance was set at p <0.05.

6.4 Results
6.4.1 Descriptive statistics
Forty–six SF samples from 43 horses were included. Thirty–six horses had one sample
collected, six horses had samples collected from two synovial structures and one horse had
samples collected from three structures. Of the seven horses that had multiple samples
collected, four horses required more than one joint sampled on the same day and three horses
had multiple events of possible sepsis. Based on the a priori diagnostic criteria for synovial
sepsis, 27 samples were presumed septic and 19 samples were presumed not septic. The median
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(IQR) age of horses in the study was 666 days (1310). There were five colts, 20 fillies, 10
geldings and 6 mares. Included breeds were Arabians (n=2), Australian Stock Horses (n=7),
Quarter horses (n=2), Standardbreds (n=5), Thoroughbreds (n=20) and mixed breeds (n=2).
The left fore limb was affected in seven cases, the left hind limb in 17 cases, the right fore limb
in 10 cases and the right hind limb in 12 cases. The affected synovial cavities included the
tarsocrural joint (n=13), digital flexor tendon sheath (n=9), metacarpophalangeal joint (n=7),
distal interphalangeal joint (n=5), intercarpal joint (n=4), calcaneal bursa (n=2), femoropatellar
joint (n=2), antebrachiocarpal joint (n=1), cubital joint (n=1), navicular bursa (n=1) and
proximal interphalangeal joint (n=1). Of the 27 presumed septic samples, in horses < 1 year of
age (n=6), the underlying cause was haematogenous spread, while in in horses ≥ 1 year of age,
the cause was traumatic wounds/penetrations (n=18), iatrogenic (n= 2) or idiopathic or
haematogenous spread (n=1). The diagnosis of sepsis was made by clinical examination (n=9),
cytological analysis (n=4), microbiological culture (n=2), both clinical examination and
cytological analysis (n=1), clinical examination and microbiological culture (n=2), cytological
analysis and microbiological culture (n=5) and by all three criteria (n=4). Descriptive data for
TNCC, TP and Neut% for non-septic and septic samples are presented in Table 6.2. Bacteria
were seen during cytological analysis of three samples.
6.4.2 Synovial fluid culture and 16S rRNA PCR results
Of the 11 SF samples that were positive on microbiological culture, seven were positive on
16S rRNA PCR: there was concordance on bacterial species isolated for six samples between
microbiological culture and 16S rRNA PCR sequencing, including one sample (sample 62)
that had identified bacteria from the same family. One SF sample (sample 15) had different
bacteria identified by microbiological culture and 16S rRNA PCR (Table 6.3). One SF sample
that was presumed septic was negative on microbiological culture and positive on PCR (sample
28). Two SF samples that were presumed not septic were positive on PCR (sample 31 and 88)
(Table 6.3).
6.4.3 Comparisons of clinical and laboratory findings between groups
Statistically significant results for comparisons in clinical and laboratory parameters between
groups are reported in Table 6.4. Non-significant results are reported in Appendix 13. Figures
for comparisons between groups are in Appendix 14.
6.4.4 Distributions of diagnostic results between methods
Overall, there was a difference between the three methods for diagnosis of synovial sepsis
(p<0.001). Between pairs of diagnostic tests, there was a difference between clinical diagnosis
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and culture (p<0.001) and between clinical diagnosis and 16S rRNA PCR (p<0.001), while the
null hypothesis of equivalence of positive rates of disease diagnosis was retained for culture
and16S rRNA PCR (p=0.727).
6.4.5 Sensitivity, specificity, positive and negative likelihood ratios
The sensitivity, specificity, positive and negative likelihood ratio values for a diagnosis of
synovial sepsis from SF culture or 16S rRNA PCR results are provided in Table 6.5.
6.4.6 Agreement between methods
The overall agreement in diagnostic testing results between clinical analysis, culture and 16S
rRNA PCR was fair (Fleiss к 0.347, 95% CI: 0.342-0.352, p<0.001). The Cohen’s Kappa
statistic showed moderate agreement between clinical diagnosis and culture, fair agreement
between clinical diagnosis and 16S rRNA PCR and moderate agreement between culture and
16S rRNA PCR (Table 6.6). Positive, negative and overall percentage agreement results are
provided in Table 6.6.

6.5 Discussion
In the current study, there was a difference in the distribution of results (septic; non-septic)
between the three methods for diagnosis of synovial sepsis. Specifically, there were differences
between clinical diagnosis and both microbiological culture and 16S rRNA PCR methods,
while there was equivalence of positive rates of disease diagnosis between microbiological
culture and 16S rRNA PCR.
The application of Kappa statistics revealed that agreements, beyond chance, between clinical
diagnosis and both microbiological culture (к = 0.434) and 16S rRNA PCR methods (к = 0.203)
were lower than the moderate agreement between microbiological culture and 16S rRNA PCR
(к = 0.550). Similarly, in a previous study (Elmas et al., 2013), moderate agreement between
real time 16S rRNA PCR and bacterial culture in horses was found (к = 0.45), further
suggesting that comparable results between the two methods can be achieved. In the current
study, agreement between methods was further assessed by the calculation of overall, positive
and negative percentage agreements. Similar to the results of the Kappa statistics, the positive
and negative percentage agreements were greatest for 16S rRNA PCR and microbiological
culture and smallest for clinical findings and microbiological culture or 16S rRNA PCR. To
our knowledge, the percentage agreements between methods for diagnosis of synovial sepsis
has not been reported previously. In the absence of a gold standard method for diagnosis of
synovial sepsis, the calculation of positive and negative percentage agreements provides a
simple and effective technique for comparison between diagnostic methods and assessment of
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agreement. In this study, the Kappa statistic and overall agreement provide single summary
values of the results of concordance of binary outcomes (septic; non-septic) between two
diagnostic methods for synovial sepsis, but without information on each diagnostic category.
However, by calculation of the positive percent agreement and negative percent agreement,
these separate indexes of the proportionate agreement in the positive and negative diagnostic
outcomes between methods provide more information relevant to the understanding of
agreement than a single omnibus index (Cicchetti and Feinstein, 1990; Graham and Bull,
1998).
In the current study, the sensitivity of the 16S rRNA PCR (33.3%) was low and the specificity
was good (89.5%). Previous veterinary studies investigating the use of 16S rRNA PCR in dogs
and horses reported sensitivities of 72.8-89.5% for the diagnosis of synovial infection (Pille et
al., 2007; Scharf et al., 2015). Both studies compared 16S rRNA PCR and culture for diagnosis
of synovial infection and although 16S rRNA PCR was identified to be superior to direct agar
culture (APM) of SF in horses (Pille et al., 2007), it was not significantly more sensitive that
SF culture in blood culture medium (BCM) in either study (Pille et al., 2007; Scharf et al.,
2015). Furthermore, a study investigating real time 16S rRNA PCR of SF for investigation of
synovial infection in horses reported a sensitivity of 87% and specificity of 72% (Elmas et al.,
2013). Within the human literature, good sensitivity (62.5-92.5%) has been reported for broad
range PCR for diagnosis of osteoarticular infections (Fenollar et al., 2006; Fihman et al., 2007;
Bonilla et al., 2011). However, similar to the finding of our study, the sensitivity of broad range
PCR for diagnosis of synovial infection was poor (24-29.6%) in two recent human studies
(Lallemand et al., 2016; Coiffier et al., 2019), and the authors of one study (Coiffier et al.,
2019) observed that the populations with higher sensitivities had greater numbers of patients
with prosthetic joints, a factor that is not relevant in equine practice at this time. Other possible
factors to consider that may influence the poor sensitivity of broad range PCR in our study
include low numbers of bacteria with SF samples (Harris and Hartley, 2003), the inherent
molecular and ionic composition of SF that contains PCR inhibitors (Mariani et al., 1995; Louie
and Liebling, 1998), and inadequate DNA extraction from SF. The DNA extraction process is
critical for effective broad range PCR techniques, as it releases intracellular bacterial DNA and
reduces inhibitors within samples (Trampuz et al., 2003; Yang and Rothman, 2004;
Schneeweiss et al., 2007; Bonilla et al., 2011). In this study the amplification of the equine βactin gene was utilised as an internal positive control, and any samples with evidence of
inadequate DNA extraction or inhibition were excluded from analysis. As high white blood
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cell counts were observed for the septic samples in this study, it must be considered that
leukocyte DNA may have competed with relatively small amount of bacterial DNA to bind to
the Qiagen column used (Jordan and Durso, 2005). It has been reported that Gram-positive
bacteria are more difficult to identify on broad range PCR likely due to more resistant cell
walls, preventing release of bacterial DNA during the extraction process (Trampuz et al., 2003;
Yang et al., 2008; Coiffier et al., 2019), and in this study there were three Gram-positive
isolates (7 on culture) and eight Gram-negative isolates (7 on culture) on 16S rRNA PCR. The
good specificity of 16S rRNA PCR in this study was comparable to other studies in the
veterinary (Pille et al., 2007; Scharf et al., 2015) and human literature (Fenollar et al., 2006;
Fihman et al., 2007; Bonilla et al., 2011; Lallemand et al., 2016; Coiffier et al., 2019). Although
a risk of sample contamination and impact on diagnostic accuracy exists, the results of our
study indicate that fastidious attention to sample collection and laboratory handling result in
minimal risk of false positive results for both microbiological culture and broad range PCR
methods.
The sensitivity of culture in the current study was low (48.15%) and specificity was excellent
(100%). This sensitivity was disappointing considering the use of paediatric BCM and an
automated blood culture system in this study, procedures considered superior for culture of SF
(Yagupsky et al., 1992; Hughes et al., 2001; Pille et al., 2007; Dumoulin et al., 2010a;
Dumoulin et al., 2010b). Previously, sensitives of 77.6-79% (Pille et al., 2007; Dumoulin et
al., 2010a; Dumoulin et al., 2010b) have been reported for fluid culture from horses with
presumed synovial infection, using these techniques. Decreased sensitives (23.3-56%) are
reported with the use of APM methods (Pille et al., 2007; Dumoulin et al., 2010a; Elmas et al.,
2013). Reasons for the poor sensitivity of culture via BCM in our study, where was comparable
to APM methods (Madison et al., 1991; Pille et al., 2007; Dumoulin et al., 2010a; Elmas et al.,
2013) in previous reports, and the failure to achieve similar sensitivity to other reports utilising
BCM (Pille et al., 2007; Dumoulin et al., 2010a; Dumoulin et al., 2010b) are not clear.
However, differences in geographical location, populations investigated, pathogens type and
numbers, presence of inhibitors of bacterial growth in synovial fluid, and previous
administration of antimicrobial drugs to horses may have contributed to the observed
differences (Madison et al., 1991; Pille et al., 2007; Dumoulin et al., 2010a; Dumoulin et al.,
2010b; Elmas et al., 2013). The specificity of BCM culture in this study was excellent and is
comparable to other veterinary (Pille et al., 2007; Dumoulin et al., 2010a; Dumoulin et al.,
2010b) and human reports (Yagupsky et al., 1992; Hughes et al., 2001).
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Despite the results of the current and previous studies (Pille et al., 2004) (Pille et al., 2007) and
the understanding that sensitivity and specificity provide good indices of the overall
discriminatory ability of diagnostic methods to rule in or rule out disease, these parameters
cannot be used to estimate the probability of disease in individual animals (Akobeng, 2007;
Eusebi, 2013). Further, reliance on sensitivity and specificity values may result in overinterpretation and exaggeration of the diagnostic benefit of individual tests (Grimes and Schulz,
2005), and additional approaches to determination of diagnostic accuracy are required. In the
current study, the positive likelihood ratio (LR+) and negative likelihood ratio (LR-) were
calculated as measures of diagnostic accuracy for the BCM and 16S rRNA PCR methods used.
To our knowledge, this is the first report of the calculation of likelihood ratios as measures of
diagnostic accuracy of synovial sepsis in horses. The likelihood ratio for diagnostic methods,
including broad range PCR have been investigated in human synovial infection (Coiffier et al.,
2019). These parameters are derived from test sensitivity and specificity and are more useful
clinically through refinement of clinical judgment for individual patients, whereby application
of a likelihood ratio to the provision diagnosis often alters the diagnostic probability of the
disease (Grimes and Schulz, 2005). Likelihood ratios provide information on how many times
more (or less) likely patients with a specific disease have a test result than animals without the
disease (Grimes and Schulz, 2005; Akobeng, 2007). In our study, the LR+ for 16S rRNA PCR
(3.17) and culture (estimated as 5.5) were modest and when applied to horses with suspected
synovial sepsis, will result in an approximate change in probability of disease of 20-30%
(McGee 2002). In contrast to the results here, using the superior sensitivity and specificity for
both culture and 16S rRNA PCR for diagnosis of synovial sepsis reported by Pille et al (2007),
substantially greater LR+ values for 16S rRNA PCR (13.7) and culture (24.3) are calculated
for that study, indicating a positive test result will increase the probability of disease by at least
45% (McGee, 2002). When considering the report utilising real time 16S rRNA PCR of SF
(Elmas et al., 2013), greater sensitivity (87%) and similar specificity (56%) were observed
compared to our study, however the calculated LR+ values for this study (16S rRNA PCR: 3.1;
SF culture: 4) are similar. Collectively, the LR+ results of the current study and those derived
from earlier studies (Pille et al., 2007; Elmas et al., 2013) indicate that, even with variable
sensitivity between the studies, application of the pre-test probability of disease, test results
and the LR+ to the diagnostic assessment of horses with suspected synovial sepsis may increase
the post-test probability of disease and influence clinical judgement.
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In the current study, the calculated LR- values for both culture (0.52) and 16S rRNA PCR
(0.75) were low and reflect the poor predictive outcomes of the methods for ruling out disease.
As likelihood values approach 1, the ability of diagnostic tests to discriminate between health
and disease diminishes, to the point where the percentage of diseased and healthy individuals
with a test result will be the same when the LR+ or LR- is 1 (McGee, 2002). As such, a negative
broad range PCR result will be reflected by a minimal change in decreasing the probability of
synovial sepsis, while the LR- of culture will only result in a reduction in probability of
approximately 15% (McGee, 2002). Similar to our study, the LR- for culture for diagnosis of
synovial sepsis (calculated using reported sensitivity and specificity) for a previous study
(APM method) was 0.51 (Elmas et al., 2013). Conversely, for another study (Pille et al., 2007),
the calculated LR- for culture was 0.23, indicating that for the culture method used (BCM), a
negative result is associated with a greater decrease in probability of synovial sepsis and
capacity to rule out disease. In our study, the discriminatory capacity of 16S rRNA PCR was
negligible and the LR- value of 0.75 is underpinned by the poor sensitivity of this method
(33.3%). However, for other studies (Elmas et al., 2013) (Pille et al., 2007), the sensitivity and
specificity of broad range PCR were good and are reflected in the calculated LR- values of
0.12-0.18, which are associated with reductions in probability of disease by 30-45%(McGee,
2002).
Whilst the likelihood ratios reported in this study are modest, when considering the pre-test
probability, they may still show improvements for the determination of disease. The estimated
prevalence of synovial sepsis in our study population was approximately 60%, based on
consideration of animal history, physical examination findings and laboratory results. Given
the use of clinical history, physical examination and synovial fluid analysis are integral to
clinical assessment of an individual animal, our findings indicate that, in our population of
horses, the pre-test probability of synovial sepsis is approximately 60%, prior to conventional
or molecular microbiological examination. This assumption is further based on the likelihood
that these confirmatory diagnostic methods (synovial fluid microbiological culture or broad
range PCR) are warranted in such cases, based on clinical acumen. The conversion of pre-test
probability to post-test probability for the result of a diagnostic test, can be achieved graphically
using the likelihood ratio and Fagan’s nomogram (Fagan, 1975; Grimes and Schulz, 2005;
Akobeng, 2007). Using the LR+ values obtained in the current study and a pre-test probability
of synovial sepsis of 60%, the post-test probability of disease increases to approximately 90%
and 80% for synovial fluid culture and broad range PCR, respectively. For an individual horse,
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this information may be used diagnostically and to direct treatment decisions. A further
application of likelihood ratios is utilisation of diagnostic tests in series, whereby the post-test
probability of the first test becomes the pre-test probability for the second test (Grimes and
Schulz, 2005). In the scenario of clinical assessment and application of broad range PCR as the
first test, the post-test probability of 80% becomes the pre-test probability for subsequent
culture and the subsequent post-test probability increases to 95%, highlighting using tests
sequentially can increase diagnostic accuracy for this condition. While the use of likelihood
ratios for synovial sepsis in horses have not been described previously, improved sensitivity
for the combination of synovial fluid 16S rRNA PCR and culture has been reported (culture:
77.6%; 16S rRNA PCR: 89.5%; 16S rRNA PCR and culture: 91.8%) (Pille et al., 2007). In
another study, similar sensitivities were reported for use of synovial fluid real time broad range
PCR alone or in combination with culture for detection of synovial sepsis (87% for SF real
time 16S rRNA PCR: 87%; SF real time 16S rRNA PCR and culture: 85%) (Elmas et al.,
2013). However, it is important to note that, as discussed above, sensitivity and specificity
cannot be used to estimate the probability of disease in individual horses.
Concordance of bacterial isolates in the current study was good with agreement in six out of
seven synovial fluid samples with a positive result for both 16S rRNA PCR and culture,
indicating that the accuracy of the 16S rRNA PCR and sequencing methods for identification
of bacteria in synovial infection, as has been described previously (Pille et al., 2007). A lack of
agreement for one sample (sample 15) may be due to a mixed bacteria infection or
contamination of the PCR reaction. Carry over contamination of the sample is possible, as this
sample was processed in the same DNA extraction and PCR runs as two other samples that
isolated the same bacteria; however, negative controls from both of these processes did not
have evidence of carry over contamination. To further investigate the relevance of the
discordant isolate, repeat DNA extraction and broad range PCR is indicated, with cloning of
the sample if the same result was observed to investigate a possible mixed bacterial population
(Fenollar et al., 2006), however, this approach was outside of the scope of the current study.
In the current study, there were two false positive results (Sample 31 and 88) observed for 16S
rRNA PCR: both were obtained from neonates with poly-articular disease that had
overwhelming evidence of sepsis in other joints sampled at the same time. As there was
concordance in bacterial isolates from samples classified as septic or non-septic, contamination
at the time of sample collection was considered a possible reason for a positive PCR result.
However, an alternative explanation is identification of early infection in the joints classified
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as non-septic. In support of this possibility, a positive PCR result in our study was more likely
in younger horses with synovial sepsis than older horses. Reasons for improved diagnosis of
sepsis with PCR in young horses may due to a larger proportion of closed infections (due to
haematogenous aetiology) (Schneider et al., 1992; Annear et al., 2011) that result in
containment of bacteria within the structure and therefore available for identification on broad
range PCR. In addition, the adaptive immune system in neonates is naïve (Mealey and Long,
2018) and this may also contribute to the possibility of overwhelming infection and greater
concentration of bacteria in affected synovial structures. Interestingly, broad range 16S rRNA
PCR has also been observed to be superior in children (Hernández-Rupérez et al., 2018)
compared to human adult populations (Coiffier et al., 2019).A scheme for the interpretation of
discordant results has been suggested: when a culture result is negative, but broad range PCR
is positive on more than two different assays, the result is considered a true positive (Fenollar
et al., 2006). The two false positive SF samples in the current study were both positive on more
than one 16S rRNA PCR assay and had concordance of sequenced isolates (Crosby et al.,
unpublished data: Chapter 5). Consequently, if these two cases that were considered false
positives are actually true positives this would result in modestly increased sensitivity (37.9%),
specificity (100%) and likelihood ratios (LR+: 3.8 [estimated], LR-: 0.62).
There was one unexpected bacterial growth on culture Kocuria rosea (Sample 1) and this was
possibly a human contaminant during preparation of the culture (Stackebrandt et al., 1995) or
an incorrectly identified coagulase negative staphylococcus (Savini et al., 2010; Dotis et al.,
2012) another isolate likely to be a contaminant. This sample was negative on 16S rRNA PCR.
However, the diagnosis of sepsis in this case was likely, given confirmation of communication
between a wound and the affected synovial structure and cytological analysis of the synovial
fluid sample obtained: in this horse, the PCR result was considered a true negative result.
There are limitations of the current study. Contamination of samples during collection or PCR
preparation is a well-recognised problem with broad range PCR primers (Wilson et al., 1990;
Hilali et al., 1997; Peters et al., 2004), and was possible with three samples in our study. In
addition, the use of residual samples stored after routine sample processing may have resulted
in discrepancies and performing broad range PCR concurrently with microbiology would be
ideal (Bonilla et al., 2011). A limitation of conventional broad range PCR methods is the
identification of bacteria does not give information regarding viability (Louie and Liebling,
1998; Peters et al., 2004) and the clinical relevance of a positive result may sometimes be
ambiguous. A positive result also does not give information regarding the sensitivity of isolated
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bacteria (Fenollar et al., 2008) and still requires veterinarians to make empiric treatment
choices, based on geographically-based sensitivity patterns for specific bacteria. Finally, the
lack of a true gold standard test (Peters et al., 2004) limits the interpretation of diagnostic tests
for synovial sepsis.
Whilst there is reasonable concordance between isolates identified on both synovial fluid
culture and 16S rRNA PCR, PCR alone is not an adequate diagnostic test for synovial sepsis.
When used in combination with microbiological culture, 16S rRNA PCR can have a diagnostic
benefit. While the LR+ values for both 16S rRNA PCR and culture of SF are modest, the
application of these parameters and estimation of pre-test probability may allow determination
of post-test probabilities that satisfy the diagnostic thresholds for diagnosis of synovial sepsis
and selection of treatment. Conversely, the poor sensitivity and LR- values indicate that these
methods cannot be used to rule out synovial sepsis in horses.
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Table 6.1: Primers used for eubacterial PCR on equine synovial fluid samples.
Sequence name
16S U3 (forward)*
16S U4 (reverse)*
* (Relman, 1993)

Sequence
AGT GCC AGC AGC CGC GGT AA
AGG CCC GGG AAC GTA TTC AC
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Table 6.2: Descriptive details, presented as median (IQR) or mean (SD)*, for synovial fluid
analysis of presumed non-septic and septic synovial fluid samples.
Synovial fluid parameter
Total Protein (g/L)
Total nucleated cell count
(x 109 cells/L)
Differential neutrophil
count (%)

Not septic
36 (3.6)*
2.4 (3.3)
33 (54)

Group
Septic
47 (2.6)*
35.2 (84.9)
90 (15)
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Table 6.3: Presumed synovial infection, microbiological culture result and eubacterial PCR
result for synovial fluid samples obtained from 43 horses.
Sample
#
4
5
20
16
31

Presumed
synovial
infection
No
No
No
No
No

Criteria for diagnosis of synovial sepsis
Clinical
Cytological
Microbiological
exam
analysis
culture
No
No
Negative
No
No
Negative
No
No
Negative
No
No
Negative
No
No
Negative

75
88

No
No

No
No

No
No

Negative
Negative

105
128
129
130
137
141
144
147
148
153
169
170
1
11
12
15

No
No
No
No
No
No
No
No
No
No
No
No
Yes
Yes
Yes
Yes

No
No
No
No
No
No
No
No
No
No
No
No
Yes
Yes
Yes
Yes

No
No
No
No
No
No
No
No
No
No
No
No
Yes
No
No
Yes

19

Yes

Yes

Yes

28

Yes

No

Yes

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Kocuria rosea*
Negative
Negative
Streptococcus
equi subsp.
zooepidemicus
Streptococcus
suis type I
Negative

29
43

Yes
Yes

Yes
Yes

No
No

44
56
68

Yes
Yes
Yes

Yes
Yes
No

No
No
Yes

Negative
Streptococcus
dysgalactiae
subsp.
equisimilis
Negative
Negative
Actinobacillus
sp

PCR result

Negative
Negative
Negative
Negative
Actinobacillus
equuli
Negative
Actinobacillus
equuli
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Actinobacillus
equuli
Negative
Streptococcus
spp.
Negative
Streptococcus
dysgalactiae
subsp. equisimilis
Negative
Negative
Negative
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Sample
#

Presumed
synovial
infection
Yes

Criteria for diagnosis of synovial sepsis
PCR result
Clinical
Cytological
Microbiological
exam
analysis
culture
No
Yes
Haemophilus
Pasteurella
62
haemolyticus** caballi**
Yes
No
Yes
Negative
Negative
71
Yes
No
Yes
Staphylococcus Staphylococcus
72
aureus
aureus
Yes
Yes
Yes
Negative
Negative
77
Yes
No
No
Escherichia coli Escherichia coli
85
Yes
No
Yes
Actinobacillus
Actinobacillus
91
equuli &
equuli
Bacillus sp*
Yes
No
No
Actinobacillus
Actinobacillus
87
equuli
equuli
Yes
Yes
No
Negative
Negative
97
Yes
Yes
No
Negative
Negative
98
Yes
No
Yes
Negative
Negative
104
Yes
No
Yes
Enterobacter
Negative
106
cloacae
Yes
Yes
Yes
Actinobacillus
Actinobacillus
109
spp.
equuli
Yes
Yes
No
Negative
Negative
113
Yes
Yes
No
Corynebacteriu
Negative
116
m spp.
Yes
No
Yes
Negative
Negative
121
Yes
Yes
No
Negative
Negative
122
*Suspected contaminant; ** Bacteria from the same family, likely incorrect microbiological
ID.
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Table 6.4: Results of inference testing for comparisons in clinical and laboratory parameters
between groups.
Group comparisons
Septic & non-septic
Total nucleated cell count
Differential neutrophil count
Total protein
Cause of sepsis
Age

p-value

Interpretation

<0.001
<0.001
0.018

Greater in cases of sepsis
Greater in cases of sepsis
Greater in cases of sepsis

0.007

Sepsis caused by haematogenous spread
occurred in younger horses

Culture positive or negative for septic cases
Total nucleated cell count
0.003
Greater in cases that had a positive culture
PCR positive or negative for septic cases
Age
0.001
PCR positive cases were observed in
younger horses
Differential neutrophil count
0.033
Greater in cases that were PCR positive
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Table 6.5: The sensitivity, specificity, positive and negative likelihood ratio values (95% CI)
for a diagnosis of synovial sepsis from culture and PCR results, using clinical findings as the
reference diagnostic method.
Diagnostic accuracy measure Microbiological Culture
PCR
48.15% (28.67-68.05%)
33.33% (16.52-53.96%)
Sensitivity
100% (82.35-100%)
89.47% (66.86-98.70%)
Specificity
5.48*
3.17 (0.77-13.04)
Positive likelihood ratio
0.52 (0.36-0.75)
0.75 (0.55-1.01)
Negative likelihood ratio
*Estimated from middle of the 95% CI for specificity due to specificity of 100% (95% CI not
able to be calculated).
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Table 6.6: Cohen’s Kappa and percentage agreement results for assessment of agreement
between pairs of methods for the diagnosis of synovial sepsis.
Measure of
agreement

Clinical
PCR/microbiological PCR/clinical
findings/microbiological culture
findings
culture

Cohen’s Kappa
0.434
к
0.230-0.638
95% CI
<0.001
p value
Positive percentage agreement
65.0
%
47.8-82.2
95% CI
Negative percentage agreement
73.1
%
39.4-100
95% CI
Overall percentage agreement
69.6
%
56.3-82.9
95% CI

0.550
0.276-0.824
0.001

0.203
0.006-0.411
0.04

66. 7
44.9-88.5

47.4
27.7 – 67.0

88.2
80.1-96.3

63.0
30.9-95.0

82.6
71.6-93.6

56.5
42.2-70.9

134

7 Chapter 7: Exegesis
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7.1 Epidemiological factors associated with synovial infections in horses
7.1.1 Existing knowledge on prognosis and outcomes of horses with synovial infections
There are a number of published studies that have examined the outcomes of horses (and foals)
with synovial infections (SI). These studies have marked variation in the reported outcomes,
with 42–98% (Schneider et al., 1992; Steel et al., 1999; Meijer et al., 2000; Post et al., 2003;
Wright et al., 2003; Fraser and Bladon, 2004; Smith et al., 2004; Smith et al., 2006; Vos and
Ducharme, 2008; Stewart et al., 2010; Walmsley et al., 2011; Findley et al., 2014; Milner et
al., 2014; Cousty et al., 2017) reported to survive, 26–90% (Schneider et al., 1992; Steel et al.,
1999; Meijer et al., 2000; Post et al., 2003; Wright et al., 2003; Fraser and Bladon, 2004; Smith
et al., 2004; Smith et al., 2006; Vos and Ducharme, 2008; Stewart et al., 2010; Walmsley et al.,
2011; Findley et al., 2014; Milner et al., 2014; Cousty et al., 2017) reported to survive, 26–
90% (Schneider et al., 1992; Steel et al., 1999; Post et al., 2003; Wright et al., 2003; Fraser,
2004; Smith et al., 2006; Wereszka et al., 2007; Findley et al., 2014) reported to return to
function, overall, and 31-56% returned to function when specifically examining racing horses
(Schneider et al., 1992; Steel et al., 1999; Smith et al., 2004). Consequently, prognostication
of effected horses can be difficult.
There is inconsistency between existing studies regarding the definitions used for short and
long term outcomes for horses with SI. Short term outcomes are often defined as survival to
discharge (Schneider et al., 1992; Steel et al., 1999; Smith et al., 2004; Smith et al., 2006; Vos
and Ducharme, 2008; Walmsley et al., 2011; Findley et al., 2014; Milner et al., 2014; Wright
et al., 2017); however, the definition of long term and performance outcomes are more
complex, reflecting the differences in populations examined. Examples of study population
differences include different age groups (often ≤ 6 months or > 6 months) (Steel et al., 1999;
Smith et al., 2004; Vos and Ducharme, 2008; Neil et al., 2010; Wright et al., 2017), synovial
structure(s) affected (Wright et al., 1999; Post et al., 2003; Fraser and Bladon, 2004; Smith et
al., 2006; Wereszka et al., 2007; Findley et al., 2014; Suarez-Fuentes et al., 2018; Isgren et al.,
2020), treatment types (Wright et al., 2003; Milner et al., 2014; Cousty et al., 2017), horse
breed(Smith et al., 2004; Byrne et al., 2020) or studies examining an entire cohort with SI for
a given time frame (Schneider et al., 1992). These differences make direct comparisons of
reported outcomes problematic. Additionally, different definitions for long term outcomes are
reported with resulting different methods for follow up. Methods for obtaining long term follow
up described in previous studies include telephone questionnaires (Smith et al., 2006; Findley
et al., 2014; Wright et al., 2017), evaluation of published race records (Platt, 1977; Schneider
et al., 1992; Steel et al., 1999; Smith et al., 2004) or a combination of both (Wright et al., 2003;
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Walmsley et al., 2011). The results from telephone follow up with clients must be considered
carefully as elements, such as recall bias, may affect the internal validity of results. Many
studies investigate long term outcomes as return to previous or intended use (Wright et al.,
2003; Findley et al., 2014; Milner et al., 2014; Cousty et al., 2017). This approach has some
limitations, as it does not give clear information regarding the athletic ability of horses that
returned to function. Horses of non-athletic uses, such as breeding animals, may tolerate
reduced orthopaedic soundness while retaining capacity to fulfil intended function. In
comparison, horses with athletic functions, such as racehorses, are less likely to function with
any impediment to soundness which may result as sequel from osteoarticular infection. The
implication of these differences is that better return to function outcomes may be achieved in
horses with lower athletic requirements and, therefore, the presentation of the outcomes of
mixed populations of horses used for athletic and non-athletic uses grouped together may
reflect misleading return to function results. This concern is highlighted in the study by Findlay
et al. (2014) when breeds of horses with similar uses were grouped together. The group with
less demanding athletic expectations had a higher rate of return to function (Findley et al.,
2014). Other studies have defined long term outcomes as return to athletic function (Walmsley
et al., 2011); however, detailed information regarding outcomes for non-athletic horses was not
given in these studies. Long term outcomes have also been described as long term survival and
athletic soundness (Wright et al., 2017), therefore capturing horses that may have gone onto
have useful athletic and non-athletic lives. It is easier to standardise the investigation of long
term outcomes for racing breeds, in comparison to horses of athletic pursuits, though follow up
of race records (Platt, 1977; Schneider et al., 1992; Steel et al., 1999; Wright et al., 2003; Smith
et al., 2004). Further scrutiny of performance outcomes has been reported by delineating if
horses are able to make <5 or ≥ 5 starts in a race (Schneider et al., 1992; Steel et al., 1999;
Smith et al., 2004). While follow up through race records gives quantitative data regarding
horse performance after SI, it makes it difficult to account for horses that did not perform post
injury due to unrelated factors. Finally, one study defined outcomes as favourable or
unfavourable, with favourable including horses that survived to discharge and had normal
return to function; however, this study had less detailed information regarding long term follow
up and all data were collected from existing information in medical records (Cousty et al.,
2017).
As the direct comparison of results between reports for short and long term outcomes can be
problematic, the examination of variables associated with outcomes of horses with SI can
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provide useful insights. Variables such as age (Schneider et al., 1992; Steel et al., 1999; Smith
et al., 2004; Vos and Ducharme, 2008; Neil et al., 2010; Wright et al., 2017), breed (Wright et
al., 2003; Findley et al., 2014), use (Findley et al., 2014; Suarez-Fuentes et al., 2018), cause of
injury (Milner et al., 2014), type (Schneider et al., 1992; Neil et al., 2010) and number (Steel
et al., 1999; Smith et al., 2004; Wereszka et al., 2007; Vos and Ducharme, 2008; HepworthWarren et al., 2015) of synovial structures involved, positive synovial fluid (SF) culture (Steel
et al., 1999; Taylor et al., 2010; Walmsley et al., 2011), presence/absence of bone or tendon
involvement (Post et al., 2003; Wright et al., 2003; Wereszka et al., 2007; Stewart et al., 2010;
Walmsley et al., 2011; Findley et al., 2014) and type (Wright et al., 2003) and time to treatment
(Steel et al., 1999; Fraser and Bladon, 2004; Wereszka et al., 2007; Herdan et al., 2012; Findley
et al., 2014) may all influence outcomes of horses with SI. However, there is a lack of
agreement between existing studies about factors that influence the prognosis of horses and
foals with SI, and many studies give conflicting evidence.
The differences in geographical locations of study populations should also be considered.
Populations in different locations may have different access to veterinary services (Smith et al.,
2004) or differences in microorganisms commonly involved in disease (Wright et al., 2017),
both of which may affect outcomes. Also different treatments may be utilised by veterinarians
in different locations: for example, doxycycline may not be used as a first line antimicrobial in
locations where an association is seen between this antimicrobial and diarrhoea. Therefore
results from different locations may not be comparable.
The dramatic differences in populations of horses examined with SI, combined with the
complexity of disease, has likely resulted in the highly variable outcomes in reported studies
and the inconsistency in the importance of factors determined to be associated with outcomes.
This affects the ability of veterinarians to make evidence-based treatment decisions and
accurate prognostication for horses with SI, and as such further investigation into these factors
is warranted and the basis of Chapter 3 of this thesis.
7.1.2 Contribution of Chapter 3 to the scientific literature
In Chapter 3, outcomes of horses with SI (survival and return to function) and the factors
associated with these outcomes were examined for horses presented to one veterinary hospital
over a nine year period.
In this study, increasing days of treatment with systemic antimicrobials was identified to be
associated with increasing likelihood of survival for horses with SI. We speculated this result
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was possibly a reflection of increased owner commitment in difficult cases refractory to
treatment. Consequently extended systemic antimicrobial therapy may be required for survival
in some horses with more problematic conditions, although in this study the negative associated
conditions of tendon or bone involvement were not found to significantly affect survival. A
previous study identified that 12 days or more of antimicrobial therapy was associated with
reduced survival and return to function (Wright et al., 2003). In the univariate analysis of the
current study, the benefits of increased antimicrobial therapy for survival were seen to plateau
after approximately 3 weeks of treatment (Figure 7.1), and similarly to the study by Wright and
colleagues (2003) (Wright et al., 2003), the likelihood of return to function was seen to decrease
with increasing days antimicrobial treatment (Figure 7.1). This likely reflects cases requiring
prolonged antimicrobial therapy being more likely to have negative orthopaedic sequelae, such
as articular cartilage erosion, adhesion formation and degenerative joint disease associated with
persistent inflammation and sepsis. This information reinforces that treatment of difficult cases,
requiring prolonged systemic antimicrobial therapy may still result in the successful outcome
of horse survival; however, client expectations regarding the horse returning to athletic use
need to be managed carefully. These results provide important information for consideration
of veterinarians treating horses with SI and also for clients and will be of benefit to the
veterinary profession.

Return to Function
Predicted Return to Function
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Figure 7.1 Graphs illustrating the univariate analysis results for systemic antimicrobial use.

Treatment of horses with SI in our study with doxycycline was associated with a reduced
likelihood of return to function, when variables were examined at a joint level. Doxycycline
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has a number of properties which make it a suitable choice for treatment of SI, including
distribution and achievement of high concentrations into synovial fluid and the ease of oral
administration (Schnabel et al., 2010). In our study population, there was an anecdotal
observation of antimicrobial associated diarrhoea (AMD) in adult horses treated with
tetracycline antimicrobial drugs, as has been previously described (Barr et al., 2013). We
speculated that because of this risk of AMD, and despite the excellent properties of doxycycline
for the treatment of SI, this drug was more likely to be utilised in young horses (considered at
less risk of AMD) or for cases refractory to other antimicrobial treatment. Foals may have
reduced likelihood of AMD from treatment with doxycycline due to increased bioavailability
of the drug and different intestinal microbiota in comparison to adult horses (White and Prior,
1982; Moore Keir et al., 1999). In the current study and previous studies (Steel et al., 1999;
Smith et al., 2004; Wright et al., 2017), return to function for foals was reported to be reduced
compared to adult horses: these findings may contribute to the association between use of
doxycycline and reduced likelihood of return to function in our study. Additionally, in cases
that are refractory to treatment, the benefits of doxycycline for the treatment of SI may
outweigh the risk of AMD and reduced return to function may be a reflection of the negative
orthopaedic sequelae associated with persistent sepsis. This finding offers insights into
doxycycline use for treatment of SI of horses in this population and other populations where
AMD is observed with the use of doxycycline. It also highlights the reduced rates of return to
previous or intended function that can be expected for difficult cases with persistent sepsis or
foals with SI.
In this study, the overall rate of survival was 90.1% and return to function was 65% in horses
that underwent treatment for SI. There are a number of reports that describe the outcomes for
horses with SI, either as a mixed age cohort (Wright et al., 2003; Smith et al., 2006; Cousty et
al., 2017) or divided into age groups of adult horses (Schneider et al., 1992; Meijer et al., 2000;
Walmsley et al., 2011; Milner et al., 2014) and foals (Platt, 1977; Schneider et al., 1992; Steel
et al., 1999; Meijer et al., 2000; Smith et al., 2004; Vos and Ducharme, 2008; Wright et al.,
2017). Of the studies that examined outcomes of treatment for SI, in both adults and foals
simultaneously, rates of survival between 87.8-90.3% (Wright et al., 2003; Smith et al., 2006;
Cousty et al., 2017) and return to function results of between 54.2% and 90.3% are reported
(Wright et al., 2003; Smith et al., 2006; Cousty et al., 2017). The current study shows
comparable rates of survival to those reported previously for horses treated for SI (Steel et al.,
1999; Wright et al., 2003; Walmsley et al., 2011; Milner et al., 2014). For return to function,
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rates reported in this study (65%) appear superior to that reported by Smith et al. (2006)
(54.2%) and inferior to that reported by Wright et al. (2003) and Cousty et al. (2017) (81% and
90.3% respectively). The study by Smith et al. (2006) included only horses and foals with septic
tenosynovitis, and so the reduced return to function may indicate a reduced rate for return to
function associated with tendon sheath infection. Possible reasons for reduced return to
function in cases of septic tenosynovitis include concurrent flexor tendon lesions, which are
more complex to treat and can have a poor prognosis (Baxter, 1987; Foland et al., 1991;
Wereszka et al., 2007), and the development of fibrinous adhesions within the tendon sheath
(Schneider et al., 1992; Avella and Smith, 2012). In the report by Wright et al. (2003), there
was a smaller proportion of foals (< 10%), compared to the current study (approximately 25%)
and this may account for the disparity observed in rates of return to performance. The report
by Cousty et al. (2017) only reports outcomes of horses as favourable or unfavourable,
favourable including horses that survived to discharge and had normal return to function;
however, this study had less detailed information regarding long term follow up and collected
this information from hospital medical records only. The outcomes reported for foals after
treatment of SI are between 61.5-84.1% (Schneider et al., 1992; Steel et al., 1999; Meijer et al.,
2000; Smith et al., 2004; Wright et al., 2017) and 37-62% (Platt, 1977; Steel et al., 1999; Smith
et al., 2004; Wright et al., 2017) for survival and return to function, respectively. In the current
study, 83.7% of foals survived and 53.3% went on to intended use and these rates are
comparable to the report by Wright et al. (2016) where 80% of foals survived and 62% returned
to function. These prognoses are superior to earlier reports (Schneider et al., 1992; Steel et al.,
1999; Meijer et al., 2000; Smith et al., 2004); however, as speculated by Wright et al. (2016),
this difference in reported prognosis between studies may reflect the inclusion of population of
mixed breeds and the assessment of outcomes by telephone interviews (Wright et al., 2017),
and the population examined in this study was similar. As such, differences in study design
may preclude direct comparison of our results and those of Wright et al. (2016) to those of
studies with lower reported outcomes (Platt, 1977; Steel et al., 1999; Smith et al., 2004) that
investigated long term outcome based on the racing career of horses. The outcomes for adult
horses after the treatment of SI are reported between 84-86% (Schneider et al., 1992; Meijer et
al., 2000; Walmsley et al., 2011; Milner et al., 2014) for survival and 54-56% (Schneider et al.,
1992; Walmsley et al., 2011) for return to function. The rates for survival (92.4%) and return
to function (68.9%) in the current study compare favourably to previous reports for outcomes
of adult horses (Schneider et al., 1992; Meijer et al., 2000; Walmsley et al., 2011; Milner et al.,
2014). When comparing rates of performance post SI, adult horses are reported to have superior
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outcomes (Schneider et al., 1992; Wright et al., 2003; Walmsley et al., 2011; Cousty et al.,
2017) compared to foals, particularly when considering racing populations (Platt, 1977;
Schneider et al., 1992; Steel et al., 1999; Wright et al., 2003; Smith et al., 2004). Additionally,
although age was not retained in the multivariable analysis of outcomes in this study, in the
univariate analysis, increasing age was associated with increased predicted return to function.
These rates for outcomes of horses with SI provide a guide for provision of a prognosis for
affected horses and also highlight that foals may have reduced performance outcomes,
particularly for racing breeds, compared to adult horses. This information is a useful guide for
veterinarians and horse owners when managing horses with SI.
This study examined the outcomes of foals and horses treated at a single hospital in Southeastern Australia. In the context of geographical location, there are two previous reports
examining outcomes, one of foals and one of horses, with SI (Neil et al., 2010; Walmsley et
al., 2011). The first described outcomes of foals (< 6 months) with septic osteomyelitis (Neil
et al., 2010), and 22.37% (17/76) of foals with septic arthritis survived to discharge. In the
current study, 83.7% (36/43) of foals (< 6 months) with SI survived; however, the disparity in
rates of survival observed between the two reports is likely due to the study by Neil et al. (2010)
including only foals with SI and osteomyelitis. Although performance outcomes for foals SI
were not specifically reported by this group, SI resulted in foals being less likely to survive to
racing age and failure to start in a race was significantly more likely in foals with SI (Neil et
al., 2010). The second report describes outcomes of adult horses (> 6 months) with SI and
survival and return to function were reported at 84% (63/75) and 65% (30/46) respectively
(Walmsley et al., 2011). The rate of survival in the current study was improved compared to
the previous report at 92.4% (109/118), and rate of return to function was comparable at 68.9%
(62/90). Our results offer the first insight into the rates of short and long term outcomes for an
entire cohort of foals with SI within this geographical location. When considering the results
regarding adult horses it supplements the observations of Walmsley et al. (2011), offering a
range for survival of adult horses treated for SI in this region. As the study periods examined
for adult horses were different: 2005-2009 in the initial study (Walmsley et al., 2011) and 20082017 in the current study, it may also highlight an improvement in outcomes for horses treated
for SI over time. This may be the result of improved diagnostic techniques, such as the use of
automated blood culture systems with blood culture bottles and treatment techniques, for
example greater predominance of endoscopic lavage techniques. This study also supports the
previously reported rate for return to function reported by Walmsley et al. (2011) for adult
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horses with SI. This information offers a guide for outcomes that can be utilised by practitioners
and horse owners, for predicting outcomes of horses and foals with SI. In particular these
results are of high relevance for veterinarians within Australia, as much of the previous
literature reports on populations of horses treated in different geographical locations, such as
the United Kingdom (Wright et al., 2003; Smith et al., 2004; Smith et al., 2006; Findley et al.,
2014; Milner et al., 2014). In the current study, breed was not retained in the multivariable
analysis; however, the rates of return to function for racing horses (50%) were reduced when
compared to other performance (78.1%) and non-performance horses (82.1%). Racing breeds
may be less likely to return to function due to greater athletic demands or due to inherent value
as breeding animals which may result in early retirement post injury despite soundness. In
contrast, non-Thoroughbred horses were reported in one study to have reduced return to
performance compared to Thoroughbred and Thoroughbred crosses (Wright et al., 2003). The
population in this study was predominately Thoroughbred and Thoroughbred crosses, and the
use of horses in this study was not specifically described, both of which may have influenced
results.
In the current study, a number of variables previously identified to be associated with outcomes
of horses with SI, were not observed to be significant. The most noteworthy of these include
the cause of SI (Milner et al., 2014), type (Schneider et al., 1992; Neil et al., 2010) and number
of synovial structures involved (Steel et al., 1999; Smith et al., 2004; Wereszka et al., 2007;
Vos and Ducharme, 2008; Hepworth-Warren et al., 2015), positive synovial fluid culture (Steel
et al., 1999; Taylor et al., 2010; Walmsley et al., 2011), bone and/or tendon involvement (Post
et al., 2003; Wright et al., 2003; Wereszka et al., 2007; Stewart et al., 2010; Walmsley et al.,
2011; Findley et al., 2014), type (Wright et al., 2003) and time to treatment (Steel et al., 1999;
Fraser and Bladon, 2004; Wereszka et al., 2007; Herdan et al., 2012; Findley et al., 2014).
Many of these variables have conflicting evidence in the published literature as to the
importance for outcomes in horses with SI (Schneider et al., 1992; Smith et al., 2006; Kidd et
al., 2007; Wereszka et al., 2007; Stewart et al., 2010; Walmsley et al., 2011; Milner et al.,
2014). The inconsistent results between studies is likely due to the differences in study
populations and also may be a reflection in the complexity of this condition. The lack of
statistical significance of association between specific variables and outcomes for horses with
SI can be as important as statistically significant results. This is highlighted when considering
the variables of bone and/or tendon involvement and time to treatment. The lack of effect of
these variables in the current study, may give veterinarians the confidence to treat chronic,
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difficult cases. This information is of considerable relevance to Australian veterinarians, can
assist with informed evidence-based decision making and communication with horse owners.
The information in this study contributed further information to the scientific literature on the
rates of survival, return to function and variables that effect both for horses and foals with SI.
It described a new variable in that horses and foals treated with doxycycline were less likely to
return to function. The population examined in this study were all horses from one teaching
hospital in eastern Australia, and so the findings also offer specific insights into this condition,
that are highly applicable for veterinarians in this region.
7.1.3 Limitations
There are limitations of the current study. Bias and confounding must be considered as they
possibly effect the internal validity of the study. The use of owner assessment of outcomes, to
investigate return to function of horses with SI, may have a placebo effect. However, this was
the most achievable method to obtain follow up for non-racing horses in the study.
Due to the retrospective nature of this study, additional sources of bias must be considered
(Fosgate and Cohen, 2008; Pinchbeck and Archer, 2020). Selection bias may have affected
survival outcomes due to selective entry into the study: when investigating survival this may
include the 25 horses in the population did not undergo treatment for SI. In addition, when
investigating return to function, there was a possibility that sound horses were retired post
injury due to incorrect owner perception or value as breeding animals. Detection or
measurement bias may have occurred due to the inherent difficulty with diagnosis of SI and
incorrect classification of horses within the study population. Further, non-response or recall
bias in the telephone survey investigating return to function may have led to bias for return to
function analysis. Information bias, due to incorrectly recorded or missing data points in
medical records being retrospectively examined, may have had an effect of outcomes.
Confounding bias may also have been a factor in this study and investigation between variables
was done to investigate, however none was found to be statistically significant (Appendix 7).
Retrospective studies also require high quality medical records and the implications of poor
quality or incomplete medical records could lead to selection bias and data gaps.
There is also the possibility of a placebo effect in this study, and the implications of this should
be considered. In human medicine, a placebo effect has been recognised with caregiver ratings
compared to patient ratings (Rief et al., 2009). This phenomenon has been observed previously
in veterinary studies (Conzemius and Evans, 2012; Malek et al., 2012; Gruen et al., 2017).
Investigation of the effect of analgesia on pain associated with osteoarthritis and degenerative
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joint disease in companion animals shows that the effect of treatments may be overstated by
care givers (Conzemius and Evans, 2012; Malek et al., 2012; Gruen et al., 2017). In the context
of our study it is possible that the rates of return to function for non-racing horses, that were
followed up by client feedback, may be misleading. This may account for the disparity in
reported rates for return to function between horses intended for racing (50%), follow up data
collected from race records, and those intended for other athletic pursuits (78.1%). It may also
explain the unexpected similarity in reported rates for return to function between horses of
athletic (78.1%) and non-athletic pursuits (82.1%) that were investigated though client follow
up.
When considering the hierarchy of evidence, a prospective cohort study (Fosgate and Cohen,
2008; Pinchbeck and Archer, 2020) would be the optimal study design for investigating
variables and outcomes associated with horses treated for SI (Figure 2), and a multicentre study
may decrease the time period required to enrol an adequate number of cases.

Figure obtained from:
Pinchbeck, G.L., Archer, D.C., 2020. How to critically appraise a paper. Equine Vet
Educ 32, 104-109. (Figure 1 Hierarchy of evidence. SR & MA = Systematic reviews
and meta‐analyses).
Available at:
https://doi.org/10.1111/eve.12896

Figure 7.2: Hierarchy of evidence, the level of evidence of the current study indicated with the orange arrow and level of
evidence of ideal study type indicated with the blue arrow. SR & MA = Systematic reviews and meta-analyses. Modified from
(Pinchbeck and Archer, 2020).

7.1.4 Implications for future research
The findings in the current study offer further insight into rates of survival and return to
function for horses treated for SI and variables that are associated with outcomes. Although the
limitations of retrospective studies have been acknowledged, many studies investigating
variables associated with and outcomes of horses with SI have similar design (Schneider et al.,
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1992; Steel et al., 1999; Wright et al., 2003; Smith et al., 2006; Vos and Ducharme, 2008; Neil
et al., 2010; Walmsley et al., 2011; Findley et al., 2014; Milner et al., 2014; Wright et al., 2017;
Cousty et al., 2017), due to the practicalities of enrolling and following a sufficient number of
horses in prospective cohort studies. Systematic reviews and meta-analysis represent the
highest quality of evidence, and although there is one review of factors that affect SI and
associated outcomes in horses (Orsini, 2017) further reports may continue to provide high
quality evidence that can be utilised for prognostication and evidence based treatment protocols
by veterinarians. Additionally multi-centre studies, may allow the enrolment of a greater
number of individuals increasing the statistical power of results. They could also facilitate the
exploration of geographical differences on outcomes of horses with SI. Although there are
limitations associated with client follow up, including bias and possible care giver placebo
effect, many studies (Wright et al., 2003; Smith et al., 2006; Walmsley et al., 2011; Findley et
al., 2014; Wright et al., 2017) utilise this method to investigate horse outcomes. Investigation
of owner satisfaction with horse recovery, following treatment for SI, may be an interesting
variable to explore in future studies, given the importance of owner/trainer perceptions and
confidence in veterinary care of horses with SI. In this study, new insights were observed
associated with prognosis of horses with SI. When examining variables associated with SI
increased survival was associated with increasing days of systemic antimicrobial therapy and
doxycycline was associated with reduced post-operative performance of horses in this study.
Although we speculated about the reasons these variables had a significant effect on outcomes
in our population, further investigation particularly in other geographical regions in the case of
doxycycline, will help to give an indication of their true effect. This information again being
able to be utilised by veterinarians for evidence-based treatment plans.

7.2 Molecular factors associated with synovial infections in horses
7.2.1 Diagnosis of synovial infection
Synovial infections are debilitating conditions that occurs in many species (Goldenberg and
Reed, 1985; Bennett and Taylor, 1988; Schneider et al., 1992; Yu et al., 1992; Kaandorp et al.,
1995; Kaandorp et al., 1997; Marchevsky and Read, 1999; Weston et al., 1999; Gupta et al.,
2001; Clements et al., 2005). Diagnosis is recognised to be a challenge in both human
(Mathews et al., 2008; Mathews et al., 2010; Garcia-Arias et al., 2011) and veterinary medicine
(May, 2005; Steel, 2008). Although the identification of bacteria on SF cytology, Gram stain
or culture is considered to provide a definitive diagnosis of infection, these tests can have low
sensitivity (Madison et al., 1991; Schneider et al., 1992; Goldenberg, 1998; May, 2005; Steel,
2008; Garcia-Arias et al., 2011). Consequently, diagnosis of SI in human and veterinary
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medicine is reliant on a combination of findings from the history, physical exam, serum and
laboratory testing of synovial fluid samples (Newman, 1976; Madison et al., 1991; May, 2005;
Morton, 2005; Joyce, 2007; Steel, 2008). Efficient diagnosis of SI is critical, as prompt
aggressive therapy is considered essential to eliminate infection and prevent potential harmful
sequelae of disease (Cooper and Cawley, 1986; Bo Söderquist, 1998; Gupta et al., 2001;
Coakley et al., 2006; Garcia-Arias et al., 2011).
Historical details may give clinicians important information regarding the likely probability of
SI in horses, companion animals and humans. Previous medication or surgery of a synovial
structure can be an important indicator of possible infection (Marchevsky and Read, 1999;
Carpenter et al., 2011; Steel et al., 2013; Hawthorn et al., 2016). A meta-analysis in human
medicine determined the positive likelihood ratio (LR+) of SI in patients with a history of
recent joint surgery and LR+ for prosthesis with skin infection were 6.9 and 15.0 respectively,
with negative likelihood ratios of (LR-) 0.78 and 0.77 (Carpenter et al., 2011). In companion
animals, the presence of pre-existing joint disease may be an important indication of increased
risk for secondary bacterial infection by the haematogenous route (May, 2005). Trauma in the
region of the synovial structure is another important consideration. This is the most common
cause of SI in adult horses (Wright et al., 2003; Taylor et al., 2010; Robinson et al., 2016;
Gilbertie et al., 2018). In cats and dogs bites, gunshot wounds or road traffic accidents have all
been associated with SI (May, 2005).
Physical examination findings contribute to the pre-test probability of disease in all species. In
horses, dogs and cats, examination findings such as distended, painful joints and associated
lameness are observed (Honnas et al., 1992; Bertone, 1996; AAEP, 1999; May, 2005;
Carstanjen et al., 2010). Pain with motion, peri-synovial cellulitis and increased cutaneous
temperature of the affected region are also reported (Honnas et al., 1992; May, 2005; Lugo and
Gaughan, 2006; Joyce, 2007). Systemic disease may be present, particularly in neonates more
likely to have complex, multisystem disease (Morton, 2005; Joyce, 2007; Neil et al., 2010;
Wright et al., 2017). However, vital parameters are often normal in adult horses (Morton, 2005;
Joyce, 2007), dogs and cats (May, 2005). In human medicine, several objective clinical
examination findings have been reported for patients with confirmed SI and these parameters
had varying sensitivity. These include pain with motion (100%), limited motion (92%),
tenderness (68-100%), swelling (45-100%), joint effusion (92%), increased heat (18-92%),
redness (13-64%), axial load pain (36%) and fever (34-54%) (Carpenter et al., 2011). The
presence of a fever has been evaluated statistically, comparing bacterial arthritis to reactive
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arthritis, with a LR+ of 0.89 and a LR- of 1.2 reported (Carpenter et al., 2011); these findings
are similar to reports of horses and companion animals (May, 2005) that the presence/absence
of fever is unhelpful to rule in or out septic arthritis (Schneider et al., 1992).
The analysis of serum inflammatory markers for the diagnosis of SI has been described in
human and veterinary medicine. In neonatal horses, a leucocytosis with neutrophilia is often
present due to an underlying focus of infection and haematogenous spread of bacteria
(Schneider et al., 1992; Morton, 2005; Annear et al., 2011); however, this finding is not specific
for SI. Biomarkers such as cartilage oligomatrix protein (Smith and Heinegård, 2000), D-dimer
concentration (Ribera et al., 2011), matrix metalloproteinases (Clegg et al., 1997; Trumble et
al., 2001), neutrophil viability (Wauters et al., 2012), myeloperoxidase (Wauters et al., 2013)
and serum amyloid A (Jacobsen et al., 2006a; Robinson et al., 2017) have been investigated
for possible ability to determine SI from non-infectious joint disease. However, there are
limited data on the clinical application of biomarkers in horses and further research is required
before the routine use of these assays for diagnosis of SI. In companion animals, leucocytosis
and neutrophilia is not consistently observed in individuals with SI and haematology is not a
reliable indicator of the disease (May, 2005). Peripheral white blood cell count, erythrocyte
sedimentation rate, C-reactive protein, procalcitonan and various cytokines have been utilised
to try and determine septic arthritis from reactive arthritis in human medicine (Carpenter et al.,
2011). While these parameters do not appear useful from determining infectious from reactive
arthritis (Sharp et al., 1979; Dubost et al., 1993; Gupta et al., 2001; Gupta et al., 2003; Li et al.,
2004; Carpenter et al., 2011), they may prove useful to monitor response to treatment of
affected individuals (Coakley et al., 2006).
Within the human literature, blood culture is recommended prior to commencement of
antimicrobial therapy (Coakley et al., 2006). In one study, 9% of patients had a blood culture
as the only positive microbiological diagnosis (Weston et al., 1999) and the sensitivity has been
reported between 23-36% (Cooper and Cawley, 1986; Schlapbach et al., 1990; Saraux et al.,
1997; Soderquist et al., 1998). In equine neonates, bacterial culture of an aseptically-collected
blood sample is recommended, particularly when an underlying septic focus is present
(Bertone, 1999; Morton, 2005; Annear et al., 2011). Blood culture may be less helpful in adult
horses, as SI is less often due to haematogenous spread of bacteria (Schneider et al., 1992) and
more likely to be caused by local trauma (Wright et al., 2003; Taylor et al., 2010; Robinson et
al., 2016; Gilbertie et al., 2018). Culture of blood is not generally recommended in dogs and
cats (May, 2005).
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Synovial fluid aspiration and analysis is a critical component of the diagnosis of SI. The gross
appearance of synovial fluid changes from a viscous, translucent, pale yellow fluid to a turbid
fluid with reduced viscosity with (Bertone, 1999; Wright et al., 2003; May, 2005; Steel, 2008).
Gross inspection of SF by a rheumatologist has been reported as 94% sensitive and 58%
specific for differentiating inflammatory and non-inflammatory arthritis in human medicine
(Abdullah et al., 2007). The total nucleated cell count (TNCC) in cases of SI can vary; however,
markedly increased white cell counts with a predominance of neutrophils is indicative of
infection in veterinary medicine (Lapointe et al., 1992; Schneider et al., 1992; Bertone, 1999;
Steel et al., 1999; Wright et al., 2003; May, 2005; Steel, 2008). In horses, a TNCC of >30 x
109 cells/L (Lapointe et al., 1992; Schneider et al., 1992; Bertone, 1999; Steel et al., 1999;
Wright et al., 2003; Steel, 2008) and a differential neutrophil count of >80% (McIlwraith, 1980;
Bertone, 1996; Bertone, 1999; Wright et al., 2003) has been associated with SI. Several ranges
of TNCC have been investigated for the diagnosis of SI in humans. The sensitivity (Se) can be
seen to decrease, while the specificity (Sp) and LR+ can be seen to increase with the increasing
SF TNCC values. Synovial fluid TNCC of >25 x 109cells/L (Se 73%, Sp 77%, LR+ 3.2, LR0.35), >50 x 109cells/L (Se 56%, Sp 90%, LR+ 47 LR- 0.52), and >100 x 109cells/L (Se 19, Sp
99, LR+ 13.2, LR- 0.83) have been reported (Carpenter et al., 2011). In human medicine, >90%
polymorphonuclear cells in SF did not significantly increase or decrease the probability of
septic arthritis (Shmerling et al., 1990; Kortekangas et al., 1992; Gratacos et al., 1995;
Carpenter et al., 2011). In a meta-analysis of SF diagnostic methods in human medicine, the
sensitivity of >90% PMNs in SF was reported to be 60%, while specificity was 70%, and LR+
and LR- were 2.7 and 0.51, respectively (Carpenter et al., 2011). Synovial fluid total protein
concentration has been utilised as part of the diagnostic investigation for SI in horses, with a
total protein >30g/L a possible indicator for sepsis (Lapointe et al., 1992; Schneider et al., 1992;
Steel, 2008; Taylor et al., 2010; Cousty et al., 2017). A SF serum glucose concentration
difference of ≥2.2 mmol/L has been associated with SI in horses (Tulamo et al., 1989a).
Synovial protein (Se 50%, Sp 47%, LR+ 0.94, LR- 1.1)(Shmerling et al., 1990) and glucose
(Se 56-64%, Sp 85%, LR+ 3.7-4.2, LR- 0.43-0.52)(Shmerling et al., 1990; Soderquist et al.,
1998) concentrations have been shown not to alter the post-test probability of septic arthritis in
people (Carpenter et al., 2011). In horses, SF lactate concentrations of >4.9 mmol/L are
considered to be highly suggestive of sepsis (Tulamo et al., 1989a). Lactate concentrations
have also been identified as statistically higher in dogs with SI, with an optimum cut off point
for the indication of SI identified as ≥ 6.5 mmol/L and with a mean SF lactate for dogs with SI
reported as 8.9 mmol/L (Proot et al., 2015). In humans, synovial lactate dehydrogenase (LDH)
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of <250 U/L may exclude the diagnosis of SI (Shmerling et al., 1990). Synovial lactate
concentrations > 10 mmol/L have been identified to have high LR+ (19-∞) and moderate LR(0-0.45) for identification of SI in humans (Brook et al., 1978; Mossman et al., 1981; Riordan
et al., 1982; Gratacos et al., 1995). Gram stains have been reported to have low sensitivity for
diagnosis of SI in both human (Argen et al., 1966; Goldenberg and Cohen, 1976; Riordan et
al., 1982; McCutchan and Fisher, 1990; Faraj et al., 2002; McGillicuddy et al., 2007; Belhaj et
al., 2009; Bram et al., 2018) and veterinary medicine (Madison et al., 1991; Schneider et al.,
1992). Microbiological culture can lack sensitivity in both human (Goldenberg, 1998; Bram et
al., 2018) and veterinary medicine (Bennett and Taylor, 1988; Montgomery et al., 1989;
Madison et al., 1991; Dumoulin et al., 2010a; Gilbertie et al., 2018). Although the results of
Gram stains may be available prior to SF culture results, it has been suggested within the human
literature to omit this test based upon relative inaccuracies of this assay when compared to SF
culture and the cost (Bram et al., 2018). This information may also be applicable in veterinary
medicine.
There are inevitable similarities between the diagnosis of SI in human and veterinary medicine.
However, the evidence available for veterinary medicine is less robust than human literature.
Meta-analysis of the human literature suggests that SF analysis is essential for diagnosis,
however that no one test is definitive for SI (Carpenter et al., 2011) and this is also likely true
in veterinary literature. At this time, SF lactate and TNCC may be the most advantageous SF
parameters to assess for diagnosis of SI. Synovial fluid lactate, which can be assessed at point
of care, may offer rapid accurate and reliable results in human medicine (Brook et al., 1978;
Mossman et al., 1981; Riordan et al., 1982; Gratacos et al., 1995; Goyal et al., 2010; Shapiro
et al., 2010; Carpenter et al., 2011) and although not studied extensively, similar results have
been observed in equine medicine (Tulamo et al., 1989a). Synovial fluid TNCC dichotomised
into >50 x109 cells/L and >100 x 109 cells/L has been shown to increase the post-test probability
of SI in human medicine (Carpenter et al., 2011) and values >30 x 109 cells/L have been
associated with SI in horses (Lapointe et al., 1992; Schneider et al., 1992; Bertone, 1999; Steel
et al., 1999; Wright et al., 2003; Steel, 2008). Microbiological culture may not be suitable as a
screening test for SI due to low sensitivity in human and veterinary medicine; however, culture
and sensitivity testing can provide information for evidence-based treatment protocols,
important for treatment success. In veterinary medicine, the routine use of blood culture could
be considered for cases of SI with a suspected haematogenous origin as it has been shown in
humans that positive blood culture may occur in the face of negative SF culture. In conclusion,
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no one test can rule in or out a diagnosis of SI; however, each test should augment the entire
clinical evaluation. While microbiological culture is not a suitable screening test for SI, the use
of culture in combination with sensitivity testing gives crucial information for evidence-based
treatment protocols. The investigation of assays that offer enhancements for diagnosis and
information for evidence based treatment, such as polymerase chain reaction (PCR), may offer
improvement in the diagnosis and treatment of SI.
7.2.2 Molecular methods for the diagnosis of bacterial infections
7.2.2.1

Broad range PCR in human and veterinary medicine

Broad range PCR is used in human and veterinary clinical microbiology. The accurate
diagnosis of bacterial infections allows for evidence-based treatment which has been shown to
reduce side effects for the patient, reduce cost of treatment and may decrease antimicrobial
resistance (Gould, 1999; Harris and Hartley, 2003; Millar et al., 2007; Akram et al., 2017).
Broad range PCR assay has benefits for the identification of bacteria difficult to grow by
routine techniques. Examples include the identification of Tropheryma whippelii in Whipple’s
disease (Wilson et al., 1991; Relman et al., 1992; Louie and Liebling, 1998), Borelia
burgdorferi, the etiologic agent of Lyme disease (Liebling et al., 1993; Louie and Liebling,
1998), Bartonella henselae as the cause of bacillary angiomatosis (Relman et al., 1990),
Neisseria gonorrhoea from synovial fluid (Liebling et al., 1994; Louie and Liebling, 1998),
Mycobacterium spp. (Louie and Liebling, 1998; van der Heijden et al., 1999a), Mycoplasma
spp. (Lascola et al., 1997; Louie and Liebling, 1998), and Chlamydia spp. (Louie and Liebling,
1998; Opota et al., 2015). Additionally, non-viable bacteria can be detected following initiation
of antimicrobial therapy (van Der Heijden et al., 1999b; Sontakke et al., 2009), which can give
a diagnostic advantage over microbiological culture.
Broad range PCR has been reported to offer benefits for the diagnosis of specific conditions in
humans, such as cardiovascular, central nervous system (CNS) and osteoarticular infections:
in all of these conditions, broad range PCR has been reported to offer benefits for the diagnosis
of culture negative infections, those that involve fastidious bacteria and in cases where
antimicrobial therapy has been instated prior to sample collection. Specifically, in cases of
endocarditis, it may offer a diagnosis in up to 23% of cases that are culture negative
(Gauduchon et al., 2003; Greub et al., 2005). For the diagnosis of osteoarticular infections,
good sensitivity and specificity has been reported (Fenollar et al., 2006; Fihman et al., 2007).
In particular, this assay has facilitated the identification of fastidious bacteria Kingella kingae
(Verdier et al., 2005; Rosey et al., 2007; Hernández-Rupérez et al., 2018) involved in SI in
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children, and has been reported to achieve a diagnosis in 23% of culture negative cases of this
condition (Rosey et al., 2007).
There are limited reports of the use of broad range PCR for veterinary applications (Crabill et
al., 1996; Pressler et al., 2002; Pille et al., 2004; Jones et al., 2007; Muir et al., 2007; Pille et
al., 2007; Ferris et al., 2010; Elmas et al., 2013; Scharf et al., 2015; Kaewmongkol et al., 2016).
Conditions for which broad range PCR has been explored as a diagnostic tool include infective
cardiovascular (Jones et al., 2007), thoracic (Pressler et al., 2002) and rheumatological
conditions (Crabill et al., 1996; Pille et al., 2004; Muir et al., 2007; Pille et al., 2007; Elmas et
al., 2013; Scharf et al., 2015). For the diagnosis of SI in horses, PCR has been reported to have
good sensitivity and specificity (Pille et al., 2007; Elmas et al., 2013).
Although PCR techniques may offer improvements in diagnosis of fastidious (Verdier et al.,
2005; Rosey et al., 2007; Hernández-Rupérez et al., 2018) and novel organisms (Fenollar et al.,

2006), or in samples from patients that have previously been treated with antimicrobials (van
Der Heijden et al., 1999b), the detection of possibly non-viable bacteria may complicate the
interpretation of broad range PCR results (Branger et al., 2003; Harris and Hartley, 2003; Peters
et al., 2004; Rovery et al., 2005). Furthermore, broad range PCR results do not give information
on antimicrobial sensitivity of isolated bacteria (Harris and Hartley, 2003; Renvoise et al.,
2013), limiting information available for evidence-based antimicrobial treatment. Table 7.1
gives a summary of advantages and disadvantages of the adoption of molecular assays into
clinical bacteriology.
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Table 7.1 Advantages and disadvantages of the adoption of molecular assays into clinical bacteriology. Modified from (Millar et al., 2007).

Diagnostic criterion
Accuracy of identification

Time to detection
Where specimens are:
a. culture-positive and/or serology-positive
b. culture-negative and/or serology-positive
c. culture-negative and serology negative
Impact on therapy

Cost-effectiveness

Advantages
- Aid in identifying aetiological agents of infections
which are difficult to culture, including:
Negative cultures, expensive cultures, slow growing
organisms, fastidious organisms, and cell-dependent
organisms.
- Category 3 cultures where a designated secure cell
culture laboratory is required.
- Difficult, specific culture requirements where limited
serological tests exist identification of causal agent
following antibiotic therapy.
- Confirmation of conventional detection result more
rapid detection than conventional culture for fastidious
and cell-dependent organisms.
- Confirmation of serology result.
- Detect and highlight non-specific serological falsepositive results.
Identification of causal agent when all conventional
diagnostic assays are negative
- Appropriate antibiotic therapy can be commenced
sooner or modified earlier in the presence of a molecular
identification from a culture-negative/serology-negative
specimen.
- Provision for PCR detection of antimicrobial resistance
gene determinants in culture-negative PCR-positive
specimen
- Cost-effective particularly with culture-negative/
serology-negative specimens to avoid extended analysis
for several potential pathogens either by specific culture
and serological testing.
- Economic and early use of most appropriate cost
effective antibiotic treatment regimen.
- Economic and optimised in-patient stay.

Disadvantages
- Problems associated with contaminant organisms,
however these problems may be aided by inclusion of
appropriate controls.

- Longer time required for molecular PCR and sequence
analysis than serology.

- Not cost effective when conventional culture and
serology give quality and early identification result.
- Specialised equipment.
- Necessary to purchase/lease specialised equipment
usually with costly maintenance contracts.
- Space allocation.
- Lack of education in modern molecular based
technologies.
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7.2.3 Contribution of Chapters 4-6 to the scientific literature
7.2.3.1

Pre-PCR preparation

Preparation of samples for PCR via DNA extraction processes is crucial to release bacterial
DNA for amplification and reduce inhibitors within biological samples (Fenollar et al., 2008).
There is limited information regarding the preparation of synovial fluid samples for PCR in
veterinary medicine and for the diagnosis of SI in horses. More information regarding the DNA
extraction of clinical SF samples is needed to progress the use of molecular methods in equine
veterinary practice. The objective of Chapter 4 was to generate new knowledge in this area.
In Chapter 4, the effective DNA extraction of infected equine synovial fluid samples was
investigated. Although the method employed had been reported in previous studies of normal
and infected synovial fluid from horses (Pille et al., 2004; Pille et al., 2007; Schneeweiss et al.,
2007), the problems that were encountered have not been reported previously. Due to gross
inflammatory deposits within SF samples with SI, occlusion of the spin columns occurred
during the DNA extraction wash steps. It is likely samples being prepared for broad range PCR
may have inflammatory deposits, due to the nature of bacterial infection. Method optimisation
utilised here could be applied to other sample types with gross inflammatory deposits.
Method optimisation was undertaken in a step wise approach to try and problem-solve the spin
column occlusion. Firstly, the amount of proteolytic enzymes utilised during the sample
preparation was increased and incubation of samples was done overnight. However, when this
was not adequate, pelleting of SF samples resulted in adequate sample processing and
successful DNA elution.
The four samples examined in Chapter 4 had quantifiable nucleic acid within the eluted
samples after DNA extraction. Furthermore, each sample was positive on equine β-actin gene
amplification and 16S rRNA PCR in Chapter 5 (sample numbers 1-4 correspond to 62, 91, 85,
& 109 respectively), emphasising the efficacy of this technique.
The consequence of ineffective DNA extraction is false negative results in subsequent broad
range PCR assays (Wilson, 1997; Rådström et al., 2004). These results can be difficult to
interpret, particularly without internal positive controls that help to confirm efficacious DNA
extraction has occurred. Several human reports, using broad range PCR for diagnosis of
osteoarticular infections, have utilised the human β-actin (Fihman et al., 2007) or β-globin gene
(Jalava et al., 2001; Moumile et al., 2003; Fenollar et al., 2006; Lallemand et al., 2016; Coiffier
et al., 2019) as positive controls, to identify samples that have had inadequate pre PCR
processing and may result in false negative results. The use of an internal positive control to
assess the efficacy of DNA extraction has been reported in PCR assays investigating
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osteoarticular infections in humans (Fihman et al., 2007)(Jalava et al., 2001; Moumile et al.,
2003; Fenollar et al., 2006; Lallemand et al., 2016; Coiffier et al., 2019). The development of
this technique, as described in Chapter 5, served as a positive control for the successful DNA
extraction and elimination of inhibitors within SF samples. Amplification for the equine β-actin
gene was positive in 50 of 51 samples and these samples subsequently underwent broad range
PCR for investigation of SI. Unfortunately, there was not adequate residual SF for the single
negative sample to repeat the DNA extraction process and so this sample was excluded from
the study. Amplification of the equine β-actin gene was a useful internal control in Chapter 5
and 6 and provides valuable information that can be utilised in subsequent studies for synovial
fluid PCR in horses.
In conclusion, the commercial kit used in this Chapter 4 was suitable, after method
optimisation, for DNA extraction of septic SF samples. The optimisation required to facilitate
processing of samples with inflammatory debris through spin columns is relevant for other
exudative samples processed through spin columns and other DNA extraction kits that utilise
spin columns. The β-actin gene is an effective positive control for broad range PCR methods
applied to equine SF and may be used for other studies investigating molecular assays of SF in
horses.
7.2.3.2

Broad range PCR

Broad range PCR, using primers that target conserved sections of bacteria, are used to diagnose
infection and identify bacteria in clinical microbiology. Several protocols have been reported
for the detection of bacteria involved in osteoarticular infections using primers targeting the
16S rRNA gene (Tunney et al., 1999; Fenollar et al., 2006; Fihman et al., 2007; Kim et al.,
2010; Bonilla et al., 2011; Coiffier et al., 2019). In Chapters 5 and 6, we utilised 16S rRNA
gene-based detection followed by sequencing, as it has previously allowed for accurate
identification of involved microorganisms, including rare pathogens or those that had limited
sequence information (Fenollar et al., 2008).
In Chapter 5, four different 16S rRNA gene primer sets were investigated for the identification
of bacteria in horses with possible SI. These primers were chosen for the previous success
reported in horses for the diagnosis of SI (Pille et al., 2004; Pille et al., 2007). Additionally,
primers that had been validated in human clinical microbiology in the same geographical region
(eastern Australia) were investigated (Relman, 1993; Akram et al., 2017). All of the primers
investigated had low sensitivity. When compared to the results reported by Pille et al. (2007),
the use of the same primers (primer set 1) had disappointing results: while a Se of 89.5% was
reported in the previous study, the Se in the current study was 24.14%. The differences in the
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performance between studies of the same primers may be due to the slight differences in DNA
extraction, as the process was modified to account of large inflammatory deposits blocking
spin columns, as described in Chapter 4. The different geographical location of studies may
have resulted in a different spectrum of involved microorganisms (Vos and Ducharme, 2008;
Wright et.al., 2017), and different microorganisms have different capacities for DNA extraction
(Trampuz et al., 2003; Yang et al., 2008; Coiffier et al., 2019) possibly effecting results.
Additionally the differing populations may also have had an effect. For examples as we
observed that foals were more likely associated with a positive result on PCR for septic cases,
a difference in the ratio of foals involved in different studies may have had an effect on the
positive results. The alternative primer sets investigated (primer sets 2-4) were reported to be
positive on broad range PCR in 23% of cases of septic arthritis in a study of human patients in
eastern Australia (Akram et al., 2017) and in Chapter 5, a Se of 6.9-44.83% was reported for
the three primer sets utilised from this study. Primer set 3 had the greatest Se, at 44.83%, and
so was utilised in Chapter 6.
In Chapters 6, poor sensitivity of broad range PCR was observed when used for diagnosis of
SI in horses. In the literature, there are only a small number of studies investigating the use of
broad range PCR for diagnosis of SI in horses (Crabill et al., 1996; Pille et al., 2004; Pille et
al., 2007; Elmas et al., 2013), and two that investigate the use of this assay in a clinical setting
(Pille et al., 2007; Elmas et al., 2013). One study has reported good sensitivity (89.5%) and
specificity (93.5%) for the diagnosis of SI in horses (Pille et al., 2007) using the same PCR
assay as used in Chapters 6. In contrast to the good sensitivity reported by Pille et al. (2007), a
sensitivity of 33.33% and a specificity of 89.47% were reported in Chapter 6, using the same
assay type with primers investigated in Chapter 5. These inconsistencies indicate that further
studies, utilising larger number of horses, are required to better understand the diagnostic
performance of broad range PCR in a clinical setting for the diagnosis of SI. Poor sensitivity
of broad range PCR assays for the diagnosis of SI has been identified previously in human
medicine (Lallemand et al., 2016; Coiffier et al., 2019). Possible reasons for the reduced
sensitivity observed in Chapters 5 and 6 include low numbers of bacteria with SF samples
(Harris and Hartley, 2003), PCR inhibitors within synovial fluid, (Mariani et al., 1995; Louie
and Liebling, 1998) and ineffective pre-PCR processing (Trampuz et al., 2003; Yang and
Rothman, 2004; Schneeweiss et al., 2007; Bonilla et al., 2011). Increased white blood cell
counts (Jordan and Durso, 2005) and Gram-positive bacteria (Trampuz et al., 2003; Yang et
al., 2008; Coiffier et al., 2019) may also decrease the sensitivity of this assay, by affecting prePCR processing.
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In Chapter 6, there were statistically more broad range PCR positive cases in younger horses.
In the human literature, the value of broad range PCR for the diagnosis of culture negative
osteoarticular infections and septic arthritis in children is apparent. In children Kingella kingae
is one of the most frequent causes of septic arthritis (Moumile et al., 2003; Hernández-Rupérez
et al., 2018), and in 75% of cases this pathogen will only be detected by broad range PCR
(Rosey et al., 2007). In our study a fastidious pathogen, such as K. kingae, was not identified
in the SF samples of neonates. We speculated that the improved results for broad range PCR
in young horses was due to a larger proportion of haematogenous infections (Schneider et al.,
1992; Annear et al., 2011) that resulted in causative bacteria being contained within closed
synovial structures and the naïve adaptive immune system of neonates (Mealey and Long,
2018) leading to overwhelming infection and greater concentration of bacteria within SF
samples. The TNCC was also greater in horses and foals with SI and positive broad range PCR
results, and this supplements the argument that overwhelming infection is more likely to result
in positive broad range PCR results. In a clinical setting, this may indicate greater value in the
use of broad range PCR assays in young horses, or those with a markedly increased TNCC.
When bacterial infection is diagnosed solely by molecular methods, traditional sensitivity
testing is unable to be performed, limiting therapeutic management of affected patients (Harris
and Hartley, 2003; Renvoise et al., 2013). Consequently, broad range PCR has been suggested
to be used in human medicine to complement, rather than replace, microbiological culture
(Harris and Hartley, 2003; Fenollar et al., 2008; Sontakke et al., 2009; Renvoise et al., 2013).
7.2.3.3

Diagnostic accuracy measures

Varying disease prevalence affects the direct transferability of sensitivity and specificity
between different populations (Eusebi, 2013). The use of likelihood ratios, as done in Chapter
5 and 6, can help with the determination of diagnostic accuracy of tests. Likelihood ratios
provide information on how many times more (or less) likely patients with a specific disease
have a test result than animals without the disease (Grimes and Schulz, 2005; Akobeng, 2007).
The LR+ for SF culture and broad range PCR as reported in Chapter 6 were 5.48 and 3.17,
respectively. While these likelihood values are modest, when considering the pre-test
probability of 60% for SI in this population, the benefits for determination of disease can be
observed through the post-test probabilities. For broad range PCR, the post-test probability
becomes approximately 80% and for culture the post-test probability becomes approximately
90% (Figure 7.3). When considered in series, with the results of broad range PCR more likely
to be available first, the post-test probability for broad range PCR can be used as the pre-test
probability for microbiological culture. The result is an increase in post-test probability for SF
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culture of greater than 95% (Figure 7.3) and shows the benefits of using these tests in series to
rule in disease.
The LR – for SF culture and broad range PCR as reported in Chapter 6 were 0.52 and 0.75,
respectively. When considering pre-test probability and LR-, the post-test probability of disease
is 40% for SF culture and 50% for broad range PCR. These LR- indicate a poor discriminatory
value for both tests, even when considering pre-test probability, to determine SI. Even when
used in series, these tests cannot be used to rule out disease. If the LR- and post-test probability
of 50% is used as the pre-test probability of disease for SF culture, a negative result reduces
the post-test probability to approximately 20% (Figure 7.3).
The graphical examination of likelihood ratios and pre and post-test probability of SF culture
and broad range PCR highlight the benefits of using these tests in series for diagnosis of
disease. From these findings we would recommend that broad range PCR is combined with
culture for the diagnosis of SI. This reflects previous recommendations within human literature
(Harris and Hartley, 2003; Fenollar et al., 2008; Sontakke et al., 2009; Renvoise et al., 2013),
where broad range PCR is recommended to be used to complement SF culture. It supplements
previous findings in the veterinary literature, where the use of broad range PCR and culture
together was superior for the diagnosis of synovial infection (Pille et al., 2007). It also
complements the recommendation to utilise these tests in combination to aid with the
identification of involved microorganisms and antimicrobial sensitivity patterns when possible,
to aid with evidence based treatment protocols.
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Figure 7.3 Fagan’s nomograms showing how tests used in series can increase post-test probability. The nomogram on the left is effect of LRs on post-test probability of 16S rRNA PCR for diagnosis of SI in horses. The nomogram in the
centre is the effect of LRs on post-test probability of SF culture for diagnosis of SI in horses. The nomogram on the right uses the post-test probability for 16S rRNA PCR as the pre-test probability for SF culture, showing the effect of using
these tests in series. The orange straight edge represents positive LRs, blue negative LRs and broken line reflects LRs used in series. Nomograms modified from (Grimes and Schulz, 2005).
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7.2.4 Limitations
There are limitations to the investigation of broad range PCR for the diagnosis of equine
synovial infection in Chapters 4 to 6.
In Chapter 4, only one commercial DNA extraction kit was tested. This would limit the prePCR processing of samples if this kit was no longer available. Furthermore, in investigation of
possible novel pathogens on broad range PCR, confirmation by different PCR assays and
utilising different DNA extraction techniques has been suggested (Fenollar et al., 2006). In
only optimising one DNA extraction protocol, we have limited the investigation of novel
pathogens or the interpretation of ambiguous results until another method is optimised.
Although it was outside the scope of this study, due to the availability of clinical SF samples,
the optimisation of DNA extraction by multiple commercially available kits with and without
spin columns would have been ideal. Additionally, the investigation of an automated DNA
extraction system may result in beneficial effects (Fenollar et al., 2008; Tan and Yiap, 2009),
however this was unachievable in this study due to financial limitations.
The poor sensitivity of broad range PCR and microbiological culture in Chapter 5 and 6 was
disappointing, particularly compared to other reports in the equine literature (Pille et al., 2007;
Elmas et al., 2013). The possible reasons for poor sensitivity of this assay have been discussed
in Section 7.2.3.2. The low sensitivity of broad range PCR for diagnosis of osteoarticular
infections has been reported previously in human studies (Lallemand et al., 2016; Coiffier et
al., 2019) and the findings in Chapters 4-6 develop the existing knowledge on the use of this
assay in horses.
An increased samples size would have increased the power of these studies and reduced the
risk of type two errors (Pinchbeck and Archer, 2020). The ethical implications of experimental
induction of septic synovitis for sample collection and the lack of transferability when spiking
normal SF with bacterial meant that we utilised surplus clinical samples in the current studies.
The use of surplus clinical samples, particularly in cases of wounds or small joints, limited the
samples available for inclusion into the study. However, given the restricted time period for
sample collection the sample numbers in the current study were reasonable and comparable to
previous reports.
The use of positive and negative controls validates the PCR assay and aids with interpretation
of test results (Fenollar et al., 2008; James, 2010). Negative controls, processed in parallel with
clinical samples from DNA extraction to PCR assay, aid in identification of contamination
(Millar et al., 2002; Millar et al., 2007; Fenollar et al., 2008; James, 2010). Contamination is a
well-recognised problem of broad range PCR, and may cause false positive results (Millar et
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al., 2002; Peters et al., 2004; Fenollar et al., 2006; Millar et al., 2007; Fenollar et al., 2008).
Contamination may occur during sample collection (Wilbrink et al., 1998; Fenollar et al., 2008;
James, 2010), DNA extraction and/or PCR analysis (Corless et al., 2000; Jalava et al., 2001;
van der Zee et al., 2002; Evans et al., 2003; Trampuz et al., 2003; Borst et al., 2004; Fenollar
and Raoult, 2004; Fenollar et al., 2008; James, 2010). The contamination of DNA free controls
in Chapter 5 was suspected to be a result of vertical contamination, and although none of the
clinical samples were contaminated, this highlights the potential problem of this factor in
laboratory settings. Possible sources of contamination during sample collection and PCR
assays and possible remediation are reported in Table 7.2. In Chapters 5 and 6, amplification
of the β-actin gene was used as a positive control for successful DNA extraction. Due to the
increased risk of cross contamination during PCR preparation inclusion of a SF sample spiked
with a known amount of bacterial DNA for each PCR run or assay was excluded. However,
this made interpretation of negative results ambiguous, particularly in PCR runs that had no
positive results (Lascola et al., 1997; Fenollar et al., 2008). The use of a normal SF sample,
spiked with a known amount of bacteria that cannot be confused with a causative
microorganism as a second positive control, would increase the validity of negative results
(Fenollar et al., 2008; James, 2010). Alternatively the use of synthetic DNA as a positive
control could be considered to increase the test validity, and may reduce the likelihood of cross
contamination from positive controls to samples (Wilson et al., 2016). Synthetic DNA may
also be used accurately for quantification assays (Wilson et al. 2016) and may allow
identification of the lower limits of detection for bacteria in molecular assays, improving the
validity of assays.
7.2.5 Implications for future research
The findings of the current study offer insights into the use of molecular techniques for the
diagnosis of SI in horses and the limitations we have identified require further optimisation
before possible widespread use of this assay.
7.2.5.1

DNA extraction

Automated DNA extraction techniques have been described for human osteoarticular samples
(Fihman et al., 2007; Fenollar et al., 2008) and may be useful for veterinary molecular
applications. These techniques may limit cross contamination between samples, increase
consistency in sample processing and decrease labour associated with sample processing
(Fenollar et al., 2008; Tan and Yiap, 2009). On the basis of good sensitivity results from a
previously reported study (Fihman et al., 2007), Coiffer et al. (2019) speculated that the
decreased sensitivity they observed when investigating 16S rRNA PCR for diagnosis of SI may
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have been the result of manual DNA extraction techniques. Unfortunately, when the pre-PCR
processing was repeated with an automated DNA extraction technique, no improvement in
sensitivity of 16S rRNA PCR was observed (Coiffier et al., 2019). Automated DNA extraction
has been reported in one study investigating 16S rRNA PCR for the diagnosis of SI in horses
(Elmas et al., 2013).
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Table 7.2 Potential sources of DNA contamination and its remediation measures in molecular diagnostic analyses. Modified from (Millar et al., 2007).

Specimen collection
Vial: EDTA
Contamination risk

Control actions to
eliminate exogenous
contamination

1. Commensal flora on
patient’s skin
2. Commensal flora on
staff’s skin
3. Archival DNA in
specimen vial
4. Archival DNA in EDTA
solution 5. Inappropriate
collection of specimen by
personnel
1. Iodine scrub of puncture
site
2. Wearing of sterile gloves
and protective clothing
3/4. Employment of
laboratory prepared and
quality controlled DNA-free
blood-EDTA vials
5. Education of personnel

Nucleic acid extraction
Method: Commercial Kit
Additional reagents: lysozyme, water, Tris-HCl
Location: class II biological safety cabinet
1. DNA from kit reagents
2. DNA from additional reagents
3. Location
4. Class II biological safety cabinet
5. Pipettes
6. Equipment e.g., centrifuge, heating block,
vortex
7. Reaction vials (1.5ml)
8. Personnel

PCR analysis
Reagents: water, buffer, MgCl2 , dNTPs, Taq, primers
Location: PCR cabinet in different location to nucleic acid extraction and post PCR

1/2. All reagent purchased should be of
molecular grade. All reagents should be screened
prior to use. Contaminating DNA should be
monitored using negative DNA extraction
controls
3. A dedicated pre-PCR room should be used,
ideally under positive pressure Unidirectional
work flow
4. Cabinet should be cleaned thoroughly and UV
irradiated for a minimum period of 2h prior to
use Cabinet should be serviced regularly
5. Dedicated pipettes should be used and should
not be removed from the class II cabinet.
Plugged sterile tips should be employed
throughout. Pipettes should be cleaned and the
barrels UV irradiated for a minimum of 2h prior
to use
6. Equipment should be dedicated to extraction
purposes only
7. Reaction vials should be pre-autoclaved and
DNA-free.
8. Education of personnel.
Use of sterile gloves and dedicated laboratory
clothing for DNA extraction purposes only
9. Avoidance of re-usable laboratory glassware

1. All reagents purchased should be of molecular grade.
All reagents should be screened prior to use. PCR master mix minus the primers and
template DNA should be UV irradiated for 15 min prior to amplification.Contaminating
DNA should be monitored using negative PCR setup controls
2. A dedicated pre-PCR room should be used, ideally under positive pressure and
separate from DNA extraction procedures. Unidirectional work flow
3. Cabinet should be cleaned thoroughly and UV irradiated for a minimum period of 2h
prior to use. Cabinet should be serviced regularly
4. Dedicated pipettes should be used and should not be removed from the PCR setup
cabinet. Plugged sterile tips should be employed throughout. Pipettes should be cleaned
and the barrels UV irradiated for a minimum of 2h prior to use
5. Equipment should be dedicated to PCR setup purposes only
6. Reaction vials and PCR tubes should be pre autoclaved and DNA-free.
7. Education of personnel. Use of sterile gloves and dedicated laboratory clothing for
PCR setup purposes only.
8. Avoidance of re-usable laboratory glassware

1. DNA from reagents
2. Location
3. PCR cabinet
4. Pipettes
5. Equipment e.g., vortex
6. Reaction vials (1.5ml) and PCR tubes
7. Personnel
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No problems were reported with pre-PCR processing of SF in that study (Elmas et al., 2013).
However, the sensitivity of the subsequent 16S rRNA PCR was not improved (Elmas et al.,
2013) compared to another study in horses that utilised a manual DNA extraction technique for
samples (Pille et al., 2007). Further research is required to determine the full benefits of
automated DNA extraction for veterinary molecular applications.
In Chapters 5 and 6, it was speculated that decreased sensitivity of broad range PCR assays
may have been due to inadequate DNA extraction from Gram positive bacteria, due to the
effects of a resistant cell wall. Additional processing, including mechanical disruption during
the extraction procedure (i.e. Ribolyser), has been reported to be utilised to aid in the disruption
of Gram-positive cell walls (Harris and Hartley, 2003). Investigation of these techniques for
veterinary molecular applications may improve the retrieval and amplification of Gram positive
bacteria.
7.2.5.2

Broad range PCR

In Chapter 5, mixed pherograms were observed for a number of samples, suggesting possible
polymicrobial infection. Cloning of these samples was outside the scope of our study, however
if done, it would have allowed further investigation of possible underlying pathogens or
contaminants (Fenollar et al., 2006). In human medicine, it has been observed that pathogens
identified in mixed osteoarticular infections comprise species rarely described or novel for
bone and joint infections (Fenollar et al., 2006). It has been speculated that unusual
microorganisms are more likely to be detected with mixed infections as they commonly have
low pathogenicity but are able to gain pathogenicity in the polymicrobial setting and may
require targeted treatment (Fenollar et al., 2006). Cloning of mixed infections in veterinary
assays requires further investigation as this technique may allow improved detection of
underlying microorganims including identification of novel or rare pathogens.
Enrichment culture prior to broad range PCR may increase the detection of bacteria within
clinical samples (Sontakke et al., 2009). A number of studies in the human (Harris and Hartley,
2003; Gouriet et al., 2005; Saglani et al., 2005; Cadenas et al., 2007; Kosoy et al., 2008) and
veterinary (Pressler et al., 2002; Jones et al., 2007) literature have reported improved detection
of bacteria when broad range PCR in done on enrichment cultures of samples. Enrichment
culture prior to molecular techniques has aided with the identification of Corynebacterium spp.,
Pseudomonas spp., and Bartonella spp. in human medicine (Harris and Hartley, 2003; Cadenas
et al., 2007; Kosoy et al., 2008). Reported veterinary applications include the diagnosis of
Mycobacterium kansasii in a dog with chronic pleural effusion (Pressler et al., 2002) and
identification of Staphylococcus spp., Streptococcus spp. and Propionibacterium acnes from
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pericardial fluid samples of horses with fibrinous pericarditis (Jones et al., 2007). However,
investigation is required to determine if there are benefits of enrichment culture prior to broad
range PCR of osteoarticular samples.
It has been suggested that broad range PCR may be used as a monitoring tool, with the absence
of bacterial DNA in SF samples possibly able to direct the decision for cessation of treatment
with antimicrobial drugs (van Der Heijden et al., 1999b). In their study of patients with septic
arthritis, van Der Heijden et al. (1999) observed that bacterial DNA could not be detected at
day 26 of treatment, prior to cessation of antimicrobials, in patients that were available for
prolonged follow up. This is in contrast to previous studies of endocarditis patients, where
bacterial DNA was found to persist up to years post infection (Branger et al., 2003; Rovery et
al., 2005). This finding may indicate that broad range PCR is more suitable for monitoring the
clearance of bacteria in particular conditions such as septic arthritis; however, further work is
required to validate these suggestions. Two studies that investigated the impact that broad range
PCR had on management and antimicrobial therapy of patients with joint infections showed
between 15-75% had modification of therapy based on PCR results (Alraddadi et al., 2013;
Akram et al., 2017).
Broad range PCR has been shown to have an impact on the antimicrobial therapy of 15-72%
of human patients with joint infections (Alraddadi et al., 2013; Akram et al., 2017). The use of
broad range PCR for monitoring bacterial infections has the potential to reduce treatment time
with the subsequent benefits of decreasing treatment cost, complications associated with
treatment and may also decrease antimicrobial resistance (Gould, 1999; Harris and Hartley,
2003; Millar et al., 2007; Akram et al., 2017). One of the major limitations of broad range PCR
is that the technique does not give information on antimicrobial sensitivity of isolated bacteria
(Harris and Hartley, 2003; Renvoise et al., 2013). However, molecular methods have been
investigated for the detection of antimicrobial resistance (Fluit et al., 2001; Harris and Hartley,
2003; Millar et al., 2007) and may be of particular benefit in culture negative cases or for
difficult to culture bacteria. Chlamydia pneumoniae is fastidious and so determination of
antimicrobial sensitivity can be difficult; however, the development of a reverse transcriptase
PCR assay for in vitro antibiotic susceptibility testing represented an improvement for the
determination of antimicrobial susceptibility (Khan et al., 1996). The typing of Streptococcus
pneumoniae isolates as penicillin sensitive or resistant has been achieved by PCR assays
targeting the penicillin-binding protein genes (Beall et al., 1998; O'Neill et al., 1999). Clinical
application of these molecular methods for the detection of antimicrobial resistance in
osteoarticular infections can be seen with the recent development of a molecular diagnostic
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panel for paediatric musculoskeletal infections (Searns et al., 2019). This assay utilised real
time PCR to diagnose methicillin and clindamycin resistance genes and the pathogens
Staphylococcus aureus and Kingella kingae in clinical samples (Searns et al., 2019). The
clinical value of molecular techniques for diagnostic microbiology have the ability to be greatly
enhanced with the capacity to identify antimicrobial resistance.
Real time PCR occurs in a closed system with amplification and detection of amplified
products all occurring in the same vessel (Mackay, 2004; Fenollar et al., 2008). The elimination
for the need of post-amplification processing has the benefit of reduced time to availability of
results (Mackay, 2004; Fenollar et al., 2008; Bonilla et al., 2011). There is also decreased risk
of contamination with amplification and detection of products occurring within the same vessel
(Mackay, 2004; Fenollar et al., 2008). Real time PCR also has a quantitative capacity (Mackay,
2004; Fenollar et al., 2008). Real time broad range PCR has been reported for the diagnosis of
osteoarticular infection in human medicine (Rosey et al., 2007; Bonilla et al., 2011). One study
showed comparable sensitivity and specificity for conventional and real time broad range PCR,
when used for the diagnosis of septic arthritis in people, with the real time PCR being 4-5 hours
faster (Bonilla et al., 2011). Another report investigating septic arthritis in children observed
broad range real time PCR to be more sensitive than conventional PCR with four samples that
were positive on real time PCR negative on conventional PCR (Rosey et al., 2007).
Furthermore in this study 23% of cases that had a negative culture result were positive on PCR
(Rosey et al., 2007). The use of a probe based real time PCR assay has been reported for the
Gram classification of pathogens involved in osteoarticular infections in humans (Yang et al.,
2008). This assay was rapid, with a total time of three hours from sample collection to result
and had excellent sensitivity (95%) and specificity (97%) (Yang et al., 2008). All of the samples
in this study that were positive on broad range PCR were correctly identified as Gram positive
or negative and the use of pathogen specific probes correctly identified pathogens in 16 out of
20 samples (Yang et al., 2008).
Multiplex PCR has also been described for the diagnosis of septic arthritis in humans (Kim et
al., 2010; Malandain et al., 2018; Morgenstern et al., 2018). This assay was rapid, with a time
to results being reported between five (Malandain et al., 2018; Morgenstern et al., 2018) and
six (Kim et al., 2010) hours. However, inconsistent results have been reported for the diagnostic
sensitivity of this assay. In the study by Kim et al. (2010) excellent sensitivity (92.6%) and
specificity (100%) was reported (Kim et al., 2010). Additionally good agreement with culture
(91.3%) and broad range PCR results (96.3%) were also reported (Kim et al., 2010). However
the study by Malandain et al. (2018) reported more conservative sensitivity results (47.4-48%)
166

and concordance rates for both culture (58.1%) and broad range PCR (70.1%) (Malandain et
al., 2018). In the study by Morgernstern et al. (2018), multiplex PCR was only positive in 23%
of cases, compared to 46% that were positive of SF culture (Morgenstern et al., 2018). This
study also investigated the use of microcalorimetry, the measurement of growth-related heat
production of reproducing cells, for the investigation of SI (Morgenstern et al., 2018). Similar
performance between SF culture (Se 46%) and microcalorimetry (Se 46%) was reported,
however microcalorimetry was considerably faster (Morgenstern et al., 2018). Previously,
microcalorimetry has been reported to be promising for the diagnosis of SI in humans, with
rapid time to detection (2.2-8 hours), excellent sensitivity (89%) and specificity (99%) being
reported (Yusuf et al., 2015).
There is one report on the use of broad range real time PCR for the diagnosis of SI in horses
(Elmas et al., 2013). This study reported good sensitivity (83%) and specificity (72%) for the
diagnosis of SI using the PCR assay, with results available within four hours (Elmas et al.,
2013). However this assay had to be followed by sequencing for bacterial identification (Elmas
et al., 2013). As seen in Chapter 2, Table 2.1, over 80% of the isolates recorded in the literature
are from four genera: Staphylococcaceae, Streptococcaceae, Streptococcaceae and
Enterobacteriaceae. The use of broad range real time PCR combined with probes may allow
for accurate diagnosis and give rapid information regarding underlying microorganism to direct
evidence based treatment prior to microbiological culture results being available. Further
investigation of broad range real time PCR, multiplex PCR and microcalorimetry is required
to identify possible benefits in the diagnosis of SI in horses.

7.3 Conclusion
This research has provided a valuable contribution to veterinary practice and the scientific
literature.
The investigation of factors associated with outcomes of horses and foals for SI was reported
in Chapter 3. The novel variable of treatment with doxycycline was identified to have
implications for return to function of horses with SI. Increasing time of treatment with systemic
antimicrobials was identified to increase survival of horses with SI. Many variables previously
identified to significantly influence outcomes of horses with SI were not found to be
statistically significant in this study, emphasizing the complexity of this condition. The
outcomes of horses in the study population were also described, with good survival (90.1%)
and a moderate rate of return to function (65%) reported. This information provides a useful
guide for veterinarians and horse owners when managing horses with SI and in particular adds
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to the body of work from the geographic location of South-eastern Australia. As there are
limited reports on outcomes of horses with SI from this region previously, and there are
possible geographic differences that may affect outcomes of horses with the condition, this
study may be particularly relevant for its geographical context.
The investigation of molecular methods for the diagnosis of SI was described in Chapters 4-6.
The optimisation of a commercial kit for the extraction of inhibitor free DNA from equine SF
was done and the development of an assay targeting the β-actin gene allowed for a positive
control to demonstrate effective DNA extraction free from inhibitors. Broad range 16S rRNA
PCR was able to detect bacteria in equine SF samples, but the sensitivity of this assay was low
(33.33%). However, when used in combination or series with SF microbiological culture, this
assay may improve the diagnosis SI and may positively influence therapeutic protocols. With
increased utilisation of these techniques, and further investigation, possible follow-on benefits
could include decreased treatment time, reduced cost of treatment, reduced complications
associated with treatment and decreased development of antimicrobial resistance.
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Appendix 1: Gram positive isolates identified on equine synovial
fluid culture within the literature.
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Study
Mixed age

(Meijer et al.,
2000)
(Neil et al., 2010)

2
(Gilbertie et al.,
6
2018)
9
(Cousty et al.,
2017)
(Robinson et al.,
2016)
2
(HepworthWarren et
al., 2015)
2
(Beccati et al.,
2015)
6
(Dumoulin et al.,
2010b)
1
(Dumoulin et al.,
0
2010a)
(Wereszka et al., 2007)
1

1

4

5
1

1
0
5
5
2
5

2
1
1

5

4

Foals

1
6
3

5
2

2
1

6

7

8

1

2
4

6

2
4
1
1
1

4

7
4

1
5

4

2
7

1
3

1
7

7

1

3

Enterococcus faecium

2
2

6
1

1

1

1
1

1
6
9

1

1
3

1
1
1

3

3
1

1
1

4

2
2

2

3

1

2

3

3

1

Propioibacterium spp.

Listeria monocytogenes

Listeria spp.

Clostridium perfringens

Clostridia spp.

Enterococca
ceae

Other anaerobe

Rhodococcus equi

Trueperella pyogenes

Mycobacterium spp.

Micrococcus spp.

Propionibacterium acnes

1

Corynebacterium spp.

Brevibacterium epidermidis

Bacillus spp.

Arcanobacterium pyogenes

Aerococcus viridians

Unspeciated Cocci

Enterococcus faecalis

Streptococca
ceae

Unspeciated enterococcus spp.

Other β-hemolytic Streptococcusspp.

1
1

Other α-hemolytic Streptococcusspp.

Streptococcus viridans

Streptococcus parauberis

Streptococcus equi subsp. zooepidemicus

Streptococcus equi

Streptococcus dysgalactiae subsp. equisimilis

Streptococcus dysgalactiae subsp. dysgalactiae

Streptococcus dysgalactiae

Unspeciated Streptococcus spp.

Non-haemolytic Staphylococcus spp.

Haemolytic Staphylococcus spp.

DNAse-negative staphylococci

Coagulase negative Staphylococcus spp.

Coagulase positive Staphylococcus spp.

Staphylococcus warneri

Staphylococcus intermedius

Staphylococcus hyicus

Staphylococcus epidermis

Staphylococcus aureus

Unspeciated staphylococci spp.

Staphylococc
aceae
Anaerob
es

2

3
1

1

1
2
1

1

1
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Study
2
(Wright et
al., 2017)}
1
(Steel et al.,
1999)
(Schneider et al., 1992)

(Taylor et al.,
2010)
Wounds

2
(Meijer et al.,
2000)
(Schneider et al., 1992)
2
5

1
(Meijer et al.,
2000)
(Schneider et al., 1992)

(Schneider et al., 1992)

Idiopathic/haematogenous
2

3
1

8
7

Iatrogenic

(Meijer et al., 2000)
5
5
3

2
3
1
2
7

1

1

1

2

1

5

1
5

1

1

6

3
1

1
3

8

1
4

1
1

1

4
1

Adult horses
3
4

1
1

1

Propioibacterium spp.

Listeria monocytogenes

Listeria spp.

Clostridium perfringens

Clostridia spp.

Enterococca
ceae

Other anaerobe

Rhodococcus equi

Trueperella pyogenes

Mycobacterium spp.

Micrococcus spp.

Propionibacterium acnes

Corynebacterium spp.

Brevibacterium epidermidis

Bacillus spp.

Arcanobacterium pyogenes

Aerococcus viridians

Unspeciated Cocci

Enterococcus faecium

Enterococcus faecalis

Streptococca
ceae

Unspeciated enterococcus spp.

Other β-hemolytic Streptococcusspp.

Other α-hemolytic Streptococcusspp.

Streptococcus viridans

Streptococcus parauberis

Streptococcus equi subsp. zooepidemicus

Streptococcus equi

Streptococcus dysgalactiae subsp. equisimilis

Streptococcus dysgalactiae subsp. dysgalactiae

Streptococcus dysgalactiae

Unspeciated Streptococcus spp.

Non-haemolytic Staphylococcus spp.

Haemolytic Staphylococcus spp.

DNAse-negative staphylococci

Coagulase negative Staphylococcus spp.

Coagulase positive Staphylococcus spp.

Staphylococcus warneri

Staphylococcus intermedius

Staphylococcus hyicus

Staphylococcus epidermis

Staphylococcus aureus

Unspeciated staphylococci spp.

Staphylococc
aceae
Anaerob
es

2
2

3
1

1
1
0

3
1

1

1
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Study
Total
5
1
1
1
3
1
3
9
5
3
9
1
1
2
2
5
2
9
3
1
4
8
1
2
1
1
3

Propioibacterium spp.

1
6

Listeria monocytogenes

1
5

Listeria spp.

Enterococca
ceae

Clostridium perfringens

Clostridia spp.

Trueperella pyogenes

3

Other anaerobe

Mycobacterium spp.

1

Rhodococcus equi

Micrococcus spp.

1
8

Propionibacterium acnes

Corynebacterium spp.

Brevibacterium epidermidis

Bacillus spp.

Arcanobacterium pyogenes

3
0

Aerococcus viridians

2
8

Unspeciated Cocci

2
1

Enterococcus faecium

Streptococca
ceae

Enterococcus faecalis

Unspeciated enterococcus spp.

1

Other β-hemolytic Streptococcusspp.

1

Other α-hemolytic Streptococcusspp.

Streptococcus viridans

5
7

Streptococcus parauberis

Streptococcus equi subsp. zooepidemicus

Streptococcus equi

Streptococcus dysgalactiae subsp. equisimilis

Streptococcus dysgalactiae subsp. dysgalactiae

Unspeciated Streptococcus spp.

5
8

Streptococcus dysgalactiae

Non-haemolytic Staphylococcus spp.

5

Haemolytic Staphylococcus spp.

DNAse-negative staphylococci

Coagulase negative Staphylococcus spp.

1

Coagulase positive Staphylococcus spp.

Staphylococcus warneri

1
3

Staphylococcus intermedius

8
3
Staphylococcus hyicus

Staphylococcus epidermis

4
Staphylococcus aureus

Unspeciated staphylococci spp.

Staphylococc
aceae
Anaerob
es

2
1
1
1
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Appendix 2: Gram negative isolates identified on equine synovial fluid culture within the literature.
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Study
Mixed age
(Gilbertie et al.,
2018)
(Cousty et al.,
2017)
(Robinson et al.,
2016)
(HepworthWarren et al.,
2015)
(Beccati et al.,
2015)
(Dumoulin et al.,
2010b)
(Dumoulin et al.,
2010a)
(Wereszka et al.,
2007)
Foals
(Meijer et al.,
2000)
(Neil et al., 2010)
(Wright et al.,
2017)

(Steel et al., 1999)
(Schneider et al.,
1992)
Adult horses
(Taylor et al.,
2010)
Wounds
(Meijer et al.,
2000)
(Schneider et al.,
1992)
Iatrogenic
(Meijer et al.,
2000)
(Schneider et al.,
1992)
2

11

14
2

Enterobacter cloacae

1
2

1

2

2

4

3

1
17

6
5

3
3

1
1
4
4
1
2

3
1

1
1
9

13

2

3

1

2
1
1

4

1

3
17
7
5

20
11
2
3

2
6
1

4

1

Unspeciated Salmonella spp.

2
3

1
1
2

1
1

3

1
1
1

1
1

Actinobacillus spp.

1
5

2

1

1

3

9

5

1

2

3

5

4

1
0

3
1

3
2

2
1

6

1

1

4
2

1

1

1

1

1
1

1

1

2

1
2
4

2
8

1

1

2

4

Other
Gramnegative

1

Prevotella loescheii

Undentified rods

Other gram negative aerobic bacteria

Sphingobacterium multivorum

Sphingomonas paucimobilis

Raoultella planticola

Pseudomonas aeruginosa

Unspeciated Pseudomonas

Pasteurella multocida

Pasteurella spp.

Pantoea spp

Moraxella osloenis

Morganella morganii

Chryseobacterium meningosepticum

Bacteroides fragilis

Unspeciated Bacteroides spp.

Acinetobacter spp.

Actinobacillus suis

Actinobacillus equuli

Achromobacter spp.

Aeromonas

Serratia manacessens

Serratia liquefaciens

Salmonella enterica Typhimurium

Proteus mirabilis

Unspeciated Proteus spp

Pantoea agglomerans

9

Klebsiella oxytoca

Klebsiella pneumoniae

Unspeciated Klebsiella

Erwinia spp.

Non-haemolytic E.coli/ Coliforms

Escherichia vulneris

Escherichia coli

Citrobacter freudii

Citrobacter spp.

Enterobacter amnigenus

Enterobacter aerogenes

Unspeciated Enterobacter spp.

Enterobacteria
ceae
Anaero
bes

3

3
1

1

5

3
2

1
1

4
1

1

1
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Study
Idiopathic/haemat
ogenous
(Meijer et al.,
2000)
(Schneider et al.,
1992)

Total
68
2
1

4

5
3
3

1

10
7
1
1
1
7
2
5

Unspeciated Salmonella spp.

8
1
4
1
7
1
1
1

Actinobacillus equuli
Actinobacillus suis
Acinetobacter spp.
Unspeciated Bacteroides spp.
Bacteroides fragilis
Chryseobacterium meningosepticum
Morganella morganii
Moraxella osloenis
Pantoea spp
Pasteurella spp.
Pasteurella multocida
Unspeciated Pseudomonas
Pseudomonas aeruginosa
Raoultella planticola
Sphingomonas paucimobilis
Sphingobacterium multivorum
Other gram negative aerobic bacteria
Undentified rods

Other
Gramnegative

1
2
2
7
3
4
2
1
3
6
2
1
1
1
1
7
1
2
0
9
1
1
1
0
1

Prevotella loescheii

Actinobacillus spp.

3

Achromobacter spp.

Aeromonas

Serratia manacessens

Serratia liquefaciens

Salmonella enterica Typhimurium

Proteus mirabilis

1

Unspeciated Proteus spp

Pantoea agglomerans

Klebsiella oxytoca

Klebsiella pneumoniae

Unspeciated Klebsiella

1
1
9

Erwinia spp.

Non-haemolytic E.coli/ Coliforms

1

Escherichia vulneris

Escherichia coli

Citrobacter freudii

Citrobacter spp.

Enterobacter cloacae

Enterobacter amnigenus

Enterobacter aerogenes

Unspeciated Enterobacter spp.

Enterobacteria
ceae
Anaero
bes

3
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Appendix 3: Fungi identified on equine synovial fluid culture
within the literature.
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Other yeast spp.

Yeast spp.

Scedosporium
spp.

Fusarium spp.

Candida albicans

Candida

Aspergillus spp.

Study
Mixed age
(Gilbertie et al., 2018)

1

1

(Cousty et al., 2017)
(Robinson et al., 2016)
(Hepworth-Warren et al., 2015)
(Beccati et al., 2015)
(Dumoulin et al., 2010b)

2

1

(Dumoulin et al., 2010a)

1

(Wereszka et al., 2007)
Foals
(Meijer et al., 2000)
(Neil et al., 2010)
(Wright et al., 2017)
(Steel et al., 1999)

1

(Schneider et al., 1992)

1

Adult horses
(Taylor et al., 2010)

1

Wounds
(Meijer et al., 2000)
(Schneider et al., 1992)

5

Iatrogenic
(Meijer et al., 2000)
(Schneider et al., 1992)

2

Idiopathic/haematogenous
(Meijer et al., 2000)
(Schneider et al., 1992)
Total

1
1

2

2

1

1

1

9
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Appendix 4: Factors associated with survival and return to
function following synovial infections in horses
Telephone Questionnaire
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Hello......(Client’s name)…. My name is….(Researcher’s name)…from the Veterinary
Clinical Centre, CSU. I am contacting you to ask you some questions about your horse
(horse’s name) that was treated at the Veterinary Clinical Centre.
Consent: Do you consent to answer questions about (horse name) recovery from treatment of
synovial infection at the Veterinary Clinical Centre? This information will be used to help
evaluate and improve treatment protocols and outcomes for animals with septic joints.
Information collected will have the identity of both you and your horse removed before
analysis and presentation and publication of the study results. At any time during the survey
period (September 2017 to March 2018) if you would like to amend your responses, or
withdraw participation in the project, please do not hesitate to contact the principal
researcher, using the contact details provided on the information letter.

1. Did the horse return to its previous or intended use?
YES

NO

(Yes: go to Qu 2, No: go to Qu 3).

2. Did the horse return to a lower, equal or greater level of performance?
LOWER

EQUAL

GREATER

(Go to question 6).

3. Was the injury to the synovial structure the reason the horse did not reach its intended use?
YES

NO

(Yes: go to question 5, No: go to question 4).

4. Was there any other reason the horse may not have been able to achieve its intended use?
YES

NO

Notes:

(Go to question 5).
5. Was the horse used for another purpose?
YES

NO

Notes:
(Go to question 6).
6. Does/did the horse require ongoing management after treatment of the infection?
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YES

NO

(Yes: go to Qu 7, No: go to Qu 8).

7. What treatments has the horse received for ongoing management after the infection e.g.
Hyaluronic acid/ corticosteroids/ NSAIDs/other).
Notes:
(Go to Qu 8).

8. Would you like a summary of the findings of this study, when available? (End Survey).
YES

NO

End - Thank-you for your time and for participating in this survey.
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Appendix 5: Factors associated with survival and return to
function following synovial infections in horses
Results of univariate analysis results of categorical variables investigated for
association with survival to discharge and return to function after treatment of
synovial infection.
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Survival
Variable
Breed.
Sex.
Use or intended use.
If the patient was
referred.
Day of the week of
admission.
Year of admission.
Cause of SI.
Type of synovial
structure affected.
What structure was
affected?
What limb was
affected?
Was there significant
findings related to the
SI on radiographic
examination?
Were there significant
findings related to the
SI on sonographic
examination?

95%
Odds
Confidence
Ratio
Interval
Signalment & history

P value

Included in
multivariable
analysis

Return to Function
95%
Confidence
Odds Ratio
Interval

P value

1
0.59
1

0.455
0.707
0.117

0.862

0.444

0.884
0.774
Findings from clinical examination and diagnostic tests
Model 1;
0.067
Model 2

Included in
multivariable
analysis

0.755
0.492

0.17

0.153

0.551

0.944

0.927

0.656

0.067

0.985

0.175

0.853

0.846
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Survival
Variable
Gross appearance of
synovial fluid on in
house testing.
What was the gross
appearance of the
synovial fluid on
admission on external
lab testing?
Was cytological
examination reflective
of synovial sepsis?
Did the horse have
anti-microbial therapy
prior to synovial fluid
culture?
Were microbiological
organisms cultured
from synovial fluid
collected at
admission?
What organism was
cultured from synovial
fluid?
Were cultured
organisms multi-drug
resistant? (Resistant to
three or more

Odds
Ratio

95%
Confidence
Interval

P value

Included in
multivariable
analysis

Return to Function
95%
Confidence
Odds Ratio
Interval

P value

0.716

0.999

0.835

0.334

0.371

0.062

0.868

0.725

0.805

0.936

1

0.999

0.775

0.591

Included in
multivariable
analysis
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Survival
Variable
antimicrobials on
sensitivity testing).

Odds
Ratio

95%
Confidence
Interval

P value

Included in
multivariable
analysis

Treatment

If the patient was
hospitalised.
Treatment with
systemic
antimicrobials (at all).
Treatment with
systemic
antimicrobials prior to
admission to the
hospital.
Type of systemic anti-microbial used:
Procaine penicillin
Gentamicin
Doxycycline
Trimethoprim
sulphonamide
Ceftiofur
Amikacin
Marbofloxacin
Cefazolin
Enrofloxacin
Oxytetracycline
Metronidazole

P value

Included in
multivariable
analysis

Return to Function
95%
Confidence
Odds Ratio
Interval

0.856

0.874

0.925

0.638

0.876

0.152
0.152

0.832
0.728

0.219
0.063
0.888
0.150
0.950
0.151
0.641
0.563
0.089

0.32
Model 1;
Model 2

0.14-0.71

0.005

Model 3;
Model 4

0.101
0.282
0.157
0.157
0.282
0.53
0.957
0.495
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Survival
Variable
Chloramphenicol
Rifampicin
Were there
complications
associated with
treatment?
Who was the surgeon?
Was the surgery done
after hours?
Was surgery done on
the affected synovial
structure?
Was a needle flush
done on the affected
structure?
Was an arthroscopy
done on the affected
structure?
Was an arthrotomy
done on the affected
structure?
Was regional
antimicrobial therapy
done on the affected
synovial structure?

Odds
Ratio

95%
Confidence
Interval

P value
0.504
0.950

Included in
multivariable
analysis

Return to Function
95%
Confidence
Odds Ratio
Interval

P value
0.582
NA

0.199

0.17

0.03-0.88

0.023

0.846

127634439.64

0, Inf

0.017

0.984
Structure specific treatment

0.228

0.107

0.301

0.115

0.385

0.097

Model 2

0.842

4.42

1.43-13.71

0.043

Included in
multivariable
analysis

Model 3;
Model 4
Model 3;
Model 4

0.593

0.978

Model 2

0.857
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Survival
Variable
Was an intravenous
regional perfusion
done on the affected
synovial structure?
Was an intraosseous
regional perfusion
done on the affected
synovial structure?
Was an intrathecal
antimicrobial
administration done
on the affected
synovial structure?

Odds
Ratio

95%
Confidence
Interval

P value

Included in
multivariable
analysis

Return to Function
95%
Confidence
Odds Ratio
Interval

P value

0.453

0.733

0.569

0.733

0.455

0.059

Included in
multivariable
analysis
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Appendix 6: Factors associated with survival and return to function following synovial infections in
horses
Results of univariate analysis of continuous variables investigated for association with survival to discharge and return to function
after treatment of synovial infection

187

Variable

Survival
Odds Ratio

Age.
Days between
onset of
clinical signs
and admission
to the hospital.
0.67
Number of
affected
synovial
structures.
Synovial fluid
total protein
(g/L) on in
house testing.
Synovial fluid
lactate
(mmol/L) on
in house
testing.
Difference
between
systemic and
synovial fluid
lactate
(mmol/L) on
in house
testing.

95%
Confidence
Interval

P value
0.912

Return to Function
Included in
Odds Ratio 95%
multivariable
Confidence
analysis
Interval
1
1-1

0.192

0.47-0.94

0.029

P value
0.042

Included in
multivariable
analysis
Model 3;
Model 4

0.347

Model 1;
Model 2

0.722

0.472

0.359

0.164

0.644

NA

NA
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What was the
synovial fluid
glucose
(mmol/L) on
admission on
in house
testing?
What was the
difference
between the
systemic and
synovial fluid
glucose on
admission
(mmol/L) on
in house
testing?
What was the
synovial fluid
total protein
(g/L) on
admission on
external
testing?
What was the
synovial fluid
total nucleated
cell count on
external
testing?
What was the
synovial fluid

NA

NA

NA

NA

0.206

0.389

0.373

0.389

0.507

0.519
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total red cell
count on
testing?
Number of
days the
patient was in
hospital.
Cost of
treatment.
1.15
Number of
days (total) on
systemic
antimicrobial
therapy.
Total number
of different
antimicrobials
used.
How many
times was
surgery done
on the affected
structure?
How many
times was
regional
antimicrobial
therapy done
in total?
How many
times was
intra-thecal

1.04-1.27

0.263

0.9

0.84-0.97

0.006

Model 3;
Model 4

0.636

1

1-1

0.022

0.97

0.95-1

0.045

Model 3;
Model 4
Model 3;
Model 4

0.63

0.4-0.99

0.04

0.007

0.193

Model 1;
Model 2

0.533

0.072

0.609

0.888

0.146

0.76

0.62-0.93

0.027

Model 3;
Model 4

Model 3
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antimicrobial
administration
done.
How many
times was
regional and
intra-thecal
antimicrobial
administration
done in total?

0.138

0.57

0.41-0.8

0.002

Model 3
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Appendix 7: Factors associated with survival and return to
function following synovial infections in horses
Interactions investigated in multivariable analysis
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Variable
Breed
Sex
Use or intended
use
If the patient was
referred
Day of the week
of admission
Year of
admission
Cause of SI
Type of synovial
structure
affected
What structure
was affected
What limb was
affected
Was there
significant
findings on
radiographic
examination
Was there
significant
findings on
sonographic
examination
Gross
appearance of
synovial fluid on
in house testing
What was the
gross appearance
of the synovial
fluid on
admission on
external lab
testing?
Was cytological
examination
reflective of
synovial sepsis?
Did the horse
have antimicrobial
therapy prior to

Model 1
Catagorical
NA
NA
NA

Model 2

Model 3

Model 4

NA
NA
NA

NA
NA
NA

NA
NA
NA

NA

Surgery

NA

Surgery

NA

NA

NA

NA

NA

NA

NA

NA

NA
NA

NA
NA

NA
NA

NA
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
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synovial fluid
culture?
Did the horse
have
antimicrobial
therapy prior to
presentation?
Were
microbiological
organisms
cultured from
synovial fluid
collected at
admission?
What organism
was cultured
from synovial
fluid?
Were cultured
organisms multidrug resistant?
(resistant to
three or more
antimicrobials
on sensitivity
testing)
Type of systemic
anti-microbial
used:
Procaine
penicillin
Gentamicin
Doxycycline
Trimethoprim
sulphonamide
Ceftiofur
Amikacin
Marbofloxacin
Cefazolin
Enrofloxacin
Oxytetracycline
Metronidazole
Chloramphenicol
Rifampicin
Were there
complications
associated with
treatment?

Referral

Referral

Referral

Referral

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
NA
NA

NA
NA
NA

NA
NA
NA

NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
Doxycycline;
Number of
days the
patient was

NA
NA
NA
NA
NA
NA
NA
NA
NA
Doxycycline;
Number of
days the
patient was in
hospital;

NA
NA
NA
NA
NA
NA
NA
NA
NA
Doxycycline;
Number of
days the
patient was

NA
NA
NA
NA
NA
NA
NA
NA
NA
Doxycycline;
Number of
days the
patient was in
hospital;
194

in hospital;
Cost
Who was the
surgeon?
Was the surgery
done after
hours?
Was surgery
done on the
affected synovial
structure?
Was a needle
flush done on the
affected
structure?
Was an
arthroscopy
done on the
affected
structure?
Was an
arthrotomy done
on the affected
structure?
Was regional
antimicrobial
therapy done on
the affected
synovial
structure?
Was an intravenous regional
perfusion done
on the affected
synovial
structure?
Was an intraosseous regional
perfusion done
on the affected
synovial
structure?
Was an intrathecal
antimicrobial
administration
done on the

NA

Cost; Number in hospital;
of days on
Cost
systemic
antimicrobials
NA
NA

Cost; Number
of days on
systemic
antimicrobials
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
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affected synovial
structure?
Age

Days between
onset of clinical
signs and
admission to the
VCC.
Number of
affected synovial
structures
Synovial fluid
total protein
(g/L) on in house
testing
Synovial fluid
lactate (mmol/L)
on in house
testing
Difference
between systemic
and synovial
fluid lactate
(mmol/L) on in
house testing
What was the
synovial fluid
glucose (mmol/L)
on admission on
in house testing?
What was the
difference
between the
systemic and
synovial fluid
glucose on
admission
(mmol/L) on in
house testing?
What was the
synovial fluid
total protein
(g/L) on

Continuous
Doxycycline; Doxycycline;
Cause
Cause; Needle
flush;
Arthroscopy;
Intravenous
regional
perfusion;
NA
NA

Doxycycline; Doxycycline;
cause
Cause; Needle
flush;
Arthroscopy;
Intravenous
regional
perfusion
NA
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
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admission on
external testing?
What was the
synovial fluid
total nucleated
cell count on
external testing?
What was the
synovial fluid
total red cell
count on testing?
Number of days
the patient was
in hospital
Cost of
treatment
Number of days
(total) on
systemic antimicrobial
therapy
Total number of
different antimicrobials used
How many times
was surgery done
on the affected
structure?
How many times
was regional
anti-microbial
therapy done in
total?
How many times
was intra-thecal
antimicrobial
administration
done
How many times
was regional and
intra-thecal
antimicrobial
administration
done in total?

NA

NA

NA

NA

NA

NA

NA

NA

Cost

Cost

Cost

Cost

Number of
days the
patient was
in hospital
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Complications NA

Complications

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
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Appendix 8: Broad range 16S rRNA PCR for diagnosis of
synovial sepsis in horses
Gel electrophoresis images of positive control samples

198

ND

NP

128

129

130

141

ND

NP

137

147

153

166

Figure A8.1 Gel electrophoresis for positive controls of non-septic synovial fluid samples in order: Negative control DNA
extraction (ND), negative control PCR (NP), samples 128,129,130,141, ND, NP, samples 137,147,153,166.
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Figure A8.2 Gel electrophoresis for positive controls of non-septic synovial fluid samples in order: Negative control
DNA extraction (ND), negative control PCR (NP), samples 4,5,20,148, ND, NP, samples 16, 31, 75, 105, ND, NP,
samples 144, 146, 169, 170.
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17
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Figure A8.3 Gel electrophoresis for positive controls of septic synovial fluid samples in order: Negative control DNA
extraction (ND), negative control PCR (NP), samples 68, 85, 88 (reclassified as non-septic), 104, ND, NP, samples
43, 44, 62, 71, ND, NP, samples 35, 56, 77, 97, ND, NP, samples 17, 19, 28, 29.
Note the negative controls for the second cluster of samples (marked with red arrows) were contaminated during
loading, this cluster was repeated and results are in figure A8.5.

ND NP

1

11

12

72

ND NP

98

106
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Figure A8.4 Gel electrophoresis for positive controls of septic synovial fluid samples in order: Negative control DNA
extraction (ND), negative control PCR (NP), samples 1, 11, 12, 72, ND, NP, samples 98, 106, 109, 112.
Note sample 112 (marked with red arrow) was negative and so was discarded from the study.
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43

44
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71
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NP

113
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X

ND
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91

87

Figure A8.5 Gel electrophoresis for positive controls of septic synovial fluid samples in order: Negative control DNA
extraction (ND), negative control PCR (NP), samples 43, 44, 62, 71, ND, NP, samples 113, 116, 121, 122, contaminated
well (X), ND, NP, samples 15, 91, 87.
Note due to contamination of the well after sample 122 (marked with red arrow) the negative controls for the last cluster of
samples were started one well to the right.
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Appendix 9: Broad range 16S rRNA PCR for diagnosis of
synovial sepsis in horses
Gel electrophoresis images of primer set 1
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Figure A9.1 Gel electrophoresis for 16S rRNA PCR of non-septic synovial fluid samples in order: Negative control DNA
extraction (ND), negative control PCR (NP), samples 128, 129, 130, 141, ND, NP, samples 137, 147, 153, 166.
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Figure A9.2 Gel electrophoresis for 16S rRNA PCR of non-septic synovial fluid samples in order: Negative control DNA
extraction (ND), negative control PCR (NP), samples 4, 5, 20, 148, ND, NP, samples 16, 31 (positive band), 75, 105,
ND, NP, samples 144, 146, 169, 170.

ND NP

68
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Figure A9.3 Gel electrophoresis for 16S rRNA PCR of septic synovial fluid samples in order: Negative control DNA

extraction (ND), negative control PCR (NP), samples 68, 85 (positive band), 88 (positive band/reclassified as clinically
non-septic), and 104.
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Figure A9.4 Gel electrophoresis for 16S rRNA PCR of septic synovial fluid samples in order: Negative control DNA extraction (ND),
negative control PCR (NP), samples 43, 44, 62 (positive band), 71, ND, NP, samples 35 (positive band), 56, 77, 97, ND, NP, samples
17, 19, 28 (positive band), 29.

ND

NP

1

11

12

72

Figure A9.5 Gel electrophoresis for 16S rRNA PCR of septic synovial fluid samples in order: Negative control DNA extraction (ND),
negative control PCR (NP), samples 1, 11, 12, 72.
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Figure A9.6 Gel electrophoresis for 16S rRNA PCR of septic synovial fluid samples in order: Negative control DNA
extraction (ND), negative control PCR (NP), samples 98, 106, 109, ND, NP, samples 113, 116, 121, 122, ND, NP, samples 15
(positive band), 91 (positive band), 87 (positive band).
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Appendix 10: Broad range 16S rRNA PCR for diagnosis of
synovial sepsis in horses
Gel electrophoresis images of primer set 2
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Figure A10.1 Gel electrophoresis for 16S rRNA PCR of non-septic synovial fluid samples in order: Negative control DNA
extraction (ND), negative control PCR (NP), samples 128, 129, 130, 141, ND, NP, samples 137, 147, 153, 166, ND, NP,
samples 4, 5, 20, 148.
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Figure A10.2 Gel electrophoresis for 16S rRNA PCR of non-septic synovial fluid samples in order: Negative control DNA extraction
(ND), negative control PCR (NP), samples 16, 31, 75, 105, ND, NP, samples 144, 146, 169, 170.
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Figure A10.3 Gel electrophoresis for 16S rRNA PCR of septic synovial fluid samples in order: Negative control DNA extraction (ND),
negative control PCR (NP), samples 68, 85, 88 (reclassified as clinically non-septic), and 104, ND, NP, samples 43, 44, 62, 71, ND,
NP, samples 35, 56, 77, 97, ND, NP, samples 17, 19, 28 (positive band), 29.
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Figure A10.4 Gel electrophoresis for 16S rRNA PCR of septic synovial fluid samples in order: Negative control DNA extraction (ND),
negative control PCR (NP) (positive band), samples 1, 11, 12, 72 (positive band), ND, NP (positive band), samples 98, 106, 109, ND,
NP (positive band), samples 113, 116, 121, 122, ND, NP (positive band), samples 15, 91, 87.
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Appendix 11: Broad range 16S rRNA PCR for diagnosis of
synovial sepsis in horses
Gel electrophoresis images of primer set 3
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Figure A11.1 Gel electrophoresis for 16S rRNA PCR of non-septic synovial fluid samples in order: Negative control
DNA extraction (ND), negative control PCR (NP) (positive band), samples 128, 129, 130, 141, ND, NP (positive band),
samples 137, 147, 153, 166, ND, NP (positive band), samples 4, 5, 20, 148.
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Figure A11.2 Gel electrophoresis for 16S rRNA PCR of non-septic synovial fluid samples in order: Negative control
DNA extraction (ND), negative control PCR (NP) (positive band), samples 16 (positive band), 31 (positive band),
75, 105 (positive band), ND, NP (positive band), samples 144, 146, 169, 170 (positive band).
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Figure A11.3 Gel electrophoresis for 16S rRNA PCR of septic synovial fluid samples in order: Negative control DNA
extraction (ND), negative control PCR (NP) (positive band), samples 68, 85 (positive band), 88 (positive band/
reclassified as clinically non-septic), and 104, ND, NP (positive band), samples 43 (positive band), 44, 62 (positive
band), 71 (positive band), ND, NP (positive band), samples 35 (positive band), 56, 77, 97 (positive band), ND, NP,
samples 17, 19, 28
(positive band), 29.
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Figure A11.4 Gel electrophoresis for 16S rRNA PCR of septic synovial fluid samples in order: Negative control DNA
extraction (ND), negative control PCR (NP) (positive band), samples 1, 11, 12, 72 (positive band), ND, NP (positive
band), samples 98, 106, 109 (positive band), ND, NP (positive band), samples 113, 116, 121 (positive band), 122, ND,
NP(positive band), samples 15 (positive band), 91 (positive band), 87 (positive band).
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Appendix 12: Broad range 16S rRNA PCR for diagnosis of
synovial sepsis in horses
Gel electrophoresis images of primer set 4
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Figure A12.1 Gel electrophoresis for 16S rRNA PCR of non-septic synovial fluid samples in order: Negative control DNA
extraction (ND), negative control PCR (NP), samples 128, 129, 130, 141, ND, NP, samples 137, 147, 153, 166, ND, NP,
samples 4, 5, 20, 148, ND, NP, samples 16, 31, 75, 105, ND, NP, samples 144, 146, 169, 170.

ND

NP

68

85

88

104

ND

NP

17

19

28

29

ND

NP

43

44

62

71

ND

NP

35

56

77

97

Figure 12.2 Gel electrophoresis for 16S rRNA PCR of septic synovial fluid samples in order: Negative control DNA
extraction (ND), negative control PCR (NP), samples 68, 85 (positive band), 88 (positive band/reclassified as clinically
non-septic), and 104, ND, NP, samples 43, 44, 62 (positive band), 71, ND, NP, samples 35 (positive band), 56, 77, 97, ND,
NP, samples 17, 19, 28 (positive band), 29.
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Figure 12.3 Gel electrophoresis for 16S rRNA PCR of septic synovial fluid samples in order: Negative control
DNA extraction (ND), negative control PCR (NP), samples 1, 11, 12, 72, ND, NP, samples 98, 106, 109, ND, NP,
samples 113, 116, 121, 122, ND, NP, samples 15 (positive band), 91 (positive band), 87 (positive band).
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Appendix 13: The comparison of 16S rRNA PCR and
microbiological culture for the diagnosis of synovial sepsis in
horses
Statistically non-significant results for comparisons between groups.
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Septic & non-septic
Age
Breed
All
TB & other breeds
Sex
Colt & filly & gelding & mare
Male & female
Limb
Cause of sepsis
Total nucleated cell count
Differential neutrophil count
Total protein
Culture positive or negative for septic cases
Age
Differential neutrophil count
Total protein
PCR positive or negative for septic cases
Total nucleated cell count
Total protein

P value
0.475
0.072
1
0.68
0.767
0.686
0.179
1
0.171
0.437
0.184
0.134
0.287
0.584
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Appendix 14: The comparison of 16S rRNA PCR and
microbiological culture for the diagnosis of synovial sepsis in
horses
Figures of the comparisons between groups
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Figure A14.1 Box plot of the differential neutrophil count of horses with and without synovial sepsis.

Figure A14.2 Box plot of the total nucleated cell counts of horses with and without synovial sepsis.
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Figure A14.3 Box plot of the total protein concentration of horses with and without synovial sepsis.

Figure A14.4 Mean and 95%CI of the total protein concentration of horses with and without synovial sepsis.
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Figure A14.5 Box plot of the age of horses when evaluated according to cause of synovial infection.

Figure A14.6 Box plot of the differential neutrophil count of horses when evaluated according to cause of synovial infection.
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Figure A14.7 Box plot of the differential total nucleated cell count of horses when evaluated according to cause of synovial
infection
.

Figure A14.8 Box plot of the age of horses with synovial sepsis that were culture positive.
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Figure A14.9 Box plot of the differential neutrophil count for horses with synovial sepsis that were culture positive.

Figure A14.10 Box plot of the total nucleated cell count for horses with synovial sepsis that were culture positive.
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Figure A14.11 Box plot of the total protein concentration for horses with synovial sepsis that were culture positive.

Figure A14.12 Box plot of the age of horses with synovial sepsis that were PCR positive.

222

Figure A14.13 Box plot of the differential neutrophil count for horses with synovial sepsis that were PCR positive.

Figure A14.14 Box plot of the total nucleated cell count for horses with synovial sepsis that were PCR positive.
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Figure A14.15 Box plot of the total protein concentration for horses with synovial sepsis that were PCR positive.
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