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Molecular Markers in Haematological and Haemostasis disorders of Animals

Abstract

Molecular markers play a key role in the diagnosis, development, prognosis and subsequent
management and therapeutic options of many diseases in the medical field. Their use in
medicine have proven to have many benefits, not only in the veterinary field but also for
further understanding those diseases associated with public health. Through their
identification, the characterisation and treatment options available for haematological
disorders of both companion and production animals have advanced in recent years.
However, limitations still exist, and further investigations are required to define their

pathognomonic significance and increase their potential for everyday clinical use.

In this review, I look at the advances and challenges currently surrounding molecular
biomarkers and their role in managing some of the more commonly occurring haematological

and haemostasis disorders in veterinary medicine.
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1. Introduction

In this thesis I will be using current literature to investigate molecular markers in the
veterinary field and their use in the management of haematological disorders. | will
particularly focus on those of dogs, cats, horses, cattle, swine, sheep and goats. The aim is to
analyse the current information available surrounding this topic and discuss not only the
benefits and advances surrounding biomarkers, but also the challenges and problems
associated with their use in veterinary medicine today. Fundamentally this research is
important as the identification of such markers and their implementation into clinical care are

important steps towards disease characterization and management in veterinary medicine.

A biological marker, or biomarker in short, has been defined by the National Institute of
Health Definitions Working Group (NIH DWG) as “a characteristic that is objectively
measured and evaluated as an indicator of normal biological processes, pathogenic processes,
or pharmacologic responses to a therapeutic intervention” [1]. They consist of biological
features such as gene variants, circulating proteins or metabolites that have been shown by
genome sequencing and post-genomic technologies to correlate with the disease of interest.
Large scale analyses at the DNA, RNA, mRNA, protein, lipid and metabolite level have been
successful in identifying many different types of biomarkers [2] including those associated
with patient susceptibility, diagnosis, safety and therapeutic response [3]. These markers can
be used, individually or in combination, as disease indicators to improve and accelerate
patient screening and detection [4] by having the ability to “differentiate between two or

more biological states” [5].

The optimization of healthcare of companion animals as well as improving the health,
welfare and production of livestock are all motivating factors for the development of
molecular markers, [1]. Understanding the potential adverse effects these diseases, including
zoonotic and vector borne infections, can pose on human health is also of huge importance
[6], and can aid in the understanding of similar diseases associated with public health [7].
Their application has the ability to improve and develop precision medicine for both human

and veterinary medicine [8].

The application of post-genomic technologies to research animal health and disease has been
somewhat limited compared to human medicine [9]. Animal model studies of human disease

and drug safety trials have significantly contributed to the initial recognition of diagnostic or



prognostic biomarkers [1]. While most proposed biomarkers hold great potential, many are
yet to become widely available or routinely used, and their translation into clinical use in
veterinary medicine has mainly proven successful in cancer, kidney and cardiovascular
disease [2]. This can be due to a variety of reasons including complications in establishing
diagnostic and monitoring cutoff values, lack of sensitivity or specificity and variations in

available assays [1].

Haematological and haemostasis disorders can be inherited, such as haemophilia or von
Willebrand disease, or acquired, (Schalm’s Veterinary Haematology). They can present in a
variety of ways and, if left untreated, can lead to catastrophic states in the affected individual.
Routine Complete Blood Count tests and standard haematology and biochemistry profiles
including typical biomarkers and have long been performed to indicate the presence of such
disorders in a clinical setting [2]. Introducing molecular markers can increase the sensitivity
and specificity associated with their diagnosis, ultimately leading to enhanced patient
monitoring, care and improving clinical outcomes. However, in order to maximise the clinical
potential of molecular markers surrounding these disorders, further research is needed to

improve their diagnostic specificity as many are not yet pathognomonic [1].



2. Literature Review

2.1 The Discovery and Importance of Molecular Markers

Developing reliable biomarkers is fundamental to improving medicine, with their application
being made available to a wide range of fields including diagnostic, prognostic, monitoring or
pharmacodynamics [11]. Technological advances in proteomics and metabolomics as well as
Next Generation Sequencing (NGS) of animal genomes, including dogs, cats, pigs, horses
and cows, has allowed for quicker developments in identifying the presence of a genetic
background to the disease of interest, or a genetic basic resulting in an increased

susceptibility or resistance to disease [12].

There are clear benefits in applying biomarkers to the veterinary field as they help to

accelerate the confirmatory diagnoses that once relied solely on clinical signs and the limited
range of tests available. Without this improvement, treatment was not only delayed which in
the case of infectious diseases, resulted in mass culls and huge economic losses, but industry

and public health also experienced widespread implications [2].

The process for producing an informative biomarker starts with first identifying the target
population and defining species, age, sex, breed and disease status. A single, biological
measurement to signify a disease, track it’s progression and response to therapy should be
identified. Understanding the pathogenesis of the disease in question as well as the
pharmacodynamics and pharmacokinetics of treatment options available, is crucial to develop
reliable biomarkers in diagnosing, staging, and monitoring the disease and its response to
therapy. Collecting the appropriate data and samples, along with suitable analysis, assay
development, validation and regulatory approval are all necessary steps in producing a

biomarker, [13].

Predictive markers, such as positive and negative predictive values (PPV and NPV
respectively), are essential in determining whether a particular marker will be of interest and
produce reliable, useful results in a specific sample population. These markers are dependent
on disease prevalence and can be used to evaluate the diagnostic performance of a biomarker
[14]. Applying multiple markers as well as examining patterns generated can yield more
powerful and reliable results than that of a single marker, therefore accelerating the staging of

the disease or determining a prognosis.



Nucleic acid diagnostic techniques such as Polymerase Chain Reaction (PCR) and
biochemical techniques such as Enzyme Linked ImmunoSorbent Assays (ELISA) and
RadiommunoAssay (RIA) enable new diagnostic and susceptibility biomarkers to be

developed for the early detection of disease for use in clinics [15].

2.2 Challenges in Producing a Reliable Biomarker

The level of complexity involved in biological systems can produce challenges when
generating reliable biomarkers. Limiting the biologic variables originating from different
genetic backgrounds, species, size, age, reproductive status and diet of a sample population
can prove difficult when establishing cut-off values. Differences in sample handling,
environments and stress responses of animals can result in varied data [6]. Using animal
models and a standardised protocol is essential to avoid the introduction of unintentional bias

into the study and allow a number of these variables be regulated wherever possible [16].

Large populations, including samples of both healthy and diseased animals, are required to
validate the association as well as prognostic ability of potential biomarkers. This can prove
difficult in terms of the financial support needed to obtain such sample sizes including both
healthy and diseased controls, as well as the time needed for continuous biomarker
investigations [2]. When translating technologies from experimental stages into a clinical
environment, the practicalities should be considered to ensure it is a feasible and worthwhile
endeavour, [6]. The cost-benefit ratio is an important consideration throughout the biomarker
development stages to ensure the type of biomarker is suitable with the clinical setting it is

being applied to, [2].

Ideally a biomarker for veterinary medicine should be appropriate for use in a primary care
setting and enable animals to be directly monitored for specific diseases. In producing a
reliable biomarker, confirmation that it is not just linked to the disease in question, but
actually predicts or accurately correlates with the clinical outcome is crucial, [1]. Issues
surrounding specificity and sensitivity are among those faced when attempting to translate a
biomarker assay from the laboratory to it’s use in clinic, resulting in many investigations

failing to progress to larger scale investigations required for their validation [6].



2.3 Different Methods of Biomarker Application

Biomarkers can be classified in many ways, the most common of which being according to
their function. In the veterinary field, developing diagnostic biomarkers that aid in the early
detection of disease are prioritised, [2]. These markers can identify those affected by the

disease of interest and can be applied to define a subset of the disease [6].

Susceptibility or risk biomarkers can identify animals of increased resistance or vulnerability
to developing a disease or condition of interest are also of major importance, as their
application can aid in limiting or eliminating the likelihood of the individual becoming
affected. Markers for monitoring patients undergoing treatment, pharmacodynamic markers
to analyse their response to it and safety markers to measure exposure levels in order to
prevent drug toxicity offer support to clinicians and aid in their development of therapeutic
plans [6]. Blood and body fluids such as urine or saliva are the samples most often required to

develop these tests, [11].

The analysis of coagulation parameters can not only indicate the presence of haematological
disorders but neoplastic and oncotic disease too, as excessive activation of coagulation and
extravascular proteolysis has been shown to correspond with tumour growth, vascularization

and metastasis, [17].

2. 4 Haemostasis and it’s Physiological Regulation

Blood consists of both cellular and plasma components. It is essential for transporting
substances such as nutrients, waste and oxygen around the body as well as being a crucial
source of information for coagulation parameters, hypercoagulability, and alterations in
fibrinolysis [18]. There are three cellular elements; red blood cells distribute oxygen
throughout the body, white blood cells protect the individual from infection and platelets
initiate clot formation. Plasma consists of majority water as well as proteins such as

albumin and fibrinogen [19].

The term ‘Haemostasis’ originates from the Greek language and translates as “haeme”
meaning blood, and “stasis” meaning to stop [20]. The concept dates back to the 1960°s

where Davie, Ratnoff and Macfarlane described a “waterfall sequence” or cascade of
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proenzymes that subsequently activate their target substrates through proteolytic cleavage
[21]. There are two independent mechanisms of platelet activation that can stimulate the
initiation of this cascade, the first being dependent on tissue factor localised to the vessel
wall and the second requiring endothelial disruption and subsequent exposure of the

subendothelial matrix proteins, such as collagen [22].

The coagulation process begins with primary haemostasis, whereby vasoconstriction causes
the blood vessels to contract to restrict blood flow, therefore preventing excessive blood
loss through the site of damage. Platelets play a pivotal role by adhering, with the help of
collagen and von Willebrand factor (vWF), to the endothelium of the damaged vessels,
[23]. With the help of thrombin, platelets are then activated which ultimately leads to
platelet aggregation, which are interconnected by fibrinogen. This provides a surface
whereby fibrin strands can polymerize and form a temporary plug and matrix for secondary

haemostasis to solidify, [24].

Secondary haemostasis consists of clotting factors acting in a cascade or sequence of
enzymatic reactions in either an intrinsic or extrinsic coagulation pathway, which converge
at factor X to form a common pathway. The intrinsic pathway includes the clotting factors
I I, IX, X, XI, and XII (fibrinogen, prothrombin, Christmas factor, Stuart-Prower

factor, plasma thromboplastin, and Hageman factor respectively). Factors I, II, VII, and X
make up the extrinsic pathway. The common pathway is initiated via activation of Factor

Xa and consists of factors I, II, V, VIII, X, [24].

These factors comprise of proteins or ‘zymogens’ which circulate in an inactive form until
serine proteases activate them by proteolysis. The active enzyme binds it’s substrate and
subsequently leads to it’s cleavage, acting as a catalyst to activate the next enzyme in the
cascade, [25]. This is a rapid process activated either by exposed endothelial collagen, in the
case of the internal pathway, or through tissue factor (FIII) released by damaged endothelial
cells, in the case of the external pathway, The end result of secondary haemostasis sees
prothrombin activated to thrombin which crosslinks with fibrin to form a stabilised clot, as

seen in figure 1;
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Figure 1. An overview of the blood clotting cascade showing the system and it’s distinct

pathways (adapted from [26])

Fibrinolysis is a highly regulated enzymatic process and essential component of
haemostasis. It ensures thrombus dissolution and the removal of any unnecessary thrombi.
Mediated by plasmin, it results in the cleavage of fibrin, fibrinogen and soluble fibrin

polymers resulting in degradation products such as Fibrin Degradation Products (FDP) or

D-dimer [27].

Many regulatory mechanisms surround the coagulation process to prevent any imbalance
from occurring as this could lead to unwanted thrombosis or fibrinolysis and excess blood
loss. Events such as trauma, infectious agents, surgery or anaesthesia can trigger the
haemostatic system and disturb this delicate equilibrium. Physiological disturbances,
disruptions in primary haemostasis or abnormalities in the blood, plasma or disorders such as

disseminated intravascular coagulation (DIC), may also result in coagulopathies [28].

Physiological anticoagulants such as Antithrombin, Protein C and Tissue Factor
plasminogen inhibitor exhibit regulatory roles over physiological coagulation. Coagulation
enzymes are tightly monitored and inhibited through several mechanisms including enzyme

cleavages, active site blockades, stable complex formations, and substrate modifications [29].
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2.5 Disorders of Haemostasis

Coagulation or haemostasis disorders include any defect or abnormality in blood clot
formation. As the aim of haemostasis is to prevent excess haemorrhaging upon endothelial
injury, abnormalities in coagulation may result in either defective clot formation and
therefore excess blood loss, or alternatively blood hypercoagulability in arteries or veins

predisposing the affected to thrombosis [24].

These abnormalities can be congenital and therefore present at birth, arising from mutations
of genes involved in the coagulation pathway. Von Willebrands Disease (VWD) is the most
common inherited bleeding disorder of dogs which results in a defective or deficient von
Willebrand factor (VWWF) [30]. As VWF is essential for normal platelet adhesion, those
affected with vWD can present with haematuria, epistaxis or prolonged bleeding during

surgical interventions [31].

Acquired coagulopathies, resulting from liver disease or DIC, can appear at any stage in life
and can present with similar coagulation abnormalities but varying background
pathophysiology. Therefore, these cases would ideally be diagnosed early in clinic using
coagulation screening tests to define and efficiently manage them [29]. Due to the majority of
procoagulant factors and anticoagulant proteins C and S being produced in the liver, hepatic
disease can also result in clotting factor defects. Vitamin K deficiencies are also prevalent
among liver failure patients often due to malabsorption [32]. Recent evidence proposes that
tissue factor (TF) acts not only as the primary activator of the coagulation cascade but is a
critical mediator of coagulation in liver disease. Therefore, it can be beneficial to evaluate a

serum biochemistry panel evaluating liver function if a clotting disorder is suspected, [33].

2.6 Clinical Significance & Coagulation tests

Clinical symptoms such as delayed coagulation or bruising deep in the tissues can suggest a
blood clotting defect, while platelet defects tend to present as superficial small bruises,
epistaxis, or prolonged bleeding at injection and surgery sites. Most often, young animals are
diagnosed upon eruption of their adult teeth or during a surgical procedure [30]. Along with
these clinical signs, functional screening tests such as buccal mucosal bleeding time (BMBT),
Activated Partial Thromboplastin Time (aPTT), Activated Clotting Time (ACT),
Prothrombin Time (PT) and Thrombin Time (TT) are routinely used in clinic to assess blood

clotting function in patients by reflecting the intrinsic pathway, extrinsic pathway and
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conversion of fibrinogen to fibrin [34]. Among others, these laboratory tests aid in exposing
the true cause of any unexplained bleeding and identifying coagulopathies. Rapid diagnosis
of these disorders is crucial as, if left untreated, they may lead to the development of anaemia
or severe life-threatening haemorrhaging [31].

Blood coagulation monitoring has become crucial not only in diagnosing the cause of excess
blood loss in a patient, but is also important throughout the process of developing

anticoagulant drugs, determining the risk associated with surgical procedures, and examining
the efficacy of haemostatic therapies [18]. While the functional tests indicate the presence of
a coagulopathy in the individual, quantitative and structural analytical tests can be applied to

specify the underlying cause of the disease [30].

2.7 Activated Clotting Time

2.7.1 Description
Activated clotting time is a rapid screening test for the coagulation factors of both the

intrinsic and common clotting pathways and until recently was the only simple and widely

available way to do so, [35].

2.7.2 Synthesis
The ACT test uses fresh whole blood added to a tube containing a negatively charged

activator to cause the formation of a clot. Previously diatomaceous earth was used as the clot
activator but has been replaced by celite, glass or kaolin activators that can result in variations
in clotting times depending on which is selected. A combination of celine-kaolin-glass beads
are incorporated in some versions of the test [36]. The inclusion of endogenous platelets as a

source of phospholipid is required for the ACT test.

The tube was originally kept at 37°C using a heating block or water bath and tilted slowly
until a clot has formed but is now more often used alongside a fully automated technique

which detects and records the clot formation electronically (37).

Hand-held point of care (POC) devices containing kaolin or celite as activators for clot
formation have been applied to detect canine ACT intervals. These devices provide rapid
results, within 15 seconds, and require only a 40ul blood sample making them extremely

appealing and easy to use in clinic [38].
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2.7.3 Function
ACT measures the time taken, in seconds, for clot formation to occur in fresh non-coagulated

whole blood in a test tube, after a clotting cascade activator such as kaolin or celite is added

[38].

Due to the rapid result generated by the ACT test, it is often used to monitor acute changes
during surgery when anti-coagulants, such as heparin, are used and has been successful in
monitoring heparinised ponies during prolonged cardiopulmonary bypass [39]. However, it
can be potentially misleading in this role due to it’s ability to be influenced by external

factors such as hypothermia or platelet dysfunction [40].

2.7.4 History
The ACT test is a 1966 modification of the original Lee-White whole blood clotting time

assay which was originally developed to monitor patients suffering from haemophilia. This
method left the tube undisturbed for 5 minutes, checking it every minute afterwards for clot
formation, [41]. Unlike most other conventional clotting tests, it is simple, inexpensive,

reproducible and therefore not limited to larger veterinary laboratories [35].

2.7.5 Analytical Method
Variability in test results can occur using the visual clot detection method which was the

original method used, and which determined when a fibrin clot was first detected by vision

alone [42].

Developments of end-point detection via an optical or electromagnetic sensor method, and an
ACT monitor has improved both the accuracy and efficiency of the test. Automated
coagulometers equipped with these sensors has improved the efficacy of the test, as the
change in both viscosity and turbidity is measured during transformation of plasma into a

clot, [38].

2.7.6 Diagnostic Importance
As aPTT can also be used to assess intrinsic and common coagulation pathways, measuring

the ACT has been found to offer no additional information regarding secondary haemostasis
and seemed to produce more variable data than the aPTT method according to Tseng et al.,
2001 [35]. It is less sensitive than aPTT, with a functional or quantitative decrease in

coagulation factors of at least 90% needed to result in a prolonged ACT [43].

However, a study in 2009 showed that ACT has a stronger correlation with inflammatory

markers, such as CRP and could therefore lead to an earlier indication of systemic
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dysfunction [44]. A study by Connell, JM et al., 2007 found that a steer which had a
coagulation defect in factor XI, but showed no clinical haemorrhagic symptoms, would not
have been diagnosed had it not been for the whole blood clotting time assay which was being

done routinely on all calves when the steer was born, [45].

Although ACT alone is sufficient in the demonstration of severe inherited or acquired
coagulopathies, such as haemophilia A or DIC respectively, using it alongside other screening

methods of increased sensitivity is preferred.

2.7.7 Species Differences
Table 1. ACT times among different species (*whole blood clotting time at 42°C). (Adapted

from [36], [45a], & [46])

Species ACT (sec)
Canine 55 -80
Feline 55 -85
Bovine 120-180
Domestic Chicken 8-180 min*

In determining ACT for dogs, no substantial differences exist between male and female dogs
and age and body weight seem to have no influence on ACT [38] and the mean was found to
be 77.5 seconds, [48]. In clinically healthy cats, an ACT of < 165 seconds is considered
normal with on average a range of 55-85 seconds being seen in clinic, as shown in Table 1
[49], [50]. Pigs ACT is on average 64 seconds [51] while sheep ACT range is approximately
195-215 seconds and 155—175 seconds in the goat [45]. Horses ACT has been shown to be 2
minutes 38 seconds [39]. Although there is a lack of key contact factors in avian species,
tubes containing diatomaceous earth have been successful in obtaining ACT for some species

[47].

2.8 Activated Partial Thromboplastin Time

2.8.1 Description
The Activated Partial Thromboplastin Test (aPTT) is an assay that can be used to indicate the

function of the intrinsic and common coagulation pathways. It differs to the ACT in that it is
of increased sensitivity to a deficiency in factors of these pathways. It also does not depend

on platelets to support the reaction, [36].

2.8.2 Synthesis
Many different commercial kits have been produced for widespread clinical use. A variation

of reagents and phospholipids exist, with those involving kaolin and human placenta
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respectively found to be the most sensitive [52]. Each kit contains instructions matching the
manufacturer’s recommendations and reagents either ready for use or needing prior
preparation. The test consists of first preincubating citrated plasma with a surface activator
such as kaolin or ellagic acid to activate factors XII and XI. [53]. CaCl2 is then added, which
triggers a calcium-dependent cascade resulting in a fibrin clot. With this step a stopwatch is
started simultaneously. Coagulation activity (%) is calculated using reference curves

generated as standards for each reagent [52]

Until recently viscoelastic tests were only available in larger clinical labs and referral centres.
The development of a handheld monitor designed for POC use has made viscoelastic
coagulation monitoring more widely accessible, [54]. This device uses 340 pl of fresh, whole
untreated blood transferred immediately after venipuncture onto a disposable cassette and is
taken up via capillary action. The loaded cassette is then placed in the device and analysis
begins on the clotting kinetics. Information is transmitted via optical sensors which measure
both the motor and free moving arm of the device once coagulation is initiated. A receiving
device collects this information, and a graph and series of values are displayed on a monitor

for clinical interpretation [54].

2.8.3 Function
aPTT is a global test, with a heightened sensitivity to low levels of coagulation factors than

ACT. It detects discrepancies in the contact (prekallikrein, high molecular weight kininogen),
intrinsic and common coagulation pathways, occurring due to either a deficiency in

coagulation factors or the presence of inhibitors, [55].

Viscoelastic testing allows for the dynamics of fibrin formation, clot strength, platelet
function and fibrinolysis to be analysed [54], previously overlooked by standard aPTT tests.
This application has not only resulted in accelerated screening for hypercoagulability but also

improved management of haemostasis during and post-surgery [56].

2.8.4 History
The test to measure aPTT is derived from the test originally designed in 1953 to aid

Brinkhous et al. [55] in purifying factor VIII from plasma. In this ‘partial’ form of the test
instead of both the phospholipid and the surface activator being controlled, only the
phospholipid concentration is, [57].

Initially the test involved adding a phospholipid, such as cephalin, as a platelet substitute, as

well as calcium chloride to plasma but was later modified by Proctor and Rapaport who
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added kaolin also [58]. This enhanced the activation of the contact phase, shortened the

coagulation time and increased the reliability of the results, [55].

Viscoelastic monitoring using thromboelastography (TEG) or rotational thromboelastography
(ROTEM) was first introduced in 1910 by Koffman [56] to measure the viscoelastic
properties of clot formation and allow for a more global assessment of haemostasis in the
individual, [59].

2.8.5 Analytical Method
Mathematic modelling can be used to analyse the aPTT test [53] but most labs apply an

automated method using an optical density to indicate clot formation once a certain threshold
is exceeded. It is often analysed in combination with PT, TT and fibrinogen concentration,
[57].

2.8.6 Diagnostic Importance
As well as being involved in identifying any existing deficiency in coagulation factors or the

presence of inhibitors to factors of the intrinsic or common coagulation pathways, a
prolonged aPTT can indicate the presence of acquired deficiencies, such as those resulting
from liver dysfunction or vitamin K deficiency. To be of highest reliability and accuracy, the
interpretation of aPTT is ideally accompanied by prothrombin and fibrinogen concentrations

[36].

More recently, an association between prolonged aPTT and the presence of circulating
anticoagulants such as lupus in those affected by Systemic Lupus Erythematosus has been
identified [60]. As coagulation factors XI, IX, VIII, II and fibrinogen have been recognised as
being risk factors for VTE, a shortened aPTT has enabled the test to be used to categorise
patients at increased risk of developing VTE [61] as well as being the test of choice for dose
adjustment of unfractionated heparin for these patients [55]. aPTT is considered a more
reliable indicator than alternative coagulative tests such as ACT for determining anti-
coagulability, and so is also the preferred method of monitoring for sheep undergoing long-

term treatment with heparin [62].

Liver failure, a vitamin K deficiency or an increased consumption of clotting factors during
DIC can produce a prolonged aPTT along with PT. aPTT proved to be a significant marker of
DIC in cats, as Estrin MA et al. [63] showed it to be prolonged in all cats suffering from this
condition. As there is not one individual marker pathognomonic for DIC, several

abnormalities in the coagulation profile are expected, although variation in synthesis rates of
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clotting factors and their half-lives may result in only one abnormal clotting time (PT or
APTT) showing. In a study of calves suffering from suspected septic shock, a prolonged
APTT and PT, increased fibrin degradation products, thrombocytopaenia and schistocytes

were found to be common abnormalities seen in the coagulation profiles [64].

2.8.7 Species Differences
Ranges can vary considerably between species, as shown in table 2, and between strains

within species, which could be attributed to physiological differences or changes in testing
methodology. It has also been reported that different reagents used can impact the test’s
sensitivity [52], with the type of phospholipid material in the reagent showing correlation to
the sensitivity of the APTT test. As birds lack both factor XII and XI, aPTT endpoints can

vary considerably and are often prolonged compared to those of mammals [46].

Table 2. The Activated Partial Thromboplastin Reference Intervals of Different Species
(adapted from [36a], [47] & [46]).

Species aPTT (sec)
Canine 11-17.5
Feline 15-21
Equine 35.8-48.6
Capri 16.2-24.3
Domestic Chicken 66 - 296

2.9 Prothrombin Time
2.9.1 Description

The Prothrombin test (PT) is used to analyse the coagulation factors of the extrinsic and

common pathways, with the exception of tissue factor (FIIl), [36].

2.9.2 Synthesis

The plasma is incubated at 37 °C with the addition of an activating agent such as
thromboplastin. After plasma recalcification, the time required for fibrin filaments to form is
measured. This can vary between species as shown in table 3. These intervals can also vary
between labs based off the chosen reagent properties, instruments and method followed.
Therefore, results are not directly comparable and reference values are established for each

reagent or laboratory [65].
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2.9.3 Function

The Prothrombin Test (PT) uses citrated plasma to identify any abnormality in the extrinsic
and common pathways (coagulation factors VII, X, V, I, and fibrinogen), with the exception
of Tissue Factor (FIII), by measuring the time necessary to generate fibrin upon the activation
of factor VII.

The test is deemed to be more sensitive for deficient levels of factors than aPTT, as a
prolonged result is seen with even a relatively small drop in levels of factor VII. It is
considered one of the most important coagulation screening tests in dogs, [66].

2.9.4 History
Prothrombin was first hypothesised to exist as a precursor for thrombin by Alexander
Schmidt in the late nineteenth century, upon realising that thrombin could not exist in it’s true

form in the circulation due to its ability to coagulate blood [67].

The PT test was first developed in 1935 by Professor Armand Quick and later altered by
Professor Paul Owren, who changed the reagent used to a combined thromboplastin reagent
[68].

The PT-International Normalised Ratio (INR) value was introduced as a standardisation
system for PT in 1983 by the World Health Organisation (WHO). PT-INR is advantageous
due to it being directly comparable between different laboratories using varying PT reagents.
This enables the production of consistent dosage guidelines and a target anticoagulant
intensity be attained. Target ranges for PT-INR for venous thrombotic syndromes have been
identified as 2.0-3.0, and 2.0-3.5 for valve replacement. Values >4.0-4.5 suggest an
increased risk of bleeding complications, [69]. PT-INR is the preferred method used for those

patients taking anticoagulants such as vitamin K antagonists or warfarin [70].

2.9.5 Analvtical Method

Interpretation of PT should ideally be accompanied with an aPTT test and as with a
prolonged aPTT, a prolonged PT can suggest the presence of either a factor deficiency or a

coagulation inhibitor circulating, [36].

The PT can be measured in plasma via activation of the coagulation cascade with tissue
factor visually detecting clot formation. PT-INR can be used to account for inter-device

variations and different sensitivities to the activator. This conventional method can be timely,
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hindering it’s reliability particularly for those conditions which can change or develop
rapidly, [71].

In dogs, the application of a human POC test for PT is a reliable and cost-effective way of
assessing haemostasis, providing results in minutes. However, when a prolonged PT is
generated, confirmation using a standard method is still recommended (Kelmer, E et al.,
2014). Although confirmational studies are required, when applied to horses this POC device
also proved specific and sensitive to abnormal PT values however, when applied to those
with low PCV (<0.25), the results are less reliable [72].

A Laser Speckle Rheology sensor, is a portable, battery-operated optical sensor, that can be
applied to quantify a patient’s PT/INR within seconds. It does so through the analysis of
fluctuations in laser speckles resembling the alterations in the viscoelastic properties

produced from a blood sample activated by the addition of a thromboplastin reagent, [71].

2.9.6 Diagnostic Importance

The inherited factor VII deficiency is a rare bleeding disorder characterized by a normal
aPTT but prolonged PT. A modified PT using factor VII-deficient plasma is required in order
to confirm a specific factor VII deficiency [36]. Acquired deficiencies are often related to
hepatic synthesis disorder, warfarin therapy, DIC, severe bleeding, or massive transfusion. A
prolonged PT and aPTT can appear in sheep infected with babesiosis, an extremely
detrimental tick-borne disease to sheep and goats, which can indicate the presence of DIC
[73]. Cats and horses suffering with DIC will have a prolonged PT and normal APTT while
the PT of most dogs with DIC tends not to change [74]. As anticoagulant rodenticides result
in a prolonged PT coinciding with a depleted factor V11, measuring PT can also be used for
monitoring a deficiency in vitamin K1 and response to vitamin K therapy and will produce a
prolonged PT result before aPTT [75].

Unfortunately, PT or aPTT do not screen for factor X111 deficiency which was found to be the
most consistent alteration among cats suffering with liver disease. As this factor plays an
important role in regulating fibrinolysis as well as playing a key role in the final stage of the
clotting process, it’s indicated that PT and APTT do not sufficiently represent the entire

clotting process as it occurs in vivo [76].

2.9.7 Species Differences
Although PT has been standardized for domestic chickens, there remains a lack of validated

coagulation tests for nondomestic avian species, limiting the investigation of acquired

21



haemostatic disorders in these species. In 2014, a PT reagent based off human placental
thromboplastin showed promise for potential use in avian species, but further study is still
required [78].

Table 3. Prothrombin Time Reference Intervals (Adapted from [36a], [79], [46], [47])

Species PT (sec)
Canine 11.0-15.5
Feline 15.0-20.0
Equine 16.0-20.0
Bovine 20.1-30.1

Domestic

Chicken 49 - 132
Capra 15.7-19.8

2.10 Thrombin Time

2.10.1 Description
The thrombin time (TT), or thrombin clot time, can be used to analyse the final reaction of

the clotting cascade as it directly measures functional fibrinogen and the time required to

drive the formation of fibrin in the presence of thrombin [27].

2.10.2 Synthesis

The thrombin time test uses citrated plasma which is incubated at 37°C. After the addition of
thrombin, the time necessary for fibrin filaments to form is measured in seconds [66], with
the reference range varying depending on the concentration of thrombin used. It does so by
first directly acting on fibrinogen to produce a soluble fibrin polymer, then converting this to

insoluble or cross-locked fibrin polymer by factor XI11 [66].

2.10.3 Function
Thrombin time directly measures the time needed to convert fibrinogen to fibrin, in a

thrombin solution, and form a blood clot [36]. Along with PT, aPTT, TT is one of the most
useful tests when it comes to coagulopathies and anticoagulant drug monitoring in patients
and can be applied to qualitatively test for unfractionated heparin in blood as it is sensitive to

inhibitors in the plasma, [18].

As the coagulation factors FXI, FVIII, FX and FV are all activated by thrombin resulting in

further thrombin generation, referred to as “thrombin burst”, [80].
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2.10.4 History
Thrombin was first coined by Virchow in 1976 and in the early twentieth century it was

understood that thrombin, once produced from prothrombin could convert fibrinogen to fibrin
[81].

Thrombin Generation Assays (TGA) arrived in the early 1950s from Macfarland and Biggs
which developed over the years to enable computer software to calculate parameters from the
thrombin generation curve or ‘thrombogram’. It was further modified to include a fluorogenic
substrate which can be measured by a 405-nm wavelength upon thrombin splitting. TGA is
also suitable to thrombin measurements in platelet poor plasma due to its ability to be
unaffected by the turbidity of clotting plasma, [82].

2.10.5 Analytical Method

The time taken for a clot to form upon addition of thrombin to plasma is recorded in seconds

by sampling the clotting mixture at regular intervals, [36].

Although used in conjunction with PT and aPTT, TT is considered to be a more sensitive
indicator to low fibrinogen measuring the time taken in seconds for clot formation upon the
addition of thrombin to plasma [36]. A Reptilase Time assay can be applied to exclude any
disturbances to fibrinogen activity due to heparin, as this test is unaffected by it. Therefore, a
prolonged TT result but normal Reptilase Time result indicates the presence of heparin in the
patient’s blood, [83].

TEG and Thrombin generation assays can be used to evaluated thrombin burst times by
analysing the balance between thrombin generation and decay. TGA is ran in an automated
fashion, requiring reagents such as Tissue Factor, Phospholipid, a fluorogenic substrate and
calcium chloride to initiate coagulation. The fluorescent signal produced is recorded by

computer software and to measure thrombin activity [82].

2.10.6 Diagnostic Importance

Usual blood concentrations of fibrinogen range from 1.3g/L — 4.8g/L in dogs, [84]. Abnormal
TT results can indicate the presence of a qualitative fibrinogen abnormality known as
“dysfibrinogenemia” or a fibrinogen deficiency, “hypofibrinogenemia” if the concentration is
< 100 mg/dl. Alternatively, abnormalities may indicate the presence of an inhibitor to
thrombin’s activation [66]. These abnormalities can be caused by a variety of reasons, be it

due to a congenital or acquired background.
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A lack of fibrinogen, afibrinogenemia, or a decrease in concentration, hypofibrinogenemia,
can be acquired, most often due to a consumptive coagulopathy such as DIC, or develop as a
result of impaired hepatic synthesis or through massive haemorrhaging. Since
hypofibrinogenemia is rare in large animals, a prolonged TT is often indicative of the

presence of FDPs in these species [64].

Although rare, primary fibrinogen deficiency can occur, and although there is no specific
treatment available, should be included in differential diagnoses for locked jaw syndrome or
eye protrusions in dogs, especially when young [84]. Afibrinogenemia is a rare bleeding
disorder with an autosomal recessive pattern of inheritance [30] and has been reported in
Saanen goats. Specific factor assays and pedigree analysis are crucial in determining the

definitive diagnosis of the hereditary deficiency, [85].

2.10.7 Species Differences
A qualitative deficiency in fibrinogen (dysfibrinogenemia) is also quite a rare condition in all

species and can be acquired or inherited in an autosomal dominant pattern. In cats, fibrinogen
is an acute phase protein with elevated levels being seen in response to inflammation and

infection. It is less affected by consumption than FXIII in cats with liver disease, [76].

Siller-Matula et al in 2008 showed sheep to need a 100-fold lower dose of thrombin to

decrease the clotting time compared to rats, pigs and rabbits [86].

Table 4. Reference intervals for Thrombin Time Coagulation Test for different species, [36],
[79].

Species TT (sec) \
Canine 5.0-9.0
Feline 5.0-8.0
Equine 5.0-9.0
Bovine 12.4-17.2

2.11 D-Dimer

2.11.1 Definition
D- Dimers are produced during plasmin mediated fibrinolysis, or plasmin-mediated

degradation of cross-linked fibrin and therefore are useful biomarkers of fibrinolysis. They
consist of the D-domains from two adjacent fibrin monomers, cross-linked by their y chains.

[76].
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Figure 2. Pathway illustrating the synthesis of FDPs and D-dimer [36].

2.11.2 Synthesis
D-dimer is a specific product of crosslinked fibrin, generated through it’s plasmin mediated

breakdown, as shown in Figure 2. The exposure of D-dimer allows it to be detectable by

immunological-based methods [36].

2.11.3 Function
D-dimer concentrations are specific for fibrinolysis, with their presence being an indication

of thrombin and plasmin generation. This makes D-dimer concentration measurements
particularly useful in the diagnosis of systemic thrombosis including PTE and DIC, as D-

dimer is more specific for fibrinolysis than FDPs [36].

2.11.4 History
In 1973, Gaffney reported the identification of a unique fragment produced through the

hydrolytic action of plasmin on human and bovine fibrin subsequently known as D-dimer,
and predicted it’s use and detection in assays would be a useful addition to diagnostic tools
[87].

2.11.5 Analytical Method
D-dimer concentrations can be measured using a citrated plasma sample and a variety of

assays, including latex agglutination assays, whole blood agglutination assays or ELISA
techniques, using monoclonal antibodies bound to latex beads against the D-dimer epitope

[27].
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The immunoturbidimetric assay is performed using an automated chemistry analyser, which
measures the change in turbidity once antigen-antibody complexes are formed from adding
monoclonal antibody-coated latex beads to blood samples, [88]. Results are reported as

concentration of D-dimer (ng/ml) compared to the species standard.

A precise value, rather than a concentration range, offers more accurate monitoring for
continuous assessments of patient status. Combining this result with clinical criteria early in
the diagnostic work-up can be useful for ruling out thrombosis and PTE. ELISA assays have
been identified as being the most sensitive method, with the development of a rapid
fluorescence quantitative ELISA assay resulting in a quicker turnaround of results in less than

one hour [89].

An immunometric POC device exists which requires no specialised equipment and is
therefore a very attractive option for clinical use as a screening test for those with DIC or
thromboembolic disease, [90].

2.11.6 Diagnostic Importance
An increased D-dimer concentration has been associated with DIC; an acquired disorder of

haemostasis secondary to systemic inflammatory disease or infection, characterized by the
activation of both the coagulation and fibrinolytic pathways, [63]. DIC is a considerable risk
factor for mortality in all species and therefore requires rapid diagnosis which, along with the
presence of D-dimers, is based off a prolonged aPTT, PT, TT, thrombocytopaenia and

hypofibrinogenemia among others. [63].

An increased D-dimer value is also associated with venous thromboembolic disease, internal
haemorrhage, variceal bleeding, cardiac disease, renal disease, liver disease as well as a
strong correlation existing between D-dimer values and pulmonary emboli [91]. Monitoring
D-dimer concentrations for colic horses at admission and throughout hospitalisation can
function as a prognostic marker and aid in recognising DIC in those with severe
gastrointestinal disease [92]. In a study performed by Dirck et al. [76] an increased D-dimer
concentration was shown to be present in about half of the feline sample population suffering
from liver disease, and was among the most consistent abnormalities of all cats with liver
diseases. A significantly higher D-dimer concentration was also observed in those with

neoplastic, inflammatory liver diseases, and hepatic lipidosis, compared to the control group.

Although difficult to confirm, as cut-off values were previously lacking for cattle, analysis

carried out by Gunes et al., showed D-Dimer to be a sensitive and specific test in cattle
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suffering from theileriosis. It also has the potential to be an accurate marker of BVD-MD,
peritonitis and for identifying cows with Left Abomasal Displacement [91]. In swine, D-
dimer levels were accurately measured using saliva samples and an automated
immunoturbidimetric assay, and were seen to show a positive correlation with an autonomic

nervous system response to stress [93].

D-dimer values have also been shown to be of interest for use as a tumour biomarker and
prognostic marker. A positive correlation has been identified, with higher D-dimer
concentrations in dogs suffering from malignant tumours compared to those with benign
tumours, as well as elevated levels in those with distant metastases. A recent study has shown
that increased D-dimer concentrations subsequently decreased after surgical removal of the
benign or malignant tumour was performed in affected dogs [94] showing a strong
correlation to tumour burden in patients. Boye et al, 2021 showed that D-dimer levels have
the potential to be applied as a prognostic indicator in dogs suffering from non-Hodgkin

Lymphoma [95].

D-Dimer measurement is extremely sensitive but not specific for patients with DIC and
therefore, has been found to be most beneficial when used in tandem with other tests, such as
FDP to maximise both sensitivity and specificity [96]. As it is sensitive to a number of
clinical conditions, including any physiological process leading to increased fibrin
breakdown, it has been found to be of limited use as a lone indicator in diagnosing

hypercoaguable states in dogs [90].

2.11.7 Species Differences
Normally dogs and cats have D-dimer values of <250 ng/ml, whereas healthy horses lie <

500ng/ml but can be as high as 1000 ng/ml as seen in Table 5.

An elevated D-dimer level in dogs has been found to be a sensitive marker of fibrinolysis in
those with DIC, as well as high values being indicative of neoplasia, inflammatory disease or
haemorrhagic effusions [36]. In horses D-dimer concentrations are increased in severe colic
cases and can be applied as a prognostic indicator in these cases [97]. In cats, D-dimer

concentration as a useful tool for detecting DIC or thrombosis is less apparent [36].
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Table 5. Reference Intervals of D-dimer values according to each species, (adapted from

[90], [36], [91], [47)).

Species D-Dimer (ng/ml)
Canine 0-575
Feline 0-250
Equine 0-1000
Bovine 230 - 650
Capra 0-680 .

2.12 Fibrin Degradation Products (FDP)

2.12.1 Description
Assays for Fibrin Degradation Products (FDP) represent the final degradation products

resulting from plasmin acting on fibrinogen or soluble non-crosslinked fibrin, [17] as

demonstrated in Figure 2.

2.12.2 Synthesis
Assays for FDP exist using either serum or plasma. The serum test uses polyclonal antibodies

that cross react with intact fibrinogen and therefore require its removal via Reptilase tubes or

application of an inhibitor [36].

The plasma test is more advantageous as it uses a citrated plasma sample and a latex
agglutination kit consisting of monoclonal antibodies against human fibrin(ogen) degradation

products, that, unlike the serum test, do not cross-react with intact fibrinogen [98].

A plasma FDP kit been successfully used in dogs as it is deemed more sensitive than serum

FDP assays for diagnosing disorders such as DIC or thromboembolism [99].

2.12.3 Function
FDP assays indicate the activation of plasmin as the fibrinolytic system relies on it’s

proteolytic activity [17]. Plasmin acts on the circulating fibrinogen and soluble (non-

crosslinked) fibrin, cleaving them and ultimately producing terminal fragments E and D [36].

2.12.4 History
The products of fibrinolysis were first introduced in 1960 by Nussenzweig and Seligmann

using immunoelectrophoresis and immunodiffusion assays to demonstrate the split products

that present with fibrinogen digestion in vitro [100].
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2.12.5 Analytical Method
Standard plasma FDP kits provide reagents for the detection and quantification of FDP using

latex particles coated with monoclonal antibodies. The concentration of FDP can be
determined through the macroscopic agglutination that occurs between the antibodies and
particles, and comparing this to a positive control, with <5ug/ml plasma being deemed as a

negative result [101].

Plasma FDP assays can also use the immune complexes formed via the antibody-FDP
relationship to produce light scattering, which is proportional to the FDP concentration in the

sample. Turbidity is read at 500- 600nm to measure the amount of light scattering, [102].

2.12.6 Diagnostic Importance
As with D-dimer assays, FDP assays are most beneficial when used alongside other

coagulation tests to fully characterise any disorders present. As any pathologic intravascular
coagulation, thrombosis, or severe internal haemorrhage or liver disease, can result in an
increased concentration of FDP, their detection is not pathognomonic to any one specific

disorder [36].

Most properties of fibrinogen, fibrin and their fragments are of particular interest in tumour
development as they actively contribute to cancer progression. They can stimulate
endothelium indirectly to secrete von Willebrand factor, enabling them to have
proinflammatory activity leading to platelet activation which accompanies neoplastic
disorders, [17]. In dogs with sepsis, both FDP and D-Dimer have been recognised as
important markers as elevated concentrations were identified compared to controls, indicating

fibrinolysis activity [103].

As mentioned previously, the diagnosis of DIC is often based off a number of markers
including FDPs, prolonged aPTT, PT, thrombocytopaenia, phenotypic abnormalities in the
RBCs, decreased levels of coagulation factors and reduced antithrombin activity, [64].

Therefore, an array of these tests is considered most effective when diagnosing this condition.

2.12.7 Species Differences
The canine latex agglutination kits based on monoclonal antibodies used on citrated plasma

samples have been validated, with results < 5 ul/mL being recognised as abnormal. However,
horses with colic as a result of gastrointestinal disorders have increased levels of FDP in
blood and peritoneal fluid than healthy control horses. The plasma and serum FDP assay has

been associated with a higher frequency of false positive results when used in horses and
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therefore are not considered valid indicators of abnormal or pathologic fibrinolysis in horses

with colic, [104].

2.13 Proteins Induced by Vitamin K Absence or Antagonism (PIVKA)

2.13.1 Description
Proteins Induced by Vitamin K Absence or Antagonism (PIVKA) are inactive circulating

precursors; FII, FVII, FIX and FX, that rely on vitamin K for their activation, [105].

2.13.2 Synthesis
The PIVKA test is a modified version of the PT test and uses diluted plasma with a specific

thromboplastin reagent less sensitive to coagulation factors 11, VII and X than that of PT,

[105].

2.13.3 Function
As approximately 4% of animals die due to rodenticide poisoning, whether through malicious

intent or animals such as swine, wild mammals or birds ingesting poisoned rodents [106], the
PIVKA test is considered to be a crucial diagnostic test in veterinary medicine for diagnosing

those suffering from anticoagulant rodenticide poisoning.

2.13.4 History
The PIVKA test was first introduced into veterinary medical literature in 1986, [105] and has

since been demonstrated to be a sensitive and diagnostic marker in distinguishing

anticoagulant rodenticide intoxication from other coagulopathies [106].

However, some controversy surrounds the PIVKA test as to whether it is sensitive to an
increased concentration of these nonfunctional precursors or rather just a decrease in

concentration of the specified coagulation factors, [105].

2.13.5 Analytical Method
The PIVKA test has been shown to be most beneficial when used concurrently with other

coagulation tests such as PT in detecting prolonged clotting times, with a threefold increase

indicative for diagnosing rodenticide poisoning [106].

2.13.6 Diagnostic Importance
Rodenticide poisoning inhibits vitamin K epoxide reductase; an enzyme required for the

regeneration of vitamin K, necessary for the synthesis of factors I, VII, IX and X. Therefore,
poisoning ultimately results in a decreased concentration of the functional hepatic
coagulation factors, and an increase in nonfunctional factors or PIVKAs [107]. An acute

deficiency in vitamin K, characteristically recognised by disturbed coagulation, can also be
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induced by therapeutic oral anticoagulants, such as warfarin, which act as vitamin K

antagonists [106].

In differentiating the presence of alternate haemostatic disorders, such as DIC, the addition of
PIVKA to the coagulation tests performed has proven to be of value as, unlike aPTT, PIVKA
values do not increase and remain below critical value, allowing clinicians to exclude

rodenticide poisoning in the differential diagnoses [105].

The PIVKA test has also been identified to be a potentially useful marker of mast cell
tumours in dogs and cats, as heparin, a bioactive substance released from the cytoplasmic
granule of mast cells, results in an increased PIVKA value, [105]. Mast cell tumours are
ideally identified and surgically removed before any regional or distant metastases has

occurred, as they have the potential to be malignant and threaten the life of the affected [108].

2.13.7 Species Differences
A hereditary deficiency in factors 11, VII, IX and X occurring in Rambouillet sheep was

identified though applying the PIVKA test to plasma. This deficiency resulted in increased
lamb mortality due to excess blood loss through the umbilicus or into subcutaneous tissue,

[109].

The use of PIVKA tests has, to my knowledge, not yet been fully explored in horses but
could be of use in exploring coagulopathies induced by vitamin K antagonists, as

discrepancies in PT results among species has been noted [69].

2.14 Russell Venom Test

2.14.1 Description
The Russell Venom Viper Test (RVVT) is a widely used laboratory test for identifying the

presence of acquired autoantibodies, known as Lupus Anticoagulants (LA’s) or anti-
phospholipid (aPL) antibodies. These are IgG or IgM immunoglobulins known to inhibit
procoagulant phospholipid complexes or anticoagulant phospholipid dependent reactions

[110].

2.14.2 Synthesis
Russell’s viper venom of the Daboia species has a serine protease, which activates factor V

and a metalloprotease, which activates factor X. The dilute test (ARVVT) uses diluted venom

and a limiting concentration of the phospholipid reagent, [111].
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The dRVVT is performed by incubating a small volume of plasma (0.1ml) with equal volume
of dilute venom and phospholipid at 37°C for 30 seconds. Clotting time is recorded after the
addition of calcium chloride, [111].

2.14.3 Function
RVVT is used to directly activate factor X, which in the presence of factor V and

phospholipid, converts prothrombin to thrombin and forms a fibrin clot. As the dilute test
results in a prolonged clotting time, excess plasma or phospholipid can be added to
differentiate whether anti-phospholipid antibody concentrations or a deficiency in coagulation

factors is the cause [36].

2.14.4 History
Recognised in 1948 in patients suffering with Systemic Lupus Erythematosus [112], LAs

result in a prolonged clotting time and, contrary to what their name indicates, are highly

associated with thrombotic events [113].

The Russel Venom viper was originally recognised by Dr. Patrick Russell in India in 1796,
while Dr. Robert McFarlane later applied it to people suffering with haemophilia [114]. The
test dates back to 1975, with the dilute test being later applied in 1985 for LA diagnosis in a
large sample population [111].

2.14.5 Analytical Method
The Dilute RVVT (dRVVT) is not affected by inhibitors of factor VIII or IX and therefore is

more sensitive for detecting LA than other coagulation tests due to it’s phospholipid reagent
being rate limited, [115]. Other LA assays such as the kaolin clot time or thrombin
thromboplastin inhibition time are alternative methods to dRVVT in identifying LA patients
[116]. It has been shown that a combination of assays or different test methods followed by a
confirmational functional clotting test yields the highest accuracy in excluding or detecting
LA[117], with RVVT and aPTT being the highest recommended tests to be used in
combination. Compared to aPTT, RVVT is a shorter coagulation pathway test as it is directly
initiated by the effect of the venom on factor X and is recognised to have increased sensitivity

to LA [113].

2.14.6 Diagnostic Importance
As concomitant anticoagulant therapy, such as the vitamin K antagonists heparin and

warfarin, or direct thrombin inhibitors, can interfere with RV VT, applying the test for LA can
yield false positive or negative results in their presence,-Although this suggests a role for

RVVT in identifying the presence of such anticoagulants, this sensitivity can reduce the test’s
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specificity to LA and therefore an exclusion test such as TT can be performed prior to RVVT

[116].

A study in 2011 used dRVVT to detect LA in dogs suffering from immune mediated
haemolytic anaemia, spontaneous thrombosis and hyperadrenocorticism. However, although
rare in healthy dogs, those found those with aPL present had no increased risk of thrombosis
[118]. Unfortunately, the conventional RVVT cannot be used in birds due to phospholipids in
the rabbit-brain cephalin inhibiting coagulation when RVV is present. However, using
purified factor X activating enzyme can reduce this disruptioin, [119]. In deer infected with
epizootic haemorrhagic disease, abnormal RVVT results reflected reduced numbers and

functioning platelets while prothrombin time showed no significant change [120].

2.14.7 Species Differences
The dRVVT test results can vary between species and depending on the concentration of

phospholipids involved in the test. Canine dRVVT results were found to average at 21.2
seconds [118] while an interval of 9-16.1 seconds was identified for domestic turkeys and

11-17 seconds being that for vultures [46].

2.15 Antithrombin

2.15.1 Description
Antithrombin is a single-chain glycoprotein belonging to a family of serine protease

inhibitors (serpins). Produced primarily in the liver and to a lesser extent in the endothelia of
blood vessels, it is an extremely important coagulation inhibitor as it inactivates thrombin as
well as factors Xa, XIa XlIIa, [Xa, and when in the presence of heparin, Factor VIIa [121].
This class of inhibitors employ a “suicide-substrate” mechanism, luring their target enzyme
by mimicking their substrates, then form a stable complex through binding and inducing a

conformational change [122].

2.15.2 Synthesis
Citrated plasma is collected and added to a reagent containing heparin, excess thrombin and a

chromogen-labelled thrombin specific substrate. Chromogen released by thrombin-mediated
cleavage of the substrate is measured, with the amount being proportional to the residual
thrombin activity, which in turn is inversely proportional to the level of antithrombin activity
[36].

Measurements can also be obtained through the inhibition of FXa. In this assay, excess FXa
is added that is inhibited in the presence of AT, resulting in a lack of chromogenic substrate
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cleavage. As AT activity is inversely proportional to the amount of substrate produced, low

concentration of AT results in more substrate cleavage [36].

2.15.3 Function
Assays for antithrombin levels mainly measure either functional activity or protein quantity

to determine whether any qualitative or quantitative defects are present, to identify those at

increased risk of unwanted coagulability [123].

2.15.4 History
The discovery of heparin by McLean in 1916 and the later identification of pro-antithrombin

led to better understanding of these circulating anticoagulants, [124]. A deficiency in
antithrombin was originally recognised in 1965 by Egeberg to be related to an increased
likelihood of thrombotic events, [125], with new methods to measure its concentration and
the natural inhibitor of FX being devised in 1970 [126].

2.15.5 Analytical Method
The functional activity assay is based on the ability of the sample plasma to inhibit an excess

of either thrombin or factor Xa, with results being expressed as percent activity compared to
reference plasma, [36]. Upon the substrate being cleaved by thrombin, a chromogenic
compound is released. A spectrophotometer detects the change in absorbance, usually at 405

nm, which is inversely proportional to antithrombin activity in the patient plasma, [123].

Immunological methods such as ELISA, radial immunodiffusion and immunoturbidimetric
methods are available for measuring antithrombin antigen levels. Latex agglutination
methods also are available however are less reliable. The type of assay and incubation time

can influence both the sensitivity and specificity of the activity assays, [123].

2.15.6 Diagnostic Importance
Decreased concentration of antithrombin has been shown to predispose patients to thrombotic

events, organ failure and may ultimately result in death, by causing a shift in haemostasis
towards hypercoagulability. In dogs, hypo-antithrombinemia has been reported in
hepatobiliary disease, porto-systemic shunt, sepsis, DIC, Protein Losing Nephropathy,
congestive heart failure, trauma, neoplasia, and immune-mediated haemolytic anaemia
(IMHA), and after surgery. Increased consumption through inflammatory disease or surgery,
reduced synthesis due to liver disease, or loss through haemorrhage, increased capillary

permeability or proteinuria are the main mechanisms leading to an AT deficiency [121].
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Elevated plasma levels of antithrombin III have been identified in diabetic dogs [127], as well
as in cats with Feline Infectious Peritonitis, cardiac disease and hyperthyroidism [36] toxic
neutrophils and hypoalbuminaemia were also less common in cats with higher AT
concentrations [128]. It is possible that high antithrombin activity play a protective role

against excessive coagulation activation [127].

In human studies AT has been identified as a marker with potential use in prognostics as well
as in therapeutic planning, which could also be true for animals. Although alone found to be
unsuccessful in diagnosing sepsis in neonatal foals [129], it has been shown in humans that a
critical and immediate thrombotic risk exists when AT Activity is 30%, a high thrombotic risk
at 60%, and potential hypercoagulability when activity is above 60%, [121]. Therefore,
further research into it’s prognostic ability in animals is warranted as hypo-

antithrombinaemia is increasingly associated with a high risk of mortality.

2.15.7 Species Differences
Antithrombin levels can differ between animal species, as shown in Table 3. The half-life in

dogs is quite short, being 1.7days on average, [128].

Table 3. Antithrombin values as % for each species. Adapted from [36a] & [47].

Canine 65 - 145 %
Feline 75-110 %
Equine 85-130 %
Bovine 80 - 153 %
Capra 108.6 - 156.5 %

2.16 Problems Associated with Coagulation Tests
The current lack of cut off values available in veterinary literature creates a huge challenge in

producing reliable results, as a lack of comparative data limits the reliability and therefore
credibility of the data generated in research studies. For example, Gunes et al 2017
established the D-dimer cut-off value for the first time, as well as it’s specificity and
sensitivity in cattle affected with theileriosis, and therefore were unable to compare their

values to others of the same animal species [91].

Investigations into acquired haemostatic disorders in avian species is also limited as, although

the PT has been standardised for domestic chickens, validated coagulation tests are lacking in
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non-domestic species [77]. This may prove problematic in terms of misinterpreting and
therefore misdiagnosing cases. Viscoelastic assays used for parrots revealed inaccurate clot
formation times and clot strengths as the conditions of the test may not represent those
optimised for birds, [46]. Unique challenges are faced in biomarker development in
veterinary medicine from the need to qualify each biomarker multiple times, for each

applicable species, [2].

Variations may be seen among coagulation tests results for several reasons and cause
potential discrepancies to develop among studies. Considering TP, venipuncture technique,
sample handling and storage methods, type and lot number of thromboplastin used, and the
test method, including that of endpoint determination can all contribute to the production of
variable results. The widespread use of similar tools, reagents and methods may enable
significant comparisons of coagulation test results take place between clinics and facilitate

multi-centre coagulation studies [35].

2.17 Future of Biomarkers & Their Use in Veterinary Medicine

Monitoring blood coagulation with a high degree of both accuracy and reliability is of huge
importance in all aspects of medicine today. Advancements in artificial intelligence and
machine learning have the potential to improve how we diagnose and manage disease in
veterinary medicine. The development of algorithms to measure multiple parameters
simultaneously throughout a diagnosis or treatment plan and discover patient specific
patterns, would hugely benefit patient care and be potentially one of most noteworthy

achievements in coagulation measurement technologies [18].

Recent advances in post-genomic research are mostly due to public repositories, such as
GenBank and MSDB, for genomic and proteomic information. Whilst databases for
metabolomic studies remain less developed, appropriate bioinformatic resources are
increasingly becoming available [6]. Similarly, databases specific for veterinary medicine
have been limited compared to that of human medicine, as the genome sequences of many
animal species have proven difficult to structurally and functionally annotate [6]. Genome
projects focused on those species and diseases of highest biological and economical
importance will help to develop species specific assays, and provide an extremely useful tool

for those involved in veterinary research.
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Although viscoelastic assays, such as TEG, provide additional insight into haemostatic
function compared with traditional plasma-based tests such as PT and aPTT [130], the
production of a method to evaluate the entire coagulation process could provide further
insight and better reflect bleeding and thrombotic tendencies. This method would ideally
reflect all components and interactions involved during coagulation, including the
endothelium, platelets, coagulation factors and their inhibitors, as well as fibrinolysis and

blood flow [131].

3.0 Conclusion
The identification and development of molecular markers have resulted in significant

advances in veterinary medicine, not only the early diagnostics of animal disease, but in their
management and treatment too. As mentioned previously, monitoring coagulation and the
factors involved contributes enormously not only in determining the underlying cause of
excess haemorrhaging or blood loss in a patient, but also to the pharmaceutical industry as it
can aid in both the developmental stages of medications as well as in determining their

efficacy during treatment.

Although there have been many developments and advances over the years, many challenges
still surround that of biomarkers, their development and application to the field of veterinary
medicine. Unfortunately, as discussed, of the many biomarkers identified few have made
their way into routine clinical use compared to that of human medicine. Problems associated
with the developmental stages of these markers, including their application and reliability in
different species as well as in achieving a high level of specificity and sensitivity, delay or

prevent their progression to the large-scale studies required for their proper validation.

Further research into the development of molecular markers and their application to a wide
range of domestic species will prove invaluable in accelerating and enhancing our knowledge
surrounding disease in veterinary medicine, and guide how we diagnose, manage and prevent

disease going forward.
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