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Abstract 

Snake venom-induced consumption coagulopathy (VICC) is an important 

syndrome resulting from snake envenomation. The prothrombin activator notecarin D is 

responsible for this coagulopathy in tiger snake (Notechis scutatus) envenomation. In dogs, 

the presence of this coagulopathy is used to assist with the diagnosis of snake 

envenomation and, in some cases, can produce clinical signs associated with a 

coagulopathic envenoming. There are subtle differences in this syndrome between dogs 

and people, particularly concerning the development of clinical signs.   

Chapter two reviews tiger snake envenomation and the consequent VICC in 

Australian dogs with comparisons to human literature. The VICC syndrome between the 

two species share many clinical similarities; the key difference lies in the significance of 

clinical haemorrhage in people when compared with dogs. A brief overview of coagulation 

and coagulometry is provided. Chapter three is a prospective observational cohort study 

characterising the coagulation factor activity patterns in VICC from naturally occurring 

tiger snake envenomation in dogs. The changes in coagulation factors in a study cohort of 

tiger snake envenomed dogs were compared to a healthy control cohort. Fibrinogen, factor 

V and factor VIII were identified as the most consumed factors and displayed the fastest 

recovery to control values. Tests of coagulation times (i.e., prothrombin time and activated 

partial thromboplastin time) were similarly affected. Additionally, higher serum tiger snake 

venom concentrations were associated with greater reductions in factors II, V and VIII, 

and greater prolongations in both coagulation times.  

The elucidation of the consumption and recovery pattern of coagulation factors in 

dogs, contrasted with that of people, provides insight into the underlying mechanisms of 

tiger snake VICC and its treatment. This information can be used for further diagnostic 

and therapeutic endeavours. 
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1.1. Main introduction 

Snake envenomation in Australia leads to various syndromes secondary to the 

toxins found in venom. Snake venom-induced consumption coagulopathy (VICC) is an 

important feature of snake envenomation in dogs and people (Johnston et al., 2017; 

Mirtschin et al., 1998). Neurotoxicity and myotoxicity are other features of tiger snake 

envenomation, and play an important role in respiratory failure and death (McColl, 1994). 

In Melbourne, tiger snakes – compared with brown snakes, which are more common in 

other parts of Australia – are the usual suspects of snake envenomation in dogs (Barr, 

1984; Hill, 1979; Indrawirawan et al., 2014).  

Tiger snake venom – like other venoms – is a cocktail of numerous bioactive 

proteins (Birrell et al., 2007). It is the notecarin D toxin, a prothrombin activator, in tiger 

snake venom that provides the mechanism for tiger snake VICC (Isbister, 2009). 

Activation of the coagulation system by the prothrombinase complex – assembled with 

activated factor X and factor V to produce thrombin for formation of a clot – leads to 

consumption of various coagulation factors and the characteristic consumptive 

coagulopathy (Isbister et al., 2010). In dogs, clinical signs of tiger snake VICC are 

sometimes apparent following envenomation, however it is the laboratory features of tiger 

snake VICC that are most commonly detected (Indrawirawan et al., 2014; Kelers, 2005). 

These dose-dependent perturbations in coagulometry are appreciated at venom 

concentrations above the lethal dose (Lewis, 1994a).  

This thesis provides a background on tiger snakes, tiger snake envenomation in 

dogs and an in-depth review of the current literature with regards to tiger snake VICC in 

dogs. Comparisons are made to tiger snake VICC in people. The coagulation system and 

current trends in coagulometry are discussed. A prospective observational cohort study 

characterising the coagulation factor activity changes in naturally occurring tiger snake 

VICC in dogs is included. In this study, coagulation factors are measured in a cohort of 

tiger snake envenomed dogs during treatment and compared to a healthy control cohort. 

Serum tiger snake venom concentrations are analysed alongside the coagulation factor 

activity. 

Advances in assessment of the coagulation system have superseded the existing 

understanding of tiger snake VICC in dogs. There are no published reports measuring 

coagulations factor activities following tiger snake VICC in dogs. This novel information 

will help direct diagnostics and therapeutics surrounding VICC in dogs. When comparing 

results with those of people, the differences in deficiencies and recovery may provide 
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insight into the heterogeneity of bleeding tendencies and thus future therapies. This thesis 

contributes to the “OneHealth” approach to medicine.  
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 Chapter 2 

Review of tiger snake venom-induced consumption 

coagulopathy in dogs 
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2.1. Introduction 

In Australia, snake envenomation accounts for a substantial proportion of 

emergency cases seen by veterinarians (Mirtschin et al., 1998) and are a leading cause of 

envenomation in people requiring medical attention (Welton et al., 2017). There is a 

mortality rate of up to 69% in untreated dogs (Mirtschin et al., 1998). Dogs treated with 

antivenom have a 95% survival rate (Indrawirawan et al., 2014). The venomous snake 

family Elapidae includes tiger snakes (Notechis scutatus) which is one of the two most 

commonly encountered species in Australia (Mirtschin et al., 1998). The brown snake 

species (Pseudonaja sp.), also of the elapid family, is intimately related to tiger snakes in the 

context of clinical envenomation.  

Snake envenomed dogs generally present for clinical signs associated with 

neurotoxicity, myotoxicity and coagulopathy (Heller et al., 2005; Holloway and Parry, 1989; 

Indrawirawan et al., 2014). These clinical signs manifest as acute-onset weakness/paralysis, 

or pre-paralytic signs (e.g., collapse, vomiting, diarrhoea, trembling and tachypnoea with 

apparent recovery) (Lewis, 1994b). Venom-induced consumption coagulopathy (VICC) is 

evident as clinical haemorrhage and on coagulometric testing in a dose-dependent fashion 

(Lewis, 1994a). In tiger snakes, VICC is a consequence of prothrombin activators in the 

venom (Lu et al., 2005).  

This review will focus on the tiger snake and its interactions with dogs and people. 

Owing to the overlap in the literature, the brown snake is also referenced. The 

coagulopathy associated with tiger snake envenoming will be explored and compared with 

human literature. A brief overview of coagulation and coagulometry in the dog is included. 

 

2.2. Tiger snakes (Notechis scutatus) 

2.2.1. Elapid snakes 

Snakes and people have a tumultuous history; snakes readily elicit fear and are 

subject to many religious and mythological anecdotes (Stanley, 2008). Whilst not all snakes 

in Australia are considered dangerous, those that are venomous belong to the family 

Elapidae (White, 1991). They share a characteristic proteroglyphous (front-fanged) feature 

that allows for the deposition of venom into the target species (Knight and Mindell, 1994); 

aside from this, elapids are extremely morphologically diverse (Keogh, 1998; Wilson and 
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Swan, 2013). These carnivorous reptiles can be found throughout Australia and exhibit 

significant allopatry; usually only one species or population of snakes inhabits a specific 

geographical area making it the most common species encountered (Shine, 1977). In 

Victoria, all snakes encountered in urban areas are venomous (Coventry and Robertson, 

1991). During winter (June – August), elapids remain inactive and take cover on raised 

ground (Shine, 1979).  

Unfortunately, it can be difficult to correctly determine the snake species. In an 

open survey of 558 attendees to a university open day, only 19% of subjects could correctly 

identify the species of presented snake specimens (Morrison et al., 1983b). Snakes are 

protected under the Wildlife Act 1975 (Wildlife Act 1975, 2007) and should not be harmed. 

Snake controllers in Melbourne are called to private properties to capture up to 300 snakes 

per year for relocation (Clemann et al., 2004). From a human medical perspective, snake 

envenomation is the third most common cause of hospitalisation of envenomed patients – 

lagging just behind wasps/bees and spiders – with tiger and brown snakes representing the 

leading causes of death from snake bite (Sutherland, 1992; Sutherland and Leonard, 1995; 

Welton et al., 2017). Compared to other Australian states, Victorians observe more tiger 

snake envenomations; 32% of tiger snake envenomations in Australia occur in Victoria 

(Allen et al., 2012). This is compared to 1% of Australian brown snake envenomations 

occurring in Victoria (Isbister et al., 2012). This is mirrored in the veterinary patients 

(Mirtschin et al., 1998). The tiger snake is the most important venomous snake species in 

Victoria. 

 

2.2.2. Tiger snake taxonomy 

The tiger snake (Notechis scutatus, Peters, 1861) is currently the only species of the 

Notechis (Boulenger, 1896) genus, within the class Reptilia and order Squamata (“Integrated 

Taxonomic Information System,” 2019). Early taxonomy of Australian venomous snakes 

was rife with varied, and often incorrect, descriptions (Williams et al., 2006). Previous 

taxonomists described various subspecies of N. scutatus including: N. scutatus scutatus (Peters, 

1861), N. scutatus ater (Kellaway and Thomson 1932), N. scutatus niger (Kinghorn, 1921), N. 

scutatus serventyi (Worrell, 1963), N. scutatus humphreysi (Worrell, 1963) and N. scutatus 

occidentalis (Glauert, 1948); and a separate species named Notechis ater (Krefft, 1866) with 

further subspecies of N. ater ater (Worrell, 1963), N. ater serventyi (Worrell, 1963) and N. ater 



 

 

7 

 

humphreysi  (Worrell 1963) (Cogger, 2014; “Integrated Taxonomic Information System,” 

2019; Rawlinson, 1991). Recent molecular phylogeographical research – the study into the 

geographic distribution of populations – has helped clarify the taxonomy and 

nomenclature. Notechis ater has been dissolved into N. scutatus as a single polymorphic 

species, a grouping that was previously alluded to by early researchers (Keogh et al., 2005; 

Schwaner, 1990). The current list of N. scutatus subspecies is restricted to N. scutatus scutatus 

(Eastern tiger snake) and N. scutatus occidentalis (Western tiger snake) (“Integrated 

Taxonomic Information System,” 2019). Early discrepancies were due to the polymorphic 

feature of tiger snakes which is appreciated at the species, population and even individual 

level.  

 

2.2.3. Tiger snake distribution & habitat 

Tiger snakes can be found in most states of Australia including Victoria, 

Queensland, New South Wales, South Australia and Western Australia (Shea, 1999). A 

common feature of their habitat is warm and wet climates – particularly lowland swamps – 

in the southern parts of Australia (Rawlinson, 1991; Shine, 1977). The distribution around 

Australia is based on habitat preference and prey availability. Their habitat preference is 

diverse and includes rainforests, woodlands, marshlands, grasslands, heats and river 

floodplains (Cogger, 2014). As an example of polymorphism at the population level, tiger 

snakes exhibit adaptive plasticity and are susceptible to environmental pressures which 

allows them to better engage with the areas they inhabit (Aubret et al., 2004). Tiger snakes 

tend to aggregate in areas with greater prey resources (Schwaner, 1991). Frogs, nestling 

birds and lizards constitute preferential prey (Shine, 1987, 1977). Locomotion (e.g., 

terrestrial, arboreal and aquatic) is adapted to suit the habitat and prey. In wet areas the 

ability to swim is advantageous, whilst the ability to climb is favoured when predating upon 

nestling birds (Aubret, 2004; Webb, 1981). Response to predation also changes their 

defensive behaviour (Aubret et al., 2011). Adult snakes in areas with higher populations of 

people are more likely to be aggressive than their counterparts in non-urbanised areas 

(Bonnet et al., 2005). Tiger snakes exhibit preference to environments that they were 

exposed to as neonates, a further example of plasticity (Aubret and Shine, 2008). This 

allows them the ability to inhabit any environment, and it would appear that they have 

made a niche in wet, low-land swamp areas of Australia (Wilson and Swan, 2013). 
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Consequently, translocated tiger snakes caught by snake controllers have a different habitat 

preference to the resident snakes at the translocated site, and travel far from the 

translocated site with a larger range (Butler et al., 2005a, 2005b). 

 

2.2.4. External identification features of tiger snake 

The defining feature of the Australian elapids is the presence of proteroglyphous 

fangs. These are characterised as immobile hollow fangs for venom deposition, found at 

the most rostral part of the maxilla (Fairley, 1929; Knight and Mindell, 1994). Mainland 

tiger snakes have an average snout-to-vent length of 78 – 93 cm that can measure up to 

178 cm with males being larger than females (Shine, 1987). On the mainland, Victorian 

tiger snakes are the largest, while those on small islands surrounding Australia are larger 

than the mainland counterparts (Keogh et al., 2005; Schwaner and Sarre, 1990). 

Differences in prey size have been found to affect tiger snake size in that tiger snakes with 

access to larger prey (e.g., seagull chicks) had larger jaw sizes and more scales, compared 

with those feeding on smaller prey (e.g., frogs) (Bradshaw et al., 2004). The selection 

pressures on island snakes, such as size of available prey and seasonally available prey, are 

much larger when compared with mainland snakes, accounting  for the larger snakes on 

islands (Keogh et al., 2005). For example, on Chappell Island, the average tiger snake 

snout-to-vent length is 131 cm. (Schwaner and Sarre, 1988).  

Other important anatomical features of tiger snakes build the foundation for 

species identification, foremost scalation patterns. Tiger snakes have a broad, flat head, 

smooth scales with a large frontal scale that is more square than rectangular (Figure 2.1). 

They have 15 - 21 rows of scales at the mid-body, a single undivided anal scale, and 35 – 65 

entirely single undivided subcaudal scales seen in figure 2.2 (Cogger, 2014; Coventry and 

Robertson, 1991; Rawlinson, 1991; Shea, 1999; Wilson and Swan, 2013). Tiger snake colour 

can vary from light brown to black, and includes alternating light and dark banding 

(Coventry and Robertson, 1991).  
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Figure 2.1. Representative figure of head scales of elapid snakes. The frontal scale is 

located between the supraocular scales Reproduced with permission (Wilson and Swan, 

2013). Copyright 2013, New Holland Publishers. 

 

 

Figure 2.2. Underside of the caudal body and tails showing differences in division of anal 

scales and sub-caudal scales. Brown snakes (left) have a divided anal scale, whilst tiger 
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snakes (right) have an undivided anal scale. Reproduced with permission (Wilson and 

Swan, 2013). Copyright 2013, New Holland Publishers. 

 

2.2.5. Tiger snake venom 

There is an extensive, and active, body of research pertaining to snake venomics – 

the combined proteomics, genomics and transcriptomics of snake venom – with particular 

focus on the natural function of the constituent toxins and how they can be exploited 

medically (Fry, 2005; Tasoulis and Isbister, 2017; Wilson and Daly, 2018). The definition of 

venom appears to vary in the literature. Recently, this has been summarised by Arbuckle 

(2017) as “a biological substance produced by an organism that contains molecules 

(“toxins”) which interfere with physiological or biochemical processes in another organism, 

which has evolved in the venomous organism to provide a benefit to itself once introduced 

to the other organism. The venom is produced and/or stored in a specialized structure and 

actively transferred to another organism through an injury by means of a specialized 

delivery system”. This is a synthesis of previously described venom attributes by Nelsen et 

al. (2014) and Fry et al. (2009). There is debate surrounding the proposed mechanisms for 

the early venom development in the venomous animal. Initial hypotheses suggested that 

genes were duplicated from various body organs, then recruited into venom glands to 

develop toxic characteristics (Fry, 2005). Recent studies have disputed this by 

demonstrating the expression of venom toxins in many tissues of non-venomous animals, 

but restricted to the venom gland in venomous species (Hargreaves et al., 2014a, 2014b). 

Ultimately, venom is a deadly mixture of proteins and peptides used by tiger snakes for 

prey immobilisation (Wilson and Swan, 2013).  

At the first strike, tiger snakes can deposit an average of 13 mg of venom, with up 

to 23 mg recorded (Morrison et al., 1983a). Subsequent bites can contain 20 – 30% of the 

previous bite (Morrison et al., 1982). In venom milking studies, the average venom yield for 

mainland tiger snakes is 24 – 42 mg, with a maximum of 695 mg reported (Mirtschin et al., 

2006; Sutherland and Tibballs, 2001). Tiger snake species found on islands had an average 

venom yield of 53 – 110 mg, with a maximum of 636 mg (Mirtschin et al., 2006). The 

venom yield for a given tiger snake is mostly affected by body size – a characteristic that is 

intrinsically linked to sex and geographic origin – in that larger snakes have a higher venom 

yield (Mirtschin et al., 2002). The LD50 (i.e., median lethal dose) for intravenous tiger snake 

venom in mice is 0.03 mg/kg for adult tiger snake venom and 0.06 mg/kg for juvenile tiger 
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snake venom (Tan et al., 1993). The composition of the proteins found in tiger snake 

venom can vary. Protein purification methods have been employed to analyse tiger snake 

venom protein profiles, including different substance ratios. Whilst variation in protein 

profiles might be expected between subspecies (John and Kaiser, 1990), distinct – albeit 

similar – protein profiles are recognised in the same subspecies separated geographically 

across Australia. Yang et al. (1991) identified the absence of a clinically relevant neurotoxin 

in Victorian Notechis scutatus scutatus venom compared with their South Australian 

counterparts. Equally, regional insular populations of the same subspecies have varied 

protein profiles, with spatial clustering of similar profiles (Williams et al., 1988). As a 

further illustration of the dynamic nature of tiger snake venom, heterogeneity can exist in 

the protein profile of tiger snake venom within a single isolated population of tiger snake 

(Williams and White, 1987). 

Tiger snake venom is abundant with bioactive proteins. A systematic review of 

every published protein in tiger snake venom is challenging and outside the scope of this 

review; extensive literature exists regarding protein identification in tiger snake venom and 

there appears to be overlap in nomenclature of certain toxins. Birrell et al. (2007) have 

comprehensively detailed the tiger snake venom constituents into the following protein 

families: long-chain neurotoxin, Kunitz-like serine protease inhibitor, phospholipase A2 

(PLA2), factor (F) Xa-like, L-amino-acid oxidase, acetylcholinesterase, snake venom 

metalloproteinase, 5’-nucleotidase and antifibrinolytic agent. A current – and evolving – list 

is found on UniProtKB (Universal Protein Resource Knowledgebase), an online database 

of protein sequencing allowing proteins to be assigned a unique UniProt accession number 

for reference (Bateman, 2019). For the purposes of this review, only the most clinically 

relevant toxins will be considered. These toxins in tiger snake venom display overlap in 

organ toxicity, and together they culminate in neurotoxicity, myotoxicity and VICC: the 

three syndromes typical of tiger snake envenomation (White, 1991).    

 

2.2.5.1. Neurotoxicity 

Neurotoxicity resulting from tiger snake envenomation is responsible for 

progressive paralysis and is one of the most common reasons for mechanical ventilation in 

Australian dogs (Barr, 1984; Harris et al., 1973; Trigg et al., 2015). Pre and post-synaptic 

neurotoxins in tiger snake venom affect the neuromuscular junction, while only the post-

synaptic neurotoxicity is reversible with snake antivenom (Datyner and Gage, 1973a, 

1973b). Phospholipase A2 (PLA2) toxins - the key pre-synaptic (β-) neurotoxins found in 



 

 

12 

 

tiger snake venom - irreversibly alter the pre-synaptic axolemma membrane which leads to 

nerve degeneration (Cull-Candy et al., 1976). This occurs by various processes including 

decreased release of acetylcholine (ACh), increased permeability to Ca2+, inhibition of 

phosphorylation and, ultimately, morphological destruction of the neuron (Rigoni et al., 

2004; Tedesco et al., 2009; Ueno and Rosenberg, 1990; Yates et al., 1990). Interestingly, 

tiger snake serum contains a PLA2 inhibitor, presumably to ameliorate any neurotoxic 

effects should these toxins escape into tiger snake circulation (Hains et al., 2001). On the 

other hand, post-synaptic (ɑ-) neurotoxins competitively bind to the post-synaptic nicotinic 

ACh receptor, inhibiting the transmission of ACh and thus suppressing the neuromuscular 

activity (King et al., 2008; Selyanko, 1984). It is the combination of these neurotoxins that 

is responsible for the rapid onset of, and prolonged recovery from neurotoxicity.  

Notexin (UniProt [accession number]: P00608) is the most important, and most 

researched, pre-synaptic neurotoxin found in tiger snake venom (Francis et al., 1991; 

Karlsson et al., 1972). This PLA2 toxin constitutes 6% of crude venom and 60% of the 

total protein content of tiger snake venom (Halpert et al., 1979; Halpert and Eaker, 1975; 

Harris et al., 2000). Such interest in this protein has led Simonato et al. (2014) to produce a 

recombinant notexin using Escherichia coli bacterium. Other toxins include notechis II-5 

(UniProt: P00609), which is less toxic than notexin (Carredano et al., 1998; Halpert and 

Eaker, 1976; Kamenskaia and Satybaldina, 1979), and notechis Ns which has similar 

lethality to notexin (Chwetzoff et al., 1990). Similarly, a large acidic toxic protein, HTe, has 

been found to have PLA2 activity (Francis et al., 1995). Other lesser-known pre-synaptic 

toxins include scutoxin A and B (Francis et al., 1991); the UniProtKB lists them as scutoxin 

(UniProt: Q45Z35) and scutoxin variant 1(UniProt: Q45Z34). It is thought that some of 

these pre-synaptic neurotoxins may represent isoforms of notexin, which further 

contribute to the difficulty in interpreting prior studies and may account for the absence 

for some of these proteins on the UniProtKB. 

The post-synaptic neurotoxins are arguably the most toxic compounds found in 

snake venom (Yee et al., 2004), however the resulting potency and reversibility of these 

neurotoxins differs between target species (Silva et al., 2018). These neurotoxins are further 

characterised into short- and long-chain neurotoxins (Barber et al., 2013). Extracting the 

post-synaptic neurotoxins that have been identified in the literature is even more 

challenging than the pre-synaptic neurotoxins. Halpert et al. (1979) describe a 73 amino 

acid (AA) residue length neurotoxin designated Notechis III-4 (UniProt: P01384); while 

Karlsson et al. (1972) identified three unnamed post-synaptic neurotoxins of varying 



 

 

13 

 

lengths, 60 AA, 70 AA and 12 0AA. A complete and well identified list of post-synaptic 

neurotoxins in tiger snake venom, and indeed other snake venoms, remains elusive. 

  

2.2.5.2. Myotoxicity 

Tiger snake venom has direct myotoxic effects which contributes to the generalised 

weakness from envenomation (Lewis, 1994c; Sharp et al., 1993). The same PLA2 activity 

leading to neurotoxicity is responsible for this myotoxicity however not all PLA2 

neurotoxins have myotoxic capabilities (Harris, 1985). The venom readily disperses to 

muscles after envenomation (Jacoby-Alner et al., 2011). These toxins bind directly to the 

sarcolemma to exert their effects and, similarly to the neuronal axolemma, lead to 

hydrolysis of the sarcolemma membrane (Dixon and Harris, 1996; Harris and Johnson, 

1978; Harris and MacDonell, 1981). Notexin, notechis II-5 and HTe, which were previously 

described, are the most clinically relevant myotoxins identified (Carredano et al., 1998; 

Francis et al., 1995). These toxins result in muscular injury, destruction and necrosis in a 

dose-dependent fashion (Harris et al., 1975; Lewis, 1994c; Preston et al., 1990; Sharp et al., 

1993). Elevations in plasma aspartate aminotransferase (AST) and creatine kinase (CK) 

accompany muscle necrosis and injury, respectively, and myoglobinuria is often appreciated 

clinically (Barr, 1984; Hill, 1979; Lewis, 1994c; Mebs and Samejima, 1980; Preston et al., 

1990). 

 

2.2.5.3. Venom-induced consumption coagulopathy 

A severe coagulopathy, VICC, is recognised clinically and clinicopathologically 

(Holloway and Parry, 1989; Isbister et al., 2010, 2006). Notecarin-D1 (UniProt: P82807) 

and notecarin-D2 (UniProt: Q58L94) are prothrombin activators in tiger snake venom and 

propagate the prothrombin pathway in the coagulation system to consume coagulation 

factors (White, 2005). A comprehensive overview regarding the procoagulant toxins in 

tiger snake venom is provided further in this review. 

 

2.2.5.4. Other  

Toxic acidic proteins in tiger snake venom, named HTa-i, promote hypotension and 

haemorrhage (Francis et al., 1993) and are likely responsible for cardiovascular depression 

observed in experimental studies (Tibballs, 1998a). Additionally, tiger snake venom is 

directly nephrotoxic (Jacoby-Alner et al., 2011; Lewis, 1994c). Notexin is implicated in 
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causing a dose-dependent acute tubular necrosis, independent of haemoglobinuria or 

myoglobinuria (Lewis, 1994c; Zimmerman and Yong, 1995). Further to this, tiger snake 

venom also contains non-toxic proteins. Examples of these include notechis II-5b 

(UniProt: Q7LQG5) and notechis II-1 (UniProt: P00607) (Francis et al., 1991; Harris and 

Johnson, 1978; Lind and Eaker, 1980; Yang et al., 1991).  

 

2.3. Tiger snake envenomation in dogs 

2.3.1. Incidence of tiger snake envenomation 

Investigating the incidence of tiger snake envenomation in dogs is inherently 

challenging. Previous studies have used questionnaires to veterinary hospitals to estimate 

the incidence of snake envenomation in Australian veterinary patients. Accurately 

representing snake envenomation in Australian veterinary hospitals is difficult. A survey 

distributed to a proportion of veterinary hospitals via the Australian Veterinary 

Association’s listing by Mirtschin et al. (1998) estimates that 58% of veterinary hospitals 

encountered snake envenomation cases, 78% of which occurred in rural areas, with an 

estimate of at least 2700 cases in dogs per year. Other state-specific questionnaires revealed 

that snake envenomation accounted for 0.3% of the total veterinary case load in both New 

South Wales and Melbourne (Heller et al., 2005; Hill, 1979). Tiger snake envenomation in 

dogs is more common in Victoria, whilst brown snake envenomation predominates in 

most other states; research in people share similar findings (Barr, 1984; Hill, 1979; Isbister 

et al., 2012; Mirtschin et al., 1998). Snake envenomation mainly occurs in the warmer 

months between October and March, with peak numbers reported in December and 

January (Hill, 1979). 

 

2.3.2. Clinical signs in tiger snake envenomation 

Snake envenomed dogs typically present for clinical signs related to neurotoxicity, 

with evidence of myotoxicity and/or coagulopathy on further evaluation (Gordon, 1958; 

Heller et al., 2005; Indrawirawan et al., 2014). The onset and severity of clinical signs in 

tiger snake envenomation increases with the dose of venom. The lethal dose of tiger snake 

venom is reportedly 0.03 mg/kg, administered subcutaneously (Lewis, 1984). Dogs can 

present with pre-paralytic, paralytic/lethal and sub-lethal signs. A lethal dose of venom 
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causes pre-paralytic signs within minutes to one hour of exposure: sudden collapse, 

vomiting, salivation, defaecation, trembling and tachypnoea with apparent recovery. These 

are followed by paralytic signs 1 – 4 hours post-exposure, which include paralysis, 

abdominal respiration, haemorrhage, oliguria and pigmenturia. Sub-lethal signs such as 

mydriasis, delayed/absent pupillary light reflex, ataxia, inability to close the jaw or signs of 

renal failure may occur in exposed dogs and may persist for  up to 48 – 72 hours (Lewis, 

1994b). Myotoxicity contributes to weakness, myoglobinuria and elevations in CK, whilst 

generalised muscle degeneration is seen histopathologically (Gordon, 1958; Hill, 1979; 

Jacoby-Alner et al., 2011; Lewis, 1994c). Megaoesophagus may develop secondary to 

myonecrosis (Hopper et al., 2001). Clinical coagulopathy such as bleeding from gums, 

epistaxis and gastrointestinal haemorrhage is appreciated in 7% of dogs (Indrawirawan et 

al., 2014). Acute renal tubular necrosis due to direct nephrotoxicity is reported in tiger 

snake envenomation in dogs (Lewis, 1994c) whilst myoglobinuria can perpetuate 

nephrotoxicity (Heller et al., 2005; Lewis, 1994c).  

 

2.3.3. Treatment of tiger snake envenomation 

2.3.3.1. Antivenom 

Tiger snake antivenom is the recommended treatment for tiger snake 

envenomation in dogs (Heller et al., 2007; McColl, 1994; Wells and Hopper, 2018) and 

people (Currie, 2006; Isbister, 2010a; Isbister et al., 2013a; Padula and Winkel, 2016a; 

White, 1998). Studies in dogs have demonstrated a dose-dependent effect of venom with 

the presence of pre-paralytic signs suggesting a lethal dose requiring the immediate 

administration of antivenom (Lewis, 1994b). Antivenom administration was part of every 

report of treatment of naturally occurring tiger snake envenomation in dogs (Barr, 1984; 

Heller et al., 2005; Holloway and Parry, 1989; Indrawirawan et al., 2014; Mirtschin et al., 

1998). In Australia, the first veterinary anti-venom for tiger snake envenomation was 

produced by the Commonwealth Serum Laboratories - now produced under the banner of 

Seqirus – as a combined tiger-brown product. The current polyvalent product available 

contains 3000 units of tiger snake antivenom and 1000 units of brown snake antivenom 

(Winkel et al., 2006). Other companies that produce tiger snake antivenom include: 

Summerland serum with a polyvalent product containing 3000 units of tiger snake 

antivenom and 4000 units of brown snake antivenom (Summerland Serums, 2016), 

Australian Veterinary Serum Laboratories with a monovalent product containing 3000 
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units of tiger snake antivenom (Australian Veterinary Serum Laboratories, 1998; Winkel et 

al., 2006) and more recently, Padula serums with a polyvalent product containing 4000 

units of tiger snake antivenom and 4000 units of brown snake antivenom (Padula Serums, 

2019). Typically the antibodies used to create the antivenom are harvested from horses due 

to their large size (Lalloo and Theakston, 2003), however sheep (Landon and Smith, 2003) 

and alpaca (Padula and Winkel, 2017, 2016b, 2016a) antibodies have been investigated.  

There is controversy in the literature regarding the dose of snake antivenom 

recommended in people (Currie, 2006; Isbister, 2010a; Isbister et al., 2013a; Tibballs, 2019; 

Turner et al., 2019) and thus debate ensues in the recommended dose for dogs. Important 

variables that concern the dosage of antivenom include its effectiveness of neutralising 

circulating venom (O’Leary and Isbister, 2014), of reversing the procoagulant effects 

(Lister et al., 2017; Sprivulis et al., 1996) and of mobilising venom from synaptic 

membranes (Silva et al., 2018). In dogs, there is disparity in the onset of the various snake 

envenomation syndromes at different venom dosages (Lewis, 1994b, 1994a). The potency 

of snake venom at these sites appears to differ between dogs and people (Maduwage et al., 

2016) thus extrapolation of antivenom dosage between species should be avoided.  

 

2.3.3.2. Mechanical ventilation 

Mechanical ventilation is often required when severe neurotoxicity results in 

respiratory failure and hypoxaemia (McColl, 1994). In Australia, elapid snake envenomation 

is the second most common reason for mechanical ventilation in veterinary patients, 

surpassed only by tick paralysis (Trigg et al., 2015). Nonetheless, there is a paucity of 

published reports detailing mechanical ventilation in naturally occurring tiger snake 

envenomation in dogs. In one small case series of presumed secondary immune-mediated 

haemolytic anaemia in elapid snake envenomation, three out of four dogs required 

mechanical ventilation (Ong et al., 2015), while a large retrospective study reported an 8% 

incidence (out of 104 dogs) of mechanical ventilation for elapid snake envenomation in 

Melbourne (Indrawirawan et al., 2014). Despite this low incidence, death by respiratory 

failure is an important feature of the snake envenomation syndrome (Hill, 1979). 

 

2.3.3.3. Other 

Other typical therapies administered during hospitalisation include intravenous 

fluid therapy, oxygen supplementation and opioid pain relief (Barr, 1984; Heller et al., 2005; 
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Hill, 1979; Indrawirawan et al., 2014; Mirtschin et al., 1998; Ong et al., 2015; Padula and 

Winkel, 2016a). Plasma transfusions and blood transfusions have been documented in tiger 

snake envenomed dogs displaying haemorrhage (Heller et al., 2005; Ong et al., 2015). 

Antihistamines, adrenaline and corticosteroids are commonly given as pre-medicants to 

antivenom, however this practice has fallen out of favour (Heller et al., 2005; Indrawirawan 

et al., 2014; Lalloo and Theakston, 2003; Mirtschin et al., 1998; Ong et al., 2015; Padula and 

Winkel, 2016a). Anti-inflammatory drugs and antibiotics are reported in older literature, 

however antibiotics are now reserved for dogs with evidence of bacterial infections (Barr, 

1984; Heller et al., 2005; Mirtschin et al., 1998; Ong et al., 2015). 

The use of vitamin C has been reported as an adjunctive treatment (Heller et al., 

2005). This practice appears to stem from the use of anti-oxidants in snake envenomation 

to combat the oxidative state that has been documented (Zengin et al., 2014). However, 

these studies investigated viper envenomation in Turkey. There are no scientific studies 

that justify the use of Vitamin C, in fact this may delay presentation of the patient to the 

hospital for treatment if administration is attempted by the owners, and may even be 

contraindicated due to the resultant urinary acidification (Heller et al., 2007).  

 

2.3.4. Outcomes of tiger snake envenomation 

The cause of death from snake envenomation is not consistently discussed in the 

literature. Respiratory and renal failure are reported (Heller et al., 2005; Hill, 1979), along 

with anaphylactic reactions to antivenom (Barr, 1984). Euthanasia is performed in 6 - 12% 

of elapid snake envenomation cases (Indrawirawan et al., 2014; Wright and Ngo, 2018).  

Outcomes purely from tiger snake envenomation in dogs are difficult to extract 

from the literature as most studies report overall survival from elapid snake envenomation, 

or confounders (e.g., non-treatment, unconfirmed snake envenomation, unconfirmed 

snake species or cost-based euthanasia) are present. The reported overall survival from 

elapid snake envenomation in large studies is 75 - 95% in treated dogs, compared with 31% 

in untreated dogs (Barr, 1984; Hill, 1979; Indrawirawan et al., 2014; Mirtschin et al., 1998). 

When analysing tiger snake envenomation specifically, the survival rate is 63 – 90% for 

treated dogs and 32 – 67% for untreated dogs (Barr, 1984; Heller et al., 2005; Indrawirawan 

et al., 2014; Mirtschin et al., 1998). Publications with smaller numbers of tiger snake 

envenomation (i.e., 2 – 4 cases) report 100% survival (Ong et al., 2015; Wright and Ngo, 

2018). The survival rate is 76% in dogs requiring mechanical ventilation for elapid snake 



 

 

18 

 

envenomation, which increased to 84% once censored for cost-based euthanasia (Trigg et 

al., 2015). Research primarily investigating the survival rate for diagnosed elapid snake 

envenomation which accounts for cost-based euthanasia is warranted.  

 

2.4. Tiger snake venom-induced consumption coagulopathy in 

dogs 

2.4.1. Snake venom-induced consumption coagulopathy 

Venom-induced consumption coagulopathy is a snake-envenomation specific 

procoagulant syndrome resulting in factor deficiencies (Berling and Isbister, 2015; Isbister, 

2009; Isbister et al., 2002). Procoagulant toxins in snake venom result in the activation of 

coagulation components and consumption of coagulation factors (Berling and Isbister, 

2015). This has been previously referred to as defibrination coagulopathy, consumption 

coagulopathy, procoagulant coagulopathy and, disseminated intravascular coagulation 

(DIC) (Isbister, 2010b). Whilst technically all the previous terms (apart from DIC) are 

correct, the consistent use of VICC simplifies identification and investigation of this 

syndrome.  

With regards to the definition of DIC, ‘snake bite’ has been previously noted as an 

underlying disorder (Levi, 2011) however in recent reviews this has been omitted (Levi and 

Sivapalaratnam, 2018), presumably due to the recognition of VICC. Venom-induced 

consumption coagulopathy is distinct from the ‘true’ DIC syndrome, however it fulfils 

much of the diagnostic criteria for overt DIC which are: thrombocytopenia, increased 

fibrin-related markers (i.e., fibrin degradation products, D-dimers), prolonged prothrombin 

time (PT) and hypofibrinogenaemia (Toh and Hoots, 2007). The mechanisms of DIC 

always involves tissue factor, platelet-vessel wall interaction, altered counter-regulatory 

anticoagulation pathways and impaired fibrinolysis (Levi and Sivapalaratnam, 2018). In 

contrast, the pathogenesis of VICC depends on the toxin involved and its effect on the 

coagulation system (Berling and Isbister, 2015). Isbister et al. (2010b) comprehensively 

details the differences between VICC and DIC. Venom-induced consumption 

coagulopathy occurs rapidly following snake envenomation. It is understood that 

resolution occurs 24 – 48 hours after antivenom administration, and some reports suggest 

resolution of this coagulopathy may occur independently of antivenom administration 

(Isbister et al., 2010, 2009; Maduwage and Isbister, 2014). Clinically, DIC is characterised 
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by micro-thrombi resulting in end-organ damage and haemorrhage (Levi and 

Sivapalaratnam, 2018). In VICC, systemic micro-thrombosis is inconsistent, end-organ 

failure generally lacking and the risk of haemorrhage variable (Isbister, 2010b; Jacoby-Alner 

et al., 2011). 

Toxins responsible for VICC interact with the coagulation system in various ways. 

The important groups that have been recognised are prothrombin activators, FV activators, 

FX activators and thrombin-like enzymes (Berling and Isbister, 2015; Kini et al., 2002; Lu 

et al., 2005). Other toxins can activate FVII, FXIII, plasminogen and platelets (Isbister, 

2009; Sajevic et al., 2011; Slagboom et al., 2017; Zhang et al., 1995). Prothrombin activators 

are responsible for VICC in tiger snake envenomation.   

 

2.4.2. Prothrombin activators in tiger snake venom 

Snake venoms and bacteria are the only known sources of exogenous prothrombin 

activators (Rosing and Tans, 1991). Prothrombin activators influence the coagulation 

cascade at the prothrombinase complex. Previously, prothrombin activators were grouped 

based on structure and function (Rosing and Tans, 1991). Group I activators were not 

affected by non-enzymatic cofactors of the prothrombinase complex (i.e., FVa and 

phospholipid); Group II activators were those enhanced by phospholipids, Ca2+ ions and 

FVa; Group III activators were stimulated by phospholipids and Ca2+ ions; Group IV 

activators were only able to cleave prothrombin into a non-enzymatically active product; 

and Group V activators were non-snake venom derived – these are usually produced by 

bacteria. This classification has been superseded due to overlapping behaviour of different 

toxins in each group. More recently, a classification based on co-factor requirements has 

been recommended by the Subcommittee for the Nomenclature of Exogenous Hemostatic 

Factors (Kini et al., 2001). This grouping nomenclature is also added to the toxin name for 

ease of reference. Prothrombin activators are now grouped from A to D (Table 2.1).  
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Table 2.1. Classification of snake venom prothrombin activators based on co-factor 

requirement – modified from Kini et al. (2001). 

Class Co-factor requirement Examples 

Group A None Ecarin 

Group B Ca2+ Carinactivase 

Group C Ca2+ + phospholipids Pseutarin 

Group D Ca2+ + phospholipids + Factor Va Notecarin 

 

The prothrombinase complex is a key component of the cell-based model of 

coagulation (Hoffman and Monroe, 2001). In coagulation, the catalytic enzyme FXa is the 

essential subunit of the prothrombinase complex. Factor Xa alone can form small amounts 

of thrombin at a slow rate (Rosing et al., 1980); complete activation of prothrombin occurs 

with additional co-factors phospholipids, Ca2+ ions and, importantly, the non-enzymatically 

active FVa for maximum thrombin formation (Nesheim et al., 1979). Prothrombin and FXa 

bind to the phospholipid with the assistance of Ca2+ (Henriksen and Jackson, 1975). 

Thrombin activation occurs by two pathways with two different intermediate forms: 

prethrombin-2 and meizothrombin (Krishnaswamy et al., 1986). Meizothrombin exhibits 

enzymatic properties by activating prothrombin, pre-thrombin-2 and meizothrombin (Rhee 

et al., 1982). Different proportions of prethrombin-2, meizothrombin and thrombin are 

produced depending on the co-factors available for interaction with FXa; higher quantities 

of the latter are produced when the prothrombinase complex is completely assembled 

(Rosing et al., 1986; Rosing and Tans, 1988). 

As previously mentioned, the two clinically most significant elapid snakes in 

Australia are the tiger snake and brown snake. The prothrombin activators in tiger snake 

venom (notecarin D) and brown snake venom (pseutarin C) are homologous to FXa and 

FXa-FVa, respectively. These activators exhibit a potent procoagulant nature by 

pathological upregulation of the prothrombin pathway and limiting endogenous 

haemostatic regulation. The notecarin D toxin from the tiger snake contributes 

approximately 2 – 3% to the total venom load. Two isoforms of the prothrombin activator 

– notecarin D1 and notecarin D2 – have been isolated. The respective masses of notecarin 

D1 and D2 are 46580 and 46040 Da and both have the same amino acid N-terminal 

sequence. Notecarin D is composed of a light chain (~18 kDa) and a heavy chain (~30 

kDa) (Rao et al., 2003a). Structurally, this toxin is similar to FXa, and this molecular 

structure remains conserved between snakes and mammals (Rao et al., 2003a; St Pierre et 
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al., 2005). Notecarin D can activate prothrombin in the absence of endogenous FVa, co-

factors Ca2+ and phospholipids. The toxin has a high affinity for endogenous FVa in the 

absence of phospholipid membranes; an 80,000 – 270,000 times higher affinity when 

comparing endogenous FXa and FVa (Newell-Caito et al., 2011). In the presence of these 

co-factors, the rate of coagulation is accelerate greatly (Tans et al., 1985; Williams and 

White, 1989). The toxin does not affect fibrinogen or FX directly (Jobin and Esnouf, 

1966). In vitro studies using tiger snake venom and dog plasma revealed shorter clotting 

times in the presence of Ca2+ and phospholipids when compared to tiger snake venom 

alone (Crawford and Mills, 1985). 

The Group C prothrombin activators may be considered more potent due to the 

faster onset of coagulation factor depletion and the higher consumption of prothrombin 

(Isbister et al., 2010). Pseutarin C comprises of proteins subunits similar to both FXa and 

FVa and functions analogously to the FXa-FVa prothrombinase complex (Rao et al., 2004, 

2003b; Rao and Kini, 2002). Endogenous FVa is not required for activation, however Ca2+ 

and phospholipids allow for maximal activity (Masci et al., 1988). In fact, the toxin remains 

in an active state while in circulation without being bound to a membrane, invoking a 

disseminated response (Bos et al., 2009). Evaluations in amino acid sequences have 

suggested that FV with short/absent B-domains – as seen in pseutarin C – are associated 

with a more potent procoagulant activity (Kane et al., 1990; Kini, 2005; Rao et al., 2003b). 

This toxin is also adept at bypassing normal haemostatic regulation. Activated protein C, a 

thrombin-induced regulatory system, is responsible for inactivating FVa on endothelial cell 

surfaces (Oliver et al., 2002). Active venom in circulation circumvents this system through 

mutations at activation sites (Rao et al., 2003b) and high-affinity binding of the venom FXa-

FVa complex (Nesheim et al., 1982).  

Prothrombin activators display a dangerous combination of similarities and 

differences to endogenous coagulation factors that results in a potent effect on the 

coagulation system of the mammals they envenomate.  

 

2.4.3. Clinical signs of tiger snake venom-induced consumption 

coagulopathy in dogs 

In retrospective studies evaluating the clinical features of naturally occurring tiger 

snake envenomation, the incidence of clinical signs associated with coagulopathic 

envenoming was 0% - 5% (Barr, 1984; Heller et al., 2005; Hill, 1979; Indrawirawan et al., 
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2014). In smaller reports with two to five cases of tiger snake envenomation, the incidence 

ranged from 0 – 75% (Holloway and Parry, 1989; Ong et al., 2015; Wright and Ngo, 2018). 

Clinical signs of coagulopathic envenoming was reported as petechiae from the gingival 

mucosa, haemorrhage from the mucous membranes or suspected bite site, epistaxis, 

haematemesis, haemorrhagic diarrhoea and melaena (Holloway and Parry, 1989; 

Indrawirawan et al., 2014; Ong et al., 2015). Veterinary interventions such as venepuncture, 

nasogastric tube placement and rectal examination appear to be associated with clinical 

signs of coagulopathic envenoming (Holloway and Parry, 1989; Ong et al., 2015; Padula 

and Winkel, 2016a). In a study by Indrawirawan et al. (2014) all dogs with clinical bleeding 

survived. For comparison, 2 – 30% of tiger snake envenomed people display clinical 

haemorrhage (Isbister et al., 2012; Johnston et al., 2017; Scop et al., 2009). While the sites 

of haemorrhage mirror those in veterinary patients, intracranial haemorrhage is an 

important cause of death in people with VICC (Berling and Isbister, 2015). 

Post-mortem examination of dogs following tiger snake envenomation has revealed 

subcutaneous haemorrhage associated with puncture wounds – usually located on the head 

and forelimbs – and organs such as the lungs and heart (Barr, 1984; Hill, 1979; Jacoby-

Alner et al., 2011). In experimental tiger snake venom administration to dogs, intradermal 

and subcutaneous haemorrhage was noted at the injection site and at the draining lymph 

nodes (Lewis, 1994c). Thrombi have been reported in the kidney, liver and lungs (Jacoby-

Alner et al., 2011; Tibballs, 1998b). Ante-mortem echocardiographic evaluation also 

revealed thrombi formation in cardiac chambers (Tibballs, 1998b). 

 

2.4.4. Laboratory features of tiger snake venom-induced consumption 

coagulopathy in dogs 

In naturally occurring tiger snake envenomation in dogs, 74% of dogs have 

laboratory features of coagulopathic envenoming (Indrawirawan et al., 2014; Kelers, 2005). 

These studies utilised point-of-care coagulometry such as activated clotting time (ACT), PT 

and activated partial thromboplastin time (aPTT). In tiger snake envenomed dogs, these 

parameters were severely prolonged or, often, off-scale (Costet, 2016; Holloway and Parry, 

1989; Kelers, 2005; Ong et al., 2015; Padula and Winkel, 2016a; Tibballs, 1998b, 1998a). 

Other laboratory features of coagulopathic envenoming in tiger snake VICC include low 

platelet counts, absent/low fibrinogen and elevations in fibrin degradation products (such 

as D-dimers) (Holloway and Parry, 1989; Tibballs, 1998b, 1998a). Additionally, 
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unpublished data showed delayed initiation of clot formation (prolongations in R-time of 

thromboelastographic parameters) on viscoelastic testing (Stanley, 2018). Experimental in 

vivo studies demonstrated a tiger snake venom dose-dependent coagulopathy; increased 

coagulation times were appreciated at venom concentrations above the lethal dose with a 

faster onset of coagulopathy (Lewis, 1994a).  

For comparison, 95% of people with tiger snake envenomation have laboratory 

features of VICC (Isbister et al., 2012; Johnston et al., 2017). In these cases, VICC is 

defined as undetectable fibrinogen and/or raised D-dimer concentrations with an INR > 

3.0, and partial VICC is defined as low but detectable fibrinogen, elevated D-dimer with a 

maximum INR < 3.0 (Gulati et al., 2013; Isbister et al., 2010). Tiger snake VICC in people 

follows a distinctive temporal pattern: during the first  2 hours of envenomation, there is 

rapid consumption of fibrinogen, FV and FVIII, followed by recovery within 24 hours 

post-envenomation (Isbister et al., 2010). In a mathematical model of elapid snake VICC, 

fibrinogen appears to be the rate-limiting step for recovery (Gulati et al., 2013). Recovery 

has been demonstrated to be independent of antivenom administration (Isbister et al., 

2009).  People have lower FV and FVIII activity than dogs, making it difficult to predict 

the effects of snake venom on the canine coagulation system (Mischke, 2001).  

 

2.4.5. Treatment of tiger snake venom-induced consumption 

coagulopathy in dogs 

Apart from the use of antivenom for the treatment of tiger snake envenomation, 

there is a paucity of literature with regards to the specific treatment of tiger snake VICC in 

veterinary patients. In a case series of tiger snake envenomation in dogs, fresh frozen 

plasma was used in animals in which laboratory features of severe coagulopathy persisted 

and clinical signs of coagulopathic envenoming were present (Ong et al., 2015). Expanding 

the scope of research to include both tiger snake and brown snake envenomation leads to 

similar findings. Fresh frozen plasma is used sparingly in envenomed dogs, and appears to 

be reserved for those with clinical haemorrhage (Indrawirawan et al., 2014; Leong et al., 

2018; Padula and Leister, 2017; Wright and Ngo, 2018). In experimental brown snake 

envenomation in dogs (n=11) the administration of fresh frozen plasma with differing 

antivenom doses appeared to negatively impact the resolution of afibrinogenaemia (Jelinek 

et al., 2005). No clinical trials investigating the outcomes of elapid snake envenomation 

with fresh frozen plasma exists. The transfusion of blood has been reported in tiger and 
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brown snake envenomed dogs in surveyed Australian veterinary practitioners (Heller et al., 

2005).  

Few in vitro studies have investigated the treatment of VICC. Specific to tiger snake 

VICC, Sprivulis et al. (1996) demonstrated a tiger snake anti-venom dose-dependent 

resolution of the procoagulant effects of tiger snake venom in pooled canine plasma. 

Similar results were noted with brown snake venom. Prior administration of heparin – an 

anticoagulant – before tiger snake venom appears to ameliorate the coagulopathic effects 

of the venom, however the expected prolongations in aPTT (due to heparin) persisted 

(Tibballs, 1998b); once again, these findings are similarly appreciated in brown snake 

venom studies (Tibballs et al., 1992).  

In people, the treatment of tiger snake VICC is also focussed around the use of 

tiger snake antivenom (Isbister et al., 2012). In the current literature, there is controversy 

surrounding the use of fresh frozen plasma in snake VICC. Observational studies of elapid 

snake envenomed people identified early normalisation of international normalised ratio 

(INR), PT, aPTT and fibrinogen in the groups that received factor replacement within 4 

hours of antivenom administration, compared with late, or lack of factor replacement 

(Brown et al., 2009; Isbister et al., 2009). Subsequent randomised controlled trials of fresh 

frozen plasma for the treatment of tiger and brown snake VICC revealed similar results, 

however there was no difference in hospitalisation time compared with the non-treatment 

group (Isbister et al., 2013b). Clinical research investigating therapies such as heparin in the 

treatment of tiger and/or brown snake envenomation are lacking (Maduwage and Isbister, 

2014).  

 

2.5. Coagulation 

2.5.1. Coagulation factors  

Coagulation factors are proteins that circulate in the plasma as inactive zymogens 

which require activation to proteases for carrying out their given effect (Davie and Ratnoff, 

1964; Nemerson et al., 1980). The liver has been established as the site of synthesis of 

fibrinogen (FI), FII (prothrombin), FV, FVII, FVIII, FIX, FX, FXI and FXII using 

isolated perfused rat liver studies (Kazmier et al., 1968; Mattii et al., 1964; Miller and Bale, 

1954; Miller et al., 1964; Olson et al., 1966; Owen, jr. and Bowie, 1977; Owen and Bowie, 

1981; Saito et al., 1983; Shaw et al., 1979). Nomenclature using the Roman numerical 
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system was applied for coagulation factors in 1958; however the former names are still 

used to describe the diseases associated with  deficiency of specific factors (Giangrande, 

2003). For example, FIX deficiency is also known as Christmas disease, FX deficiency as 

Stuart-Prower factor deficiency, and FXII deficiency is still called Hageman factor 

deficiency. Coagulation factors are denoted with ‘a’ to indicate activation (e.g., FXa). There 

are differences in coagulation factors between species. In canine plasma, the activities of 

FV, FVIII and FVII are 9.3, 7.9 and 3 times higher compared with human plasma 

(Knudsen et al., 2010; Mischke, 2001). 

Fibrinogen is one of the most important factors of the coagulation system. 

Fibrinogen is a 340 kDa homodimeric glycoprotein made of three pairs of different 

polypeptide chains with a half-life of approximately 4 days in both, people and dogs 

(Kattula et al., 2017; Madden and Gould, 1952; Pulanić and Rudan, 2005). These chains are 

assembled in the hepatocyte endoplasmic reticulum at relatively high basal levels, compared 

with other coagulation proteins (Redman and Xia, 2006). In addition, fibrinogen 

production can occur in platelets and the epithelial cells of lungs and intestines (Haidaris et 

al., 1989; Lawrence and Simpson-Haidaris, 2004). Fibrinogen is considered an acute-phase 

protein that are characterised by an increase in their concentration early in the systemic 

response to infection, tissue damage or inflammatory stimuli (Schultz and Arnold, 1990). 

Cytokines such as interleukin 1, interleukin 6, and tissue necrosis factor α can increase 

fibrinogen production (Pulanić and Rudan, 2005). Different experimental stimuli in dogs – 

such as the administration of thromboplastin to promote coagulation, fibrinolysin for clot 

lysis, or external trauma – can double, and even quadruple, the basal plasma fibrinogen 

concentration (3 g/dl) by 44 hours after insult (Hardaway et al., 1964b; Owen et al., 1973). 

The fibrinogen increase in dogs was described to occur at a rate of up to 0.5 g/dl/hr, and is 

notable as early as three hours after insult (Hardaway et al., 1964a). In people, a lag-phase 

of 6 – 8 hours following surgical insult – such as cholecystectomy or herniorrhaphy – is 

observed before the plasma fibrinogen concentrations rise to then quadruple by 48 hours 

and to peak at 96 hours after insult (Aronsen et al., 1972; Colley et al., 1983). Lower human 

plasma fibrinogen level are correlated with a higher incidence of clinical haemorrhage 

(Peyvandi et al., 2012). The fibrinogen content of plasma products – as opposed to the 

FVIII content – dictates the efficacy of haemostasis for that product (Eltringham-Smith et 

al., 2015). As such, plasma fibrinogen concentrations may be an important therapeutic 

target (Levy et al., 2014).  
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2.5.2. Coagulation cascade 

The coagulation cascade outlines the stepwise conversion of inactive coagulation 

factor zymogens to active serine proteases to ultimately produce a fibrin clot. The intrinsic, 

or contact, pathway is initiated when FXII becomes activated by exposure to ‘foreign’ 

negatively charged surfaces. With Ca2+ and phospholipids as co-factors, there is sequential 

activation of FI, FIX, and FVIII, leading to FX, the commencement of the common 

pathway (Davie and Ratnoff, 1964; Macfarlane, 1964). The extrinsic, or tissue factor 

pathway utilises tissue factor which is associated with phospholipid. During vascular injury 

exposed tissue factor activates FVII in the presence of Ca2+ ions, allowing activation of FX 

(Davie et al., 1991). In the common pathway of the cascade, activated FXa and FVa bind to 

form the ‘prothrombinase’ complex which generates thrombin from the precursor 

prothrombin. Thrombin cleaves fibrinogen into fibrin which forms a stable polymer by 

cross-linking of fibrin monomers (Davie et al., 1991).  

 

2.5.3. Cell based coagulation 

The cell-based model of coagulation has been proposed by Hoffman and Monroe 

(2001) to better explain the in vivo mechanisms of coagulation. This model emphasises the 

role of cell membranes in coagulation and separates the process into three overlapping 

phases. The first phase, initiation, commences on a cell bearing tissue factor and co-factor 

FVIIa which form a complex. These factors activate FX and FIX, then FXa can activate 

small amounts of FV. When bound together, the FVa-FXa prothrombinase complex 

produces a small burst of thrombin. The procoagulant role of thrombin is demonstrated in 

the amplification phase. Thrombin activates FV and FXI. FXIa then activates FIX. Von 

Willebrand factor is released from FVIII, and the platelet is activated to allow assembly of 

the two main procoagulant complexes in the final propagation phase. FVIIIa-FIXa, the 

‘intrinsic tenase’ complex, activates large amounts of FX that binds to already activated FVa 

to form the prothrombinase complex which is located nearby on the activated platelet; the 

activated platelet releases additional FVa from alpha granules. The amalgamation of these 

complexes on the cell membrane allow for a large burst of thrombin to be generated for 

formation of fibrin from fibrinogen, and ultimately a clot (Hoffman, 2003; Hoffman and 

Monroe, 2007, 2001). 
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2.6. Coagulation factor analysis 

2.6.1. Sample collection  

Blood procured for coagulation factor analysis should be collected atraumatically 

(Funk, 2013). In cases where this is unachievable, a ‘discard’ tube is recommended 

(Flatland et al., 2014). The anticoagulant sodium citrate is required for such analytics. 

Collection into 3.2% sodium citrate is recommended, as opposed to 3.8% sodium citrate, 

however there is little variation between the two anticoagulants in assessment of 

coagulation times, fibrinogen, FVIII and FIX in healthy and haemophiliac dogs (Stokol et 

al., 2000). The ratio of blood to anticoagulant should be precisely measured to mitigate 

false results (Adcock et al., 1998). Coagulation analysis from canine blood collection by 

direct venepuncture – such as the jugular, cephalic or saphenous veins – did not differ 

when compared with blood collected from an intravenous catheter immediately following 

placement (Bauer et al., 2011; Maeckelbergh and Acierno, 2008). 

 

2.6.2. Storage and stability 

After collection, processing for coagulation analysis should occur within one hour. 

The sample should undergo centrifugation at 1500 x g for at least 15 minutes at room 

temperature, then the platelet-poor plasma supernatant can be used for analysis (Funk, 

2013). Canine blood held at room temperature (18 - 25°C) for 24 hours prior to 

centrifugation maintains stable activities of fibrinogen, FII, FV, FVII and FIX, while FVIII 

and FX activity increases if processing occurs after 8 hours (Walton et al., 2014). Once 

processed, plasma may be stored for delayed analysis.  

There are few studies investigating the stability of canine coagulation times and 

coagulation factors after storage. Measurements for PT remain stable when plasma is 

stored at room temperature (24°C) for two days, 8°C for 8 hours, 4°C for four days, 2°C or 

-30°C for one week, or -70°C for six months (Bateman and Mathews, 1999; Furlanello et 

al., 2006; Iazbik et al., 2001; Piccione et al., 2010). Plasma for aPTT can be stored at room 

temperature for two days, 8°C for 24 hours, 4°C for no longer than three days, -2°C or -

30°C for one week with little effect, however is unstable when stored at -70°C for 6 

months (Bateman and Mathews, 1999; Furlanello et al., 2006; Iazbik et al., 2001; Piccione 

et al., 2010). Fibrinogen is unstable after storage at room temperature for 48 hours and 8°C 
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after 8 hours, however there is little variation when plasma is stored at 2°C or -30°C for 

one week or -70°C for six months (Bateman and Mathews, 1999; Furlanello et al., 2006; 

Iazbik et al., 2001; Piccione et al., 2010). 

Plasma stored at room temperature for two days and at 4°C for four days maintains 

stable FII, FV, FVII, FX, FXII activities, whilst FVIII, FIX and FXI activities decreased 

after two to three days of storage at 4°C (Furlanello et al., 2006). Longer term storage at -

20°C for 6 months and -30°C for 12 months did not affect FII and FVII, while FVIII, FIX 

and FX were different when compared to pre-storage values (Wardrop and Brooks, 2001). 

Factor VIII activity appears to increase when stored at 22°C for 48 hours, but decreases 

when stored at 4°C for 24 hours (Johnstone et al., 1991), however remains stable when 

stored at -20°C and -70°C for up to 10 months (Stokol and Parry, 1995). Fibrinogen and 

activities of FII, FVII, FVIII, FIX, FX, FXI, FXII remain stable when plasma had 

undergone a ‘freeze-thaw’ cycle during storage at -41°C (Yaxley et al., 2010). Data from a 

comprehensive study of the storage effect on coagulation factors in dogs has yet to be 

published, however preliminary data from our laboratory suggests minimal variation in 

coagulation factor activity after 12 months of storage at -80C when compared to analysis 

performed immediately after collection (C Lovatt, personal communication, 1st December 

2019). Woodhams et al. (2001) published a comprehensive storage stability study of 

coagulation factors in people. To prevent up to 5% variability in measures of coagulation, 

plasma should not be stored at -74C for more than: 12 – 24 months for PT, aPTT, FII, 

FV, FVII, FX, FIX, FXII; or 6 months for FVIII and FXI.  

 

2.6.2. Fibrinogen analysis 

Several methods exist for fibrinogen analysis based on function (e.g., clotting rate, 

clottable protein-based assays or changes in turbidimetry during clot formation) and 

concentration (e.g., precipitation-based assays or immunologic techniques) (De Maat et al., 

1999). The most commonly employed functional assays measure time for clot formation 

which is particularly useful in the assessment of haemostatic disorders. In this regard, the 

Clauss assay (Clauss, 1957) is the most reliable for general use. The fibrinogen 

concentration is calculated by measuring the time for a clot to form in diluted plasma 

mixed with a standardised thrombin solution and comparing this to a standard curve 

prepared from samples of known fibrinogen concentration. Other functional assays include 

spectrophotometric analysis of the thrombin clot (Jacobsson, 1955), or even photometric 
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analysis after the addition of batroxobin (snake venom enzyme) (Becker et al., 1984). 

Recently, the use of modified viscoelastic testing for functional assessment of fibrinogen 

has gained interest (Peng et al., 2018). The Millar heat-precipitation technique (Millar et al., 

1971) is a crude concentration assay usually reserved for cardiovascular disease or 

inflammation where fibrinogen is expected to be normal or high (Mackie et al., 2003). 

Immunologic assays using antibodies can be used in conjunction with functional assays to 

diagnose dysfibrinogenaemia (De Maat et al., 1999). A fibrinogen antigenic turbidimetric 

assay using vancomycin for fibrinogen precipitation has recently been developed (Ludwig 

et al., 2012).  

In the veterinary literature, the Clauss method has been employed for fibrinogen 

analysis in dogs for haemostatic disorders and as a marker of the acute phase protein 

response in inflammation (Adamantos et al., 2015; Bauer et al., 2009; Caldin et al., 2009; 

Torrente et al., 2015). In contrast, the Millar method has generally been used for the 

assessment of inflammatory conditions (Bayramli and Ulutas, 2008; Kum et al., 2013). 

Results derived from the two methodologies do not correlate well in healthy dogs, or dogs 

with dysfibrinogenaemia (Athanasiou et al., 2013). Factors such concentration of distinct 

fibrin degradation products influence the assays differently (Mischke et al., 2000). The two 

methods have been used concurrently to differentiate between hypofibrinogenaemia and 

dysfibrinogenaemia in a dog (Jolivet et al., 2017).  

Thromboelastography (TEG) and thromboelastometry (TEM) are rotational 

viscoelastic tests of global coagulation (Goggs et al., 2014). These tests have been modified 

to analyse functional fibrinogen thromboelastography (FF TEG), or fibrinogen 

thromboelastometry (FIBTEM) by the addition of further reagents which generally 

includes a platelet inhibitor (Peng et al., 2018; Tynngård et al., 2015). In dogs, this has been 

used adjunctively for coagulation assessment, and in the research setting (Barthélemy et al., 

2015; Falco et al., 2012). In people, FF TEG and FIBTEM are used in trauma settings as 

they correlate well with fibrinogen as measured by the Clauss assay (Meyer et al., 2015). 

Recently, Enk et al. (2019) also identified a correlation between Clauss-derived fibrinogen 

and FIBTEM (using the maximum clot firmness parameter) in a retrospective study of 

dogs with various signs of haemorrhage. 
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2.6.3. Coagulation factor analysis 

The analysis of coagulation factors utilises a modified PT or aPTT method to 

measure the activity of specific coagulation factors (Brooks and Catalfamo, 2013). In this 

instance, the sample plasma is combined with plasma that is deficient in the factor of 

interest and the PT or aPTT analysis is performed. Coagulation factors in the extrinsic and 

common pathway – FII, FV, FVII, FX – are measured using a modified-PT test, whilst the 

intrinsic pathway factors – FVIII, FIX, FXI, FXII – are measured by a modified-aPTT test 

(Mannucci and Tripodi, 1999; Mariani et al., 1999). The sample plasma is diluted by varying 

degrees and the time for clot formation is measured. A reference pooled plasma collected 

from healthy donors – this approximates the population mean, thus 100% factor activity 

and assigned a value of 1.0 IU per 1 mL – is used to create a standard curve to compare the 

sample plasma and derive a value (Raut and Hubbard, 2010).  

Factor deficient plasma can be acquired as congenital factor deficient plasma or 

immunodeplete plasma (Barrowcliffe, 1990). Immunodeplete plasma is produced using 

monoclonal antibodies targeting the factor of interest (Cerskus et al., 1985). In people, it is 

standard to use human factor deficient plasma (Barrowcliffe and Hubbard, 2013). In 

veterinary medicine, human factor deficient plasma has been used for decades to analyse 

coagulation factors in dogs (Bauer et al., 2009; Dodds, 1973; Dodds and Kull, 1971; 

Donahue and Fernandez, 2019; Mansell, 1991; Mischke, 2001, 2000; Smith et al., 2012). 

Mischke (2001) investigated the use of human factor deficient plasma to analyse 

coagulation factor deficiencies in dogs against a canine standard curve. In this study, FV 

and FVIII activities were found to be higher in dogs compared with people. Abnormal FV 

activity in canine plasma influenced the measured activities of FII and FX, whilst low 

FVIII activity influenced the measured FIX and FXII activities. It is recommended that the 

sample canine plasma is diluted > 1:20 if human factor deficient plasma is utilised.  

Canine factor deficient plasma is available in some areas. Some research units have 

access to dogs with individual deficiencies of FVII, FVIII and FIX (Dodds et al., 1967; Hovig 

et al., 1967). Recent studies still utilise canine factor deficient plasma for the aforementioned 

factors when samples are analysed in Ithaca, NY, USA (Wardrop and Brooks, 2001; Yaxley 

et al., 2010). These canine factor deficient plasmas have even been used to measure 

coagulation factor activity in human plasma (Aronson et al., 1972; Dodds et al., 1975). 
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2.7. Conclusion 

Coagulopathy, both clinical signs and laboratory features, is well recognised in dogs 

following tiger snake envenomation. Clinically it is a useful tool to assess if lethal 

envenomation has occurred (Lewis, 1994b). In people, the VICC syndrome from tiger 

snake envenomation has been characterised to the level of coagulation factor deficiencies 

and the temporal pattern of recovery (Isbister et al., 2010). Dogs and people share 

similarities in the clinical aspects of VICC, suggesting a similar pattern of coagulation factor 

deficiencies. Beyond the changes in typical coagulation parameters – namely PT and aPTT 

– uncovered more than 30 years ago by Holloway and Parry (Holloway and Parry, 1989), 

further research regarding VICC in veterinary medicine is lacking. Ultimately, a better 

understanding of the venom-induced consumption coagulopathy following snake 

envenomation may uncover further prognostic, monitoring, and therapeutic techniques; 

shared knowledge between species – human and veterinary – contributes towards the 

“OneHealth” approach to global medicine. 
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Chapter 3 

Tiger snake (Notechis scutatus) venom-induced 

consumption coagulopathy in dogs leads to a distinct 

temporal pattern in coagulation factor activities 

influenced by venom concentration  
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3.1. Introduction 

Snake venom-induced consumption coagulopathy (VICC) from elapid snake 

envenomation in dogs occasionally manifests as mucosal, gastro-intestinal, extradural or 

pulmonary haemorrhage (Indrawirawan et al., 2014; Ong et al., 2009; Padula and Leister, 

2017). Dogs that develop pulmonary haemorrhage secondary to VICC have a 70% case 

fatality rate  (Leong et al., 2018), while the overall survival for elapid snake envenomed 

dogs treated with antivenom in Australia remains above 95% (Indrawirawan et al., 2014; 

Mirtschin et al., 1998). Venom-induced consumption coagulopathy has been previously 

reported on in vitro coagulometric testing in 69-73% of elapid snake envenomed dogs as 

prolongations of coagulation times and decreased fibrinogen concentrations (Holloway and 

Parry, 1989; Indrawirawan et al., 2014; Jelinek et al., 2005; Judge, 2013; Kelers, 2005; 

Padula and Winkel, 2016a; Tibballs, 1998b; Tibballs et al., 1991; Tibballs and Sutherland, 

1991). A dose-dependent coagulopathy is reported in dogs after an experimental lethal dose 

of venom, indicating the need for prompt treatment with antivenom (Lewis, 1994a).   

Procoagulant toxins in venoms of many clinically relevant elapid snake species 

impact the coagulation system by distinct mechanisms. Prothrombin activators, factor (F) 

X activators, FV activators and thrombin-like activators have been identified (Lu et al., 

2005). The notecarin D toxin found in tiger snake venom is structurally similar to FXa and 

acts as a prothrombin activator for thrombin-initiated fibrin formation with the 

consumption of specific coagulation factors (Rao et al., 2003a; Rosing and Tans, 1992). 

When combined with endogenous FVa and phospholipids then activated by calcium ions, 

the resulting prothrombinase complex (FXa-Va) can maximally activate prothrombin 

(Rosing and Tans, 1992). In humans with tiger snake VICC, rapid consumption of FV, 

FVIII and fibrinogen occurs within 2 hours of snakebite with the return to normal 

coagulation factor activity in 50% of patients by 12, 15 and 24 hours, respectively (Isbister 

et al., 2010). While the coagulopathy in dogs with severe elapid snake envenomation is well 

recognized, the specific coagulation factor changes seen in canine VICC have not been 

previously reported. Such information may provide insight into the mechanisms of 

haemorrhage from this syndrome in dogs, explain the nature of the large disparity in 

severity of haemorrhage after envenomation with different elapid species and refine the 

therapeutic approach to clinically significant VICC.  

Our study aimed to identify the time-associated changes in coagulation factor 

activity in naturally occurring, tiger snake envenomed dogs by measuring the activity of 

fibrinogen (FI) and coagulation factors II, V, VII, VIII and X at presentation to the 
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hospital (i.e., before antivenom) and after antivenom administration. We hypothesised that 

the initial coagulation factor activities are different from those in a control group and that 

the factor activities return to control values by 24 hours after antivenom administration. A 

secondary aim of this study was to determine whether there was an association between 

tiger snake venom (TSV) concentrations and coagulation factor activities before 

antivenom. We hypothesised that higher TSV concentrations would be associated with 

lower coagulation factor activities. 

 

3.2. Materials and methods 

3.2.1. Subjects 

This study was granted ethics approval (Project ID 1714150) by the Animal Ethics 

Committee of the Faculty of Veterinary and Agricultural Sciences, University of Melbourne 

and was undertaken between 1st November 2017 and 28th February 2019. Dogs of any age, 

breed, sex, bodyweight ≥10 kg, and with a clinical diagnosis of snake envenomation were 

eligible for the study cohort. A clinical diagnosis of snake envenomation was defined as an 

appropriate history and clinical signs, and at least one of the following: positive detection 

of snake venom when using a point-of-care snake venom detection kit (SVDK; Snake 

Venom Detection Kit, Seqirus, Australia), creatine kinase (CK) >1000 U/l, prolongations 

in activated partial thromboplastin time (aPTT) or a witnessed snake bite. A history 

compatible with snake envenomation included one or more of the following: acute-onset 

of weakness or paralysis, pre-paralytic signs, or witnessed dog-snake interaction. Clinical 

signs consistent with snake envenomation included one or more of the following: lower 

motor neuron paresis/paralysis, reduced respiratory effort/respiratory failure, bilateral 

mydriasis with non-responsive pupillary light reflexes, absent gag reflex, continued 

haemorrhage from the bite site, muscle tremors or pigmenturia. Dogs were excluded from 

the study if they did not receive antivenom, were not admitted to the intensive care unit 

due to euthanasia, cardiopulmonary arrest, or transfer to another hospital, received 

veterinary treatment prior to referral to our emergency service, were anaemic (i.e., packed 

cell volume [PCV] of less than 30%) or, no TSV in serum was identified by ELISA after 

completion of the study.  

A control cohort was utilised for coagulation factor activity comparison. Twenty 

dogs of any age, sex and with a bodyweight equal to or greater than 10 kg were included. 
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Greyhounds and Dobermann pinschers, dogs that had a prolonged prothrombin time (PT) 

and/or aPTT or a platelet count, alanine aminotransferase (ALT), creatinine or glucose 

outside of the reference interval were excluded from the study. 

 

3.2.2. Study design 

This was a prospective, observational, cohort study. Dogs included in the study 

cohort had clinical severity metrics recorded and underwent serial blood sampling during 

hospitalisation. The clinical severity assessment included hospitalisation parameters and 

clinical manifestations of neurotoxicity, myotoxicity and coagulopathy. Hospitalisation 

parameters included dose and type of antivenom used, in-hospital death, and duration of 

hospitalisation in survivors. Clinical manifestations of neurotoxicity included mydriasis, 

impaired ambulation, compromised gag reflex, and the need for oxygen supplementation 

or mechanical ventilation. For myotoxicity, the highest CK value obtained and presence of 

pigmenturia were recorded. Signs of clinically relevant coagulopathy included haemorrhage, 

decrease in PCV and administration of blood products. Temperature data for the hospital 

precinct (Werribee, Australia) at the time of snakebite were extracted from the Bureau of 

Meteorology (2019). At the time of enrolment, venous blood was collected from the 

intravenous cannula after placement into a peripheral vein, or from a second venepuncture. 

The site of vascular access was at the individual clinician’s discretion. The blood was 

transferred into EDTA (0.5 mL; Greiner Bio-One GmbH, Austria), plain clotting (1.5 mL; 

Greiner Bio-one GmbH, Austria) and 3.2% sodium citrate (7mL; Greiner Bio-one GmbH, 

Austria) tubes.  

After the collection of initial blood samples, antivenom (Tiger/multi-brown snake 

antivenom, Summerland Serums, Australia) was administered. The antivenom dosage was 

at the discretion of the individual clinician. Each vial contained no less than 3000 units of 

tiger snake antivenom, and no less than 4000 units of brown snake antivenom. The time of 

administration was assigned as time zero (T=0). Further venous blood samples were 

collected into sodium citrate tubes (7 mL) at 3 (T=3), 12 (T=12) and 24 hours (T=24) after 

antivenom administration (Figure 3.1). Dogs in the control cohort had blood collected 

from the jugular vein. A 20 mL syringe (BD, Australia) containing 2 mL of 3.2% sodium 

citrate was fitted with a 21G needle and was used to collect 18 mL of blood. A second 

syringe was used to draw blood for EDTA (0.5 mL) and lithium heparin tubes (1 mL; 

Greiner Bio-One GmbH, Austria). 
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Figure 3.1. Study design displaying time points of blood sampling. Initial blood samples at 

enrolment were collected into EDTA, plain clotting (serum) and sodium citrate (plasma) 

tubes before antivenom (AV) administration. Subsequent blood samples (T = 3, 12, & 24 

after AV) were collected into sodium citrate only.  

 

3.2.3. Sample handling 

All samples from the control cohort and samples collected into the EDTA and 

lithium heparin tubes from the study cohort were analysed immediately. Blood collected 

into plain clotting and sodium citrate tubes from the study cohort were separated and 

stored for batch analysis. These samples were processed by centrifugation (Heraeus 

Megafuge 8R Centrifuge, Thermo Scientific, Germany) at 1408g for 15 minutes at room 

temperature and the supernatant was decanted into cryotubes (SureSeal 1.5mL Screw 

MicroTubes, Scientific Specialties Inc., USA) in equal aliquots of at least 1 mL each. These 

samples were held at -18C for less than 12 hours and then stored at -80C until batch 
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analysis. Batch analysis of coagulation factors occurred less than 13 months after collection, 

whilst analysis for TSV occurred less than 19 months after collection. Frozen samples were 

thawed at room temperature immediately prior to analysis.  

Blood collected into EDTA tubes was used for platelet counts (XT-2000i 

Hematology Analyzer, Sysmex, Japan). Plasma obtained from lithium heparin tubes was 

used to measure ALT, creatinine and glucose (Cobas Integra 400 Plus Analyzer, Roche 

Diagnostics, Switzerland) in the control cohort. Plasma extracted from the sodium citrate 

tubes was used to determine the activities of fibrinogen, FII, FV, FVII, FVIII & FX, and 

coagulation times (PT and aPTT). Serum from the plain clotting tubes was used to measure 

TSV concentrations. 

 

3.2.4. ELISA for snake venom identification 

Samples for serum TSV antigen identification and concentration were 

retrospectively assayed using a sensitive and specific sandwich ELISA (Nunc, Maxisorp, 

USA). The sandwich ELISA is similar to the previously described biotin labelled, two-step 

ELISA specific for TSV (Padula and Winkel, 2016c) except a horseradish peroxidase 

labelled, alpaca anti-TSV (IgG) was used for detection in a simultaneous assay format. 

Alpaca anti-TSV capture antibody was produced as previously described (Padula and 

Winkel, 2016b). 

  

3.2.5. Coagulation factor activity assays 

Samples for coagulation factor activity were analysed in duplicate using the Stago 

STA Compact Max (Paris, France) following the device’s proprietary, fully automated 

methodology. Reagents for coagulation factors and coagulation times were obtained from 

Diagnostica Stago (Paris, France) and prepared as per the manufacturer’s instructions 

(Diagnostica Stago, 2005) with one exception. In place of the Owren-Koller buffer, an in-

house barbitone buffered saline (BBS) solution was used as previously described by 

Mansell (1991). This was prepared with Milli-Q water (1L), sodium chloride (7.3g), 

barbitone (2.76g), sodium barbital (2.06g) and sodium azide (0.2g).  

Fibrinogen concentration was determined using a modified functional Clauss assay 

(Liquid Fib, Stago, France; Clauss, 1957). A calibration curve was prepared as per 
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manufacturer instructions with fibrinogen concentrations expressed in g/L. The reportable 

range for fibrinogen was 0.4-12 g/L. 

The coagulation factor assay standard curves were prepared using a reference 

canine plasma pool, prepared in-house with plasma from a separate group of 20 screened 

healthy dogs acquired on two different days. The two separate canine pooled plasma 

collections were frozen and stored individually and then combined at the time of testing. 

This pool was designated as having a specific factor activity of 100% when undiluted. For 

each coagulation factor the canine pooled plasma was used to generate a standard curve by 

serial dilution (1/10, 1/20, 1/40, 1/80) with BBS. Specific factor-deficient human plasma 

(Diagnostica Stago, France) was used for individual factor analyses. To measure the 

activities of FII, FV, FVII and FX the sample plasma was diluted with BBS 10-fold. The 

diluted sample (50 µL) was incubated with 50 µL of factor-deficient human plasma for 240 

seconds and mixed with 100 µL of the PT reagent (STA-NeoPTimal, Diagnostica Stago, 

France). To measure FVIII activity the sample plasma was processed as above but using 

FVIII-deficient human plasma and aPTT reagent (STA-Cephascreen, Diagnostics Stago, 

France), incubated for 240 seconds, then 50 µL of CaCl2 0.025 M (STA-CaCL2 0.025M, 

Diagnostica Stago, France) was added. The time for clot formation was measured using 

chronometry bydetection of variations in the ball oscillation amplitude. The coagulation 

times were compared to the calibration curve, and coagulation factor activity was expressed 

in percent. If the activity measured was <8-15% or >150-180%, then the automated 

process was repeated with a dilution of 1/5 or 1/20, respectively. The reportable range for 

coagulation factors using this assay was 13–100%. 

Clinical coagulation parameters (i.e., PT and aPTT) were measured using the 

manufacturer reagents (STA-Cephascreen, STA-NeoPTimal, STA-CaCL2 0.025M, STA 

Compact Max, Stago, France) and values were expressed in seconds. The reportable range 

for PT and aPTT was 3-120 seconds and 10-180 seconds, respectively.  

 

3.2.6. Data analysis 

3.2.6.1. Data management 

The data were recorded and stored using REDCap (Harris et al., 2019, 2009) 

hosted at the Faculty of Veterinary and Agricultural Sciences, University of Melbourne, 

Australia and analysis was conducted in SPSS (IBM Corp, New York) and R (R Core 

Team, 2019).  
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3.2.6.2. Longitudinal modelling of coagulation factors 

The observed activities of coagulation factors fibrinogen, FII, FV, FVII, FVIII and 

FX, and the observed coagulation times PT and aPTT, were defined as response variables 

in linear mixed models using the ‘lme4’ package (Bates et al., 2015) in R. Predictor variables 

were time (hours) after antivenom administration and serum TSV concentration at 

admission, with subject-level random effects (Equation 3.1).  

 

𝑌 ~ 𝛽0. 1 + 𝛽1. 𝑇𝑖𝑚𝑒 + 𝛽2. 𝑇𝑖𝑚𝑒2 + 𝛽3. 𝑙𝑜𝑔𝑒(𝑇𝑆𝑉) + (1 + 𝑇𝑖𝑚𝑒 | 𝑆𝑢𝑏𝑗𝑒𝑐𝑡) +  𝜀 

 

Equation 3.1. Model equation used for linear mixed models to evaluate response variables 

(coagulation factor activity [g/L,%] and coagulation times [seconds]) with predictor 

variables (time in hours and tiger snake venom [TSV] concentration [ng/mL] at admission). 

𝑌: response variable, 𝛽o: fixed intercept, 𝛽1: fixed slope for time, 𝛽2: fixed slope for time2, 

𝛽3: fixed slope for log(TSV), (1+ Time | Subject): random intercept/slope (time), 𝜀: 

residual error. 

 

Maximum likelihood estimation (MLE) was applied to fit the models. Goodness-

of-fit was evaluated with plots of the observations and predictions. Explanatory quality was 

determined using the marginal (mR2; fixed effects) and conditional (cR2; fixed and random 

effects) coefficients of determination (Nakagawa et al., 2017) as implemented in the 

‘muMin’ package (Barton, 2019) in R. Precision of parameter estimation was described with 

95% confidence intervals as detailed below. 

Where the activity-time profiles were appreciably non-linear, quadratic or reciprocal 

models for the time predictor were applied and relative goodness-of-fit  assessed using the 

Bayesian information criterion (Neath and Cavanaugh, 2012). 

 

3.2.6.3. Handling of censored variables 

In the longitudinal models, where responses were censored, a multiple imputation 

approach was applied to obtain valid parameter estimates and confidence intervals (Heinze 

et al., 2013; Uh et al., 2008). For left-censored coagulation factors, censored observations 

were replaced by imputed random values from the uniform distribution with interval (0, 

LOQ], where the LOQ is the analytical limit of quantification. The right-censored PT and 
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aPTT were reciprocal-transformed, so previously right-censored observations were then 

left-censored and replaced by uniform values on the interval (0, 1/LOQ]. 

 In each model 1000 imputed datasets were generated, and the model re-fitted at 

each iteration; parameter estimates and their standard errors were obtained. Aggregated 

parameters and confidence intervals were obtained using Rubin’s rules (Rubin, 1996) as 

implemented in the ‘Amelia’ package (Honaker et al., 2011) in R. The goodness-of-fit 

measures were the mean across the 1000 iterations. 

 

3.2.6.4. Defining the tolerance interval 

For the coagulation factors, for which no suitable published reference intervals 

were available, an ad-hoc interval was determined from the available control subjects. For 

each variable, 95% tolerance limits (De Gryze et al., 2007), for the 80th percentile, were 

determined using the non-parametric method as implemented in the R package ‘tolerance’. 

Reference intervals for the PT and aPTT were obtained from the laboratory.  

Following model selection in the first phase, a bootstrap approach was utilized to 

determine uncertainty in the estimated time-to-tolerance. The uncertainty of this estimates 

cannot be easily calculated, so the bootstrap technique was selected for approximation of 

the 95% confidence interval by simulation. For each bootstrap sample, multiple imputation 

was conducted for the missing data. The mean of the parameter estimates for the imputed 

sets, including the time to tolerance and the R2, were taken as the estimates for that 

bootstrap sample, following the ‘Boot-MI’ procedure for imputations-within-bootstraps 

(Schomaker and Heumann, 2018). 50 imputations were used, which was reduced from the 

first phase as only the mean estimates across imputations were required. Bootstrap 

sampling was non-parametric, and stratified by nominal observation time (0, 3, 12 and 24 

hr) such that the bootstrap replicates were balanced across time points. 2000 bootstrap 

samples were obtained for each response. 95% confidence intervals were determined using 

the bias-corrected-accelerated technique (DiCiccio and Efron, 1996; Puth et al., 2015). All 

bootstrapping procedures were performed using the R package ‘boot’ (Canty and Ripley, 

2019). Presented parameter 95% confidence intervals, coefficients of determination, and 

diagnostic plots were drawn from the bootstrap estimates. 
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3.3. Results 

3.3.1. Population data 

  

Figure 3.2. Flowchart showing the selection of study dogs. Abbreviations: TSV: tiger 

snake venom, ELISA: enzyme-linked immunosorbent assay. 

 

During the study period, 41 dogs fulfilled the inclusion criteria; 30 dogs were 

excluded allowing data from 11 dogs to be analysed for the study (Figure 3.2). All dogs 

were from the Western suburbs of Melbourne and were seen between November 2017- 

February 2018 and October 2018 – December 2018. The median atmospheric temperature 

for the days that the dogs were enrolled was a daily high of 28C (range 21-34) and a daily 

low of 12C (range 8-22). Demographics of the study and control cohort were similar 

(Table 3.1). At the time of snake bite, 10 dogs (91%) were confined in the backyard, and 

one dog (9%) was at a dog beach. The snake was witnessed in ten dogs (91%). Ten dogs 

(91%) were primary emergency patients, and one dog (9%) was referred from another 
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veterinary practice. All dogs enrolled in the study were treated for snake envenomation and 

survived to discharge. The median duration of hospitalisation was 29 hours (range 24-76). 

Creatine kinase was analysed in 10 dogs, and the median highest recorded value was 2147 

U/L (range 771-14813). Pigmenturia was recorded in five dogs (45%) during 

hospitalisation. All dogs displayed at least one of the following neurological signs: non-

responsive mydriasis, poor ambulation, and/or absent gag reflex. None of the animals 

required mechanical ventilation but one required oxygen supplementation for more than 

one hour. Two dogs (12%) had self-limiting, excessive haemorrhage from venepuncture 

sites. None of the dogs displayed haemoptysis or haematemesis, developed anaemia or 

required blood transfusions. An SVDK was used in three dogs (27%). Tiger snake 

immunotype was detected in two dogs using urine and a sample of unknown origin, and 

the brown snake immunotype was detected in one dog using a plasma sample. Platelet 

numbers were available for ten dogs with a median platelet count of 200 x109 cells/L (range 

100-390). The median TSV concentration was 57 ng/mL (range 6-2295).  A median 

number of two vials of antivenom were administered after enrolment (range 1-3). None of 

the dogs received further doses of antivenom during hospitalisation. 

 

Table 3.1. Demographic data for the study (tiger snake envenomed dogs) and control 

(healthy dogs) cohorts.  

Variables  Tiger snake envenomed 

dogs 

Control dogs 

n  11 20 

Age (years)*  5.0 (0.6-13) 8.7 (0.6-13) 

Body weight 

(kg)* 

 30 (12-35) 27 (14-52) 

Breeds (count 

[%]) 

Purebred 9 (82) 14 (70) 

 Mixed breed 2 (18) 6 (30) 

Sex (count 

[%]) 

Male  6 (55) 12 (60) 

 Female 5 (45) 8 (40) 

* median (range) 
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 The median laboratory values for the control cohort were a platelet count of 282 

x109 cells/L (range 200-637; reference interval 200-500 x109/L), ALT of 33 U/L (range 19-

102; reference interval 3-83), creatinine of 83 umol/L (range 40-140; reference interval 40-

140), and a glucose of 5.5 mmol/L (range 4.5-8; reference interval 3.4-7.4).  

 Before antivenom administration, coagulation factor activity of tiger snake 

envenomed dogs, compared to the control cohort, demonstrated severe deficiencies in 

fibrinogen, FV and FVIII (Table 3.2). In all dogs, fibrinogen was measured at, or below 

the detectable limit of the assay ( 0.4 g/L). Comparatively, FV and FVIII were below the 

detectable limit of the assay in only some dogs ( 13%). Factors II, VII and X had modest 

depletions. Coagulation times (PT and aPTT) were prolonged in all dogs, and censored in 

most (Table 3.2).  

 

Table 3.2. Median (range) coagulation factor activity, prothrombin time (PT) and activated 

partial thromboplastin time (aPTT) in tiger snake envenomed dogs before antivenom 

compared with a control cohort of healthy dogs. 

 Tiger snake envenomed dogs  Control dogs 

Number of patients 11 20 

Fibrinogen (g/L) 0.4 (<0.4-0.4) 1.9 (1.0-2.9) 

Factor II (%) 74 (23-82) 83 (78-87) 

Factor V (%) 13 (13-59) 79 (61-83) 

Factor VII (%) 79 (63-97) 86 (58-94) 

Factor VIII (%) 48 (13-87) 91 (67-101) 

Factor X (%) 71 (56-97) 79 (73-86) 

PT (seconds) 120 (22.25-120) 7.7 (7.3-8.4) 

aPTT (seconds) 180 (18.6-180) 14.7 (13.4-16.8) 

The limit of detection for fibrinogen and coagulation factors for the assays used are 0.4 

g/L and 13%, respectively. Coagulation times greater than 120 and 180 seconds are beyond 

the maximal clotting time of the assays for PT and aPTT, respectively. 
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3.3.2. Coagulation factor deficiencies and recovery 

The models for the coagulation factors and coagulation times are depicted visually 

in figure 3.3. At T=0, fibrinogen, FV, and FVIII had the lowest activities. Coagulation 

times were also severely affected. There were moderate reductions in FII and FX, while 

FVII remained within the tolerance interval. The effect of time was strongest in fibrinogen 

(mR2: 0.750, cR2: 0.952), FV (mR2: 0.669, cR2: 0.792) and FVIII (mR2: 0.479, cR2: 0.776). The 

effect of time was weaker in FII (mR2: 0.300, cR2: 0.785) and FX (mR2: 0.179, cR2: 0.685). 

An effect of time was not observed in FVII (mR2: 0.060, cR2: 0.960) (Table 3.3). In these 

factors, the inclusion of random effects (inter-subject variability) resulted in a higher 

conditional co-efficient of determination (cR2). Prothrombin time (mR2: 0.891, cR2: 0.891) 

and aPTT (mR2: 0.796, cR2: 0.797) were strongly associated with time showing similar co-

efficient of determination for fixed and random effects. 

 

Table 3.3. Linear mixed model effects of time after antivenom and tiger snake venom 

(TSV) concentration on coagulation factor activity, prothrombin time (PT) and activated 

partial thromboplastin time (aPTT).  

Response variable 

 

Model parameter MLE Lower 95% CI Upper 95% CI 

Fibrinogen (g/L) Intercept (𝛽0) 0.304 0.052 0.557 

  mR2 0.750 Time (𝛽1) 0.080 0.060 0.101 

  cR2  0.952 Time2 (𝛽2) 0 *   

 Log(TSV) (𝛽3) -0.046 -0.100 0.008 

 Random effect (Time | id)   

Factor II (%) Intercept (𝛽0) 86.02 64.09 108.0 

  mR2 0.300 Time (𝛽1) 0.420 0.150 0.690 

  cR2 0.785 Time2 (𝛽2) 0 *   

 Log(TSV) (𝛽3) -5.307 -10.05 -0.560 

 Random effect (1 | id)   

Factor V (%) Intercept (𝛽0) 44.40 25.24 63.56 

  mR2 0.669 Time (𝛽1) 4.079 2.917 5.241 

  cR2 0.792 Time2 (𝛽2) -0.076 -0.115 -0.037 

 Log(TSV) (𝛽3) -5.279 -9.315 -1.243 

 Random effect (1 | id)   
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Response variable 

 

Model parameter MLE Lower 95% CI Upper 95% CI 

Factor VII (%) Intercept (𝛽0) 81.87 67.29 96.45 

  mR2 0.060 Time (𝛽1) 0.282 0.063 0.501 

  cR2 0.960 Time2 (𝛽2) 0 *   

 Log(TSV) (𝛽3) -0.604 -3.773 2.565 

 Random effect (Time | id)   

Factor VIII (%) Intercept (𝛽0) 69.49 43.73 95.23 

  mR2 0.479 Time (𝛽1) 1.569 1.171 1.966 

  cR2 0.776 Time2 (𝛽2) 0 *   

 Log(TSV) (𝛽3) -5.702 -11.24 -0.161 

 Random effect (1 | id)   

Factor X (%) Intercept (𝛽0) 77.21 66.06 88.36 

  mR2 0.179 Time (𝛽1) 0.179 0.021 0.338 

  cR2 0.685 Time2 (𝛽2) 0 *   

 Log(TSV) (𝛽3) -1.932 -4.336 0.472 

 Random effect (1 | id)   

1/PT (seconds) Intercept (𝛽0) 0.043 0.030 0.056 

  mR2 0.891 Time (𝛽1) 0.008 0.007 0.009 

  cR2 0.891 Time2 (𝛽2) -1.537x10-4 -1.970x10-4 -1.100x10-4 

 Log(TSV) (𝛽3) -0.007 -0.010 -0.005 

 Random effect (1 | id)   

1/aPTT (seconds) Intercept (𝛽0) 0.038 0.027 0.049 

  mR2 0.796 Time (𝛽1) 0.005 0.004 0.006 

  cR2: 0.797 Time2 (𝛽2) -9.915x10-5 -1.355x10-4 -6.278x10-5 

 Log(TSV) (𝛽3) -0.005 -0.008 -0.003 

 Random effect (1 | id)   

All models are based on the following equation:  𝑌 ~ 𝛽0.1 + 𝛽1.𝑇𝑖𝑚𝑒 + 𝛽2.𝑇𝑖𝑚𝑒2 + 

𝛽3.𝑙𝑜𝑔𝑒(𝑉𝑒𝑛𝑜𝑚) + (1+𝑇𝑖𝑚𝑒|𝑆𝑢𝑏𝑗𝑒𝑐𝑡) + 𝜀 (Equation 1). The parameters of best-fit were 

selected based on Bayesian information criterion, R2, and visualisation for each outcome. 

All models included the fixed effect of time (hours) and TSV concentration (ng/mL) at 

admission, and random effects of inter-subject variability for the intercept (1 | id) and/or 

slope (time | id). Abbreviations: MLE: maximum likelihood estimate, CI: confidence 
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interval, mR2: marginal coefficient of determination (fixed effects), cR2: conditional 

coefficient of determination (fixed and random effects), *: parameter not used in the 

model. 
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Figure 3.3. Scatter plots displaying the effect of time after antivenom (AV; hours) on 

activities of fibrinogen (A) and coagulation factor II (B), factor V (C), factor VII (D), factor 

VIII (E), factor X (F), prothrombin time (PT) (G), and activated partial thromboplastin 

time (aPTT) (H). Crosses represent the data points from multiple imputations, circles 

represent individual data points. The slope is derived from a linear-mixed model equation 

of best fit. The grey shaded area is the 95% tolerance interval from the control cohort. 

Abbreviations: mR2: marginal coefficient of determination (fixed effects only), cR2: 

conditional coefficient of determination (fixed and random effects). 

 

 The predicted times for fibrinogen, FV and FVIII to reach the lower limit of the 

tolerance interval were 10.87 (95% confidence interval [CI]: 9.490-12.19), 11.7 (95% CI: 

9.421-15.24) and 13.15 (95% CI: 10.46-16.36) hours after antivenom administration, 

respectively. Factor X was predicted to require 20.57 (95% CI: 10.82-41.05) hours after 

antivenom to reach the tolerance interval, while FII failed to do so within the study 

duration of 24 hours. For FVII, the predicted time to reach the lower tolerance limit did 

not exist. Activated partial thromboplastin time was predicted to recover by 12.58 (95% CI: 

10.38-15.70) hours after antivenom. A predicted time to recovery for PT could not be 

calculated based on the model equation (Table 3.4).  

 

Table 3.4. Predicted time (95% confidence interval) for individual coagulation factor 

activities and coagulation times to reach the lower tolerance limit of the control cohort, and 

respective tolerance interval derived from the control cohort. 

 Predicted time to reach lower 

tolerance limit (hours) 

95% Tolerance interval for 

coagulation factors and times 

Fibrinogen (g/L) 10.87 (9.490-12.19) 0.986–2.956 

Factor II (%) 32.38 (22.17-47.05) † 77.36–87.00 

Factor V (%) 11.77 (9.421-15.24) 59.72–83.00 

Factor VII (%) 0 * 56.60–94.28 

Factor VIII (%) 13.15 (10.46-16.36) 66.16–101.3 

Factor X (%) 20.57 (10.82-41.05) 72.73–86.21 

PT (seconds) - * 7.300–8.420 

aPTT (seconds) 12.58 (10.38-15.70) 13.34–16.91 

* could not be calculated from the data, † data point extrapolated outside of the study 

collection time.  
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3.3.3. Effect of serum TSV concentrations on coagulation 

The loge TSV concentration had a positive effect on both coagulation times, a 

negative effect on FII (𝛽3: -5.307, 95% CI: -10.05 - -0.560), FV (𝛽3: -5.279, 95% CI: -9.315 

- -1.243) and FVIII (𝛽3: -5.702, 95% CI: -11.24 - -0.161), and a marginal effect on 

fibrinogen (𝛽3: -0.046, 95% CI: -0.100 – 0.008) (Table 3). No effect of TSV concentration 

on FVII and X was detected.  

 

3.4. Discussion 

The effects of prothrombin activation by TSV were evident as consumption of 

individual coagulation factors in this study. Before antivenom, fibrinogen, FV and FVIII 

were the most severely affected factors, followed by FII and FX. Fibrinogen, FV and 

FVIII were also the fastest to recover to control values, followed by FX. Recovery of 

coagulation factors was reflected in the normalisation of aPTT. The predicted time to 

recovery for PT could not be calculated based on the data, however the trend towards 

normal can be appreciated; the lack of observations after 24 hours may limit this 

calculation. There was minimal inter-subject variation in the recovery of coagulation times. 

Higher TSV concentrations were associated with lower FII, FV and FVIII activity and 

severe prolongations in coagulation times. The effect of TSV concentrations on fibrinogen 

was negligible; the profound consumption of fibrinogen at enrolment may represent how 

sensitive this factor is to the TSV toxin. Factor VII activity was not influenced by TSV.  

 The changes in coagulation factor activities in our study are commensurate with the 

TSV effect on prothrombin activation in humans (Isbister et al., 2010; Rao et al., 2003a). In 

the amplification phase of the cell-based model of coagulation, the proteolytic conversion 

of prothrombin to thrombin (FIIa) by prothrombinase (FXa-Va) facilitates the activation of 

other coagulation components such as FV, VIII, XI and platelets. Consequently, the 

prothrombinase and ‘tenase’ (FVIIIa-IXa) complexes established on the activated platelet 

rapidly generate the ‘thrombin burst’ characteristic of the propagation phase for fibrinogen 

consumption and fibrin formation (Hoffman and Monroe, 2001). The notecarin D toxin 

(an FXa homologue) from TSV - a potent procoagulant above-and-beyond the 

physiological prothrombin activation mechanisms – can activate thrombin independently 

in the absence of calcium and phospholipid membranes, and can bind to FVa with greater 
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affinity compared with endogenous processes (Newell-Caito et al., 2011). This may 

produce sufficient amounts of thrombin for a stable clot formation without the complex 

being first attached to an activated platelet; circulating prothrombinase from TSV may 

account for the profound fibrinogen deficiencies.  

 The pattern of coagulation factor activity abnormalities in naturally occurring tiger 

snake envenomed dogs is similar to that reported in humans. Factor deficiencies in people 

with elapid snake VICC have been described by Isbister et al. (2010) and were characterised 

by a nearly complete consumption of fibrinogen, FV and FVIII 2 hours after tiger snake 

envenomation. The order of severity of factor consumption is the same in dogs and people 

with complete VICC:  fibrinogen > FV > FVIII > FX > FII. Nevertheless, we also 

observed distinct dissimilarities in the degree of reduction in some factors between dogs 

and humans. For example, the reported trough activity of FVIII in humans (median = 

10.1%,  2.5-97.5 percentile = 0.4-118%) is much lower – although more variable – 

compared to our findings in dogs (median = 48%; range 13-87%) (Isbister et al., 2010). 

This may be due to variations in VICC syndrome definitions or factor activities between 

species. In people, VICC is classified as partial (i.e., low but detectable fibrinogen, or raised 

D-dimer with an INR [international normalised ratio] of <3.0) or complete (i.e., 

undetectable fibrinogen, or raised D-dimer with an INR of >3.0) (Gulati et al., 2013; 

Isbister et al., 2010). Our study design did not a priori set out criteria to distinguish between 

partial and complete VICC as these are not defined in dogs, hence some of the subjects in 

the human studies may have been more severely affected than dogs in our study. However, 

given that fibrinogen was left-censored (i.e., non-detectable) in all dogs, this would suggest 

complete VICC according to human classification. The difference in the extent of 

reductions in certain coagulation factors in dogs and people may be attributed to species 

differences in coagulation physiology. Healthy humans have lower FV, FVII and FVIII 

activities when compared to healthy dogs, such that the available pool might be depleted 

more readily (Knudsen et al., 2010; Mischke, 2001). 

 Indrawirawan et al. (2014) reported that 4.8% of naturally occurring elapid snake 

envenomed dogs presented to a metropolitan veterinary hospital in Melbourne had 

clinically-evident coagulopathy, while we observed minor haemorrhage in 12% of dogs. 

Comparatively, 26-30% of humans with tiger snake envenomation display clinical bleeding 

(Isbister et al., 2012; Scop et al., 2009) and whilst uncommon, intracranial haemorrhage is 

the main cause of death in humans secondary to elapid snake VICC (Berling et al., 2015; 

Isbister et al., 2009). The differences in bleeding tendencies are unlikely to be determined 
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by the variability in affected coagulation factors alone. In inherited single coagulation factor 

deficiencies, such as haemophilia A (i.e., FVIII deficiency), severity is determined by the 

extent of coagulation factor deficiencies – factor activity of 5-40% of normal is considered 

mild, whilst less than 1% of normal is severe – but in humans and dogs, regardless of 

severity, there is heterogeneity in the incidence of bleeding (Aslanian et al., 2014; 

Blanchette et al., 2014; Blanchette and Srivastava, 2015). Even with combined coagulation 

factor deficiencies, such as familial multiple coagulation factor deficiencies (FMCFD), 

bleeding is inconsistent. In people with combined FV & FVIII deficiencies (FMCFD I), 

there is a comparable incidence of haemorrhage in patients with a similar severity of either 

deficiency alone (Robson and Mumford, 2009).  

This is the first study to document serial coagulometric observations in treated tiger 

snake envenomed dogs and identified faster recovery rates of coagulation factors in dogs 

compared to estimates in people; this may explain the dissimilarity in incidence of 

haemorrhage between species. In humans with tiger snake envenomation, the recovery rate 

of the most deplete factors is slower; fibrinogen, FV and FVIII recovered in 50% of 

human patients in 12 to 24 hours (Isbister et al., 2010). A study following PT and aPTT in 

a subset of brown snake (Pseudonaja sp.) envenomed dogs reported normalisation by 8 to 24 

hours after antivenom administration (Padula and Leister, 2017). Our study demonstrated 

recovery of fibrinogen, FV and FVIII in dogs by 10 to 13 hours, with fibrinogen 

recovering the fastest. In experimentally-induced coagulopathy in mice, haemostasis is only 

achieved in the presence of fibrinogen (Eltringham-Smith et al., 2015). In fact, in a 

mathematical model of snake VICC, fibrinogen is the rate-limiting step for the recovery of 

other factors (Gulati et al., 2013) – our study supports this finding. It is well established 

that fibrinogen – unlike other coagulation factors - increases above the basal rate during an 

‘acute-phase protein’ response (Lowe et al., 2004; Redman and Xia, 2006). An 

inflammatory response is documented in tiger snake envenomed dogs with a peak in the 

acute-phase biomarker interleukin-6 (IL-6) occurring one hour after antivenom (Costet, 

2016). IL-6, stress and decreased fibrinogen levels are potent stimuli for fibrinogen 

recovery (Castell et al., 1989; Hardaway et al., 1964; Owen et al., 1973). In dogs, within 

three hours after the consumption of fibrinogen by fibrinolysin (bovine plasmin) 

administration, there is an increase at a rate of 0.36-0.50 g/L/hr, with concentrations 

peaking at 44 hours (Hardaway et al., 1964a). In contrast, after surgical insult in humans, 

there is a 6-8 hour lag phase in the fibrinogen response which may only rise at 0.1 g/L/hr 

in the first 24 hours, with a peak in concentrations at 96 hours (Aronsen et al., 1972; Colley 
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et al., 1983). Our study identified an estimated fibrinogen recovery rate of 0.080 g/L/hr. 

This is lower than previous experimental studies (Hardaway et al., 1964a) and may reflect 

differences in mechanisms of fibrinogen consumption, inter-subject variation in our study 

or a different time point from the consumption of fibrinogen. Despite this, an accelerated 

capacity for fibrinogen synthesis in dogs may be protective against clinically significant 

haemorrhage in this species. 

 This study reports a broad range of TSV concentrations (median: 57 ng/mL; range: 

5.7-2295) encountered in dogs with clinically significant tiger snake envenomation. In two 

tiger snake case reports, Padula & Winkel (2016a) reported a pre-antivenom serum TSV 

concentration of 365 ng/mL in a dog and 311 ng/mL in a cat (2016c). In comparison, a 

median brown snake venom concentration of 122 ng/mL (range: 1.9-3607) has been 

reported in dogs before antivenom administration (Padula and Leister, 2017). The serum 

venom concentrations in domestic animals far exceed those reported in people. Three 

papers with serum TSV concentrations from naturally-occurring tiger snake envenomation 

in people reported a combined range of 0.1-171 ng/mL (Isbister et al., 2012, 2010; 

Johnston et al., 2017). It is plausible that dogs may aggressively pursue snakes and thus 

suffer from multiple bites. In experiments allowing tiger snakes to perform repeated 

strikes, subsequent bites had 20 – 30% venom of the previous bite (Morrison et al., 1982). 

This may contribute to the higher cumulative absolute venom dose in domestic animals 

than in humans. Finally, methodological variation between venom assays may in part 

account for the variation in venom concentrations observed in different studies.  

 Our data support previous research documenting the dose-dependent effect of 

TSV on coagulation. In experimental studies, Lewis (1994a) detailed the progressive 

coagulopathy at lethal subcutaneous doses of TSV (0.03 mg/kg) and above. In other 

experiments by Tibballs (1998a), intravenous doses of TSV at 0.001 – 0.030 mg/kg 

resulted in prolongations in PT and aPTT with a weak dose-dependent effect. Our study 

now describes these effects after naturally occurring envenomation. Factor II, FVII and FX 

– the least deficient factors, were weakly affected by TSV concentration. In contrast, FV 

and FVIII were more depleted at higher TSV concentrations. Interestingly, fibrinogen was 

only marginally affected by TSV concentration, likely as maximum fibrinogen depletion 

was already reached at comparatively low venom concentrations. 

TSV was not detected in eight dogs after post-collection analysis and were 

subsequently excluded. These dogs were initially enrolled based on a witnessed dog-snake 

interaction or positive SVDK – two for tiger snake immunotype, three for brown snake 
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immunotype. Fibrinogen was measurable and brown snake venom – tested by ELISA for 

interest’s sake – was not detected in serum. In a subset of four dogs, CK was elevated 

(greater than 1000 U/L; with a maximum of 37431 U/L) and neurological signs consistent 

with snake envenomation were seemingly responsive to bivalent tiger-brown antivenom 

(Tiger/multi-brown snake antivenom, Summerland Serums, Australia). In this subset, we 

suspect envenomation by the lowland copperhead (Austrelaps superbus), which occurs in 

southwest Victoria where the dogs were located (Atlas of Living Australia, 2019; White, 

2013; Wright and Indrawirawan, 2017). Lowland copperhead venom can be identified as a 

positive result in the tiger snake immunotype in the SVDK (White, 2013), and the 

neurotoxicity is reversible with tiger snake antivenom (Hodgson et al., 2003; Marcon and 

Nicholson, 2011).  

A limitation of this study was the small number of animals. While repeated 

observations within subjects over time provide a sound statistical basis for inferences to be 

made, the sample of dogs obtained may not be representative of all dogs with tiger snake 

envenomation in Victoria. Multiple censored observations (i.e., those outside of the linear 

range of the assays) occurred in our dataset, but the use of multiple imputations allowed 

reasonable inference. In general, the time of bite can not reliably be estimated for naturally 

envenomed animals, so the time of antivenom administration was chosen as the starting 

time-point. Considering actual time of bite might account further for the inter-subject 

variability.   

 

3.5. Conclusion 

In conclusion, there was consumption of fibrinogen, FV and FVIII with rapid recovery by 

11 – 13 hours in tiger snake envenomed dogs with VICC. Activated partial thromboplastin 

time recovered by 13 hours after antivenom; recovery occurred in the absence of repeat 

antivenom administration. The coagulometric changes – specifically PT, aPTT, FII, FV and 

FVIII – were associated with serum venom concentration. Serum TSV concentrations in 

dogs were higher than those reported in humans. The elucidation of the coagulation factor 

activity patterns from tiger snake envenomation has provided insight into the features of 

tiger snake VICC in dogs and its recovery. 
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Chapter 4 

Main conclusion 
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4.1. Main conclusion 

 The existing knowledge regarding tiger snake VICC in dogs is highlighted in the 

review of the literature. It is striking that a deeper understanding of tiger snake VICC in 

dogs halted at the discovery of a dose-dependent coagulopathy by Holloway and Parry 

(1989) with no further investigation into the finer mechanistic detail. The study presented 

here unravels the intricacies of tiger snake VICC in dogs. The previously described 

prolongations in prothrombin time (PT) and activated partial thromboplastin time (aPTT) 

were demonstrated alongside deficiencies in several coagulation factors. While the 

coagulation factor consumption in early tiger snake VICC is dramatic, a predictable 

recovery is expected after the first dose of antivenom.  

The documentation of this predictable resolution of tiger snake VICC in dogs now 

provides a good foundation for the use of coagulometry in the diagnosis of tiger snake 

envenomation in this species. In early snake envenomation, aPTT is an excellent diagnostic 

tool for detecting suspect tiger snake envenomation, as its value was prolonged in all case. 

Nevertheless, fibrinogen may be a more sensitive marker of tiger snake envenomation; all 

dogs in this study presented with fibrinogen below the detectable limit of the assay 

compared with off-scale prolongations of aPTT in only some dogs. Further insight was 

gained regarding coagulometric markers for the guidance of repeat antivenom 

administration. In this study, VICC resolved without repeated antivenom administration, 

contesting the use of coagulometry as a justification for repeating, or even withholding, 

antivenom. This is in accordance with the resolution of VICC independent to antivenom in 

people (Isbister et al., 2010, 2009; Maduwage and Isbister, 2014). An ongoing coagulopathy 

(e.g., hypofibrinogenaemia or prolonged aPTT) beyond 13 hours after antivenom 

administration warrants further investigation.  

Coagulation factor deficiencies may provide diagnostic information regarding the 

dose of tiger snake venom (TSV) acquired. A negative association was identified between 

higher TSV dose and lower FVIII activity. Perhaps very low FVIII activity in tiger snake 

VICC may support the use of higher antivenom doses. Surprisingly, only a marginal 

association between fibrinogen and TSV was detected which is likely a reflection of the 

pronounced fibrinogen deficiencies (i.e., below the detectable limit of the assay) at all TSV 

doses.  

Therapies for coagulopathy were unnecessary in this study, even in those dogs with 

clinical haemorrhage. Mild haemorrhage in 12% (2 out of 11) of study dogs is 
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commensurate with other veterinary studies (Barr, 1984; Heller et al., 2005; Hill, 1979; 

Holloway and Parry, 1989; Indrawirawan et al., 2014; Ong et al., 2015; Wright and Ngo, 

2018). A higher incidence of clinical haemorrhage occurs in people (Isbister et al., 2012; 

Johnston et al., 2017; Scop et al., 2009). The rare occurrence of severe haemorrhage is 

surprising given the profound deficiencies in fibrinogen, which is an important determinant 

of clinical haemorrhage (Eltringham-Smith et al., 2015; Peyvandi et al., 2012). A 

noteworthy difference in the temporal pattern of VICC between dogs and people is the 

recovery of fibrinogen; in people, fibrinogen recovery occurred 24 hours after 

envenomation compared with 11 hours in the dogs in our study (Isbister et al., 2010). It is 

this rapid fibrinogen recovery that may confer protection against clinical haemorrhage in 

dogs. Fibrinogen replacement in people at risk of haemorrhage may improve outcomes.  

Disparities in the severity of clinical haemorrhage also exist between tiger and 

brown snake envenomed dogs. In southeast Queensland dogs, Leong et al. (2018) suggest a 

1-2% incidence of fatal pulmonary haemorrhage from brown snake envenomation. There 

is a 70% mortality rate in dogs that develop pulmonary haemorrhage in this setting. The 

risk factors for pulmonary haemorrhage in these brown snake envenomations remains 

unknown. Differences in coagulation factor trough activities, their recovery kinetics or, 

perhaps, venom constituents predisposing a haemorrhagic phenotype may contribute to 

the observed bleeding.  Targeted studies investigating the coagulation factor activities in 

brown snake VICC may be a next logical step for further elucidate the mechanism of fatal 

haemorrhage from some this snake species.  

When comparing and contrasting with human literature, it is obvious that there are 

differences, however minor, in tiger snake VICC between people and dogs. This reaffirms 

the contribution of veterinary medical research towards the ‘One Health’ knowledge base. 

The reverse-translational approach of medicine utilises naturally occurring disease in 

animals to improve further therapies in people (Schneider et al., 2018). The comprehensive 

characterisation of tiger snake VICC in dogs from this study contributes such information. 

Further characterisation of VICC in dogs from other elapid snakes, or even the differences 

in fibrinogen between people and dogs will enrich the understanding of snake VICC in 

veterinary and human medicine. 
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