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Summary 
Strongylus vulgaris (bloodworm) is the most pathogenic intestinal parasite in horses. Its life cycle is approxi-

mately 6 months long, during which time it migrates in the cranial mesenteric artery and its branches. This 

migration causes local inflammation and damage to the endothelium, which initiates the activation of hemo-

stasis, leading to verminous arteritis and thrombosis. In the worst case, these changes can lead to the for-

mation of non-strangulating intestinal infarctions (NSII), which without acute surgical treatment will be fatal 

for the horse. However, not all horses infected with S. vulgaris develop NSII, and the reason for this is not yet 

fully understood. In addition, there currently is no optimal way to diagnose the presence of migrating S. 

vulgaris larvae or NSII.  

Based on the damage caused by S. vulgaris, it is relevant to examine hemostatic markers as well as markers 

of endothelial damage. This will provide a better understanding of why some horses with S. vulgaris do not 

develop NSII, and will help to identify new diagnostic biomarkers.  

The overall aim of this PhD was to investigate the hemostatic balance in horses with migrating S. vulgaris 

larvae with and without signs of clinical disease (NSII) in order to aid in the understanding of the development 

of NSII in some horses.  

In Study I (Paper I), two human d-dimer assays, STAGO STA-Liatest D-di + (Stago) and NycoCardTM D-dimer 

assay (NycoCard), were investigated on citrated platelet poor plasma (PPP) in clinically healthy horses. They 

were subsequently compared across four groups of horses: clinically healthy horses, horses with gastrointes-

tinal (GI) disease and low-grade systemic inflammation (serum amyloid A (SAA) 30-100 mg/L), horses with GI 

disease and severe systemic inflammation (SAA > 1000 mg/L), and horses with NSII. The results showed that 

both assays were applicable in horses, with acceptable validity and reliability. The high SAA group and the 

NSII group both had a significantly higher d-dimer concentration than the clinically healthy group. Both assays 

showed good agreement in classifying horses with a low or high d-dimer concentration, but results from the 

two assays cannot be compared one to one. 

In Study II (Paper II), plasma-thromboelastography (TEG) and Calibrated Automated Thrombogram (CAT) as-

say were studied on citrated PPP. The CAT assay was first investigated in clinically healthy horses and then 

both assays were compared across three groups of horses: clinically healthy horses, horses with non-inflam-

matory and non-ischemic GI disease (mild GI disease), and horses with inflammatory and ischemic GI disease 

(severe GI disease). The results showed that the CAT assay had a high degree of validity and reliability. Both 

assays showed changes that could be interpreted as hypercoagulability in the horses with severe GI disease 

compared to the clinically healthy horses and the horses with mild GI disease. 

In Study III (Paper III), clinical parameters, hematological and biochemical variables, S. vulgaris antibodies, d-

dimer, plasma-TEG and CAT were used in six groups of horses: clinically healthy horses, horses with S. vulgaris 

without clinical disease (NSII negative), horses with S. vulgaris with clinical disease (NSII positive), horses with 

idiopathic peritonitis, horses with enterocolitis, and horses with strangulating intestinal lesions. The results 

showed that horses with migrating S. vulgaris larvae without and with clinical disease (NSII) had significant 

hemostatic changes compared to the remaining groups. A model including inflammatory markers (iron and 

SAA) and global hemostatic markers (angle (plasma-TEG) and endogenous thrombin potential (ETP; CAT)) 

was, to some degree, able to differentiate horses with NSII caused by S. vulgaris from the remaining groups. 
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In Study IV, plasma-TEG and CAT were measured on citrated plasma collected every two weeks for one year 

in horses with migrating S. vulgaris larvae without clinical disease. Seasonal hemostatic changes were ob-

served, but without any unique pattern.  

In Study V, two human endothelial markers, vascular cell adhesion molecule 1 (vCAM-1) and P-selectin, were 

investigated on serum from four groups of horses: clinically healthy horses, horses with migrating S. vulgaris 

larvae with clinical disease (NSII positive), horses with enterocolitis, and horses with strangulating intestinal 

lesions. Both assays produced satisfactory standard curves, but measurements from the four groups of 

horses were below the lower level of detection for both assays. 

Based on the results of this PhD project, it can be concluded that human d-dimer assays (Stago and NycoCard) 

and plasma-based global hemostatic tests (plasma-TEG and CAT) can be used on citrated plasma from horses. 

Horses with migrating S. vulgaris larvae both without and with clinical disease (NSII) exhibit hemostatic 

changes compared to clinically healthy horses and horses with other inflammatory and/or ischemic GI dis-

eases. Combining inflammatory markers (iron and SAA) and global hemostatic tests (angle and ETP) can, to 

some degree, distinguish horses with NSII caused by S. vulgaris from clinically healthy horses and horses with 

other inflammatory and/or ischemic GI diseases. This seems to support the idea that horses can cope with a 

S. vulgaris infection as long as they do not experience concomitant systemic inflammation.  
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Sammendrag (Danish summary) 
Strongylus vulgaris (blodorm) er hestens mest patogene indvoldsorm. Den har en ca. 6 måneder lang livscy-

klus, hvor den undervejs migrerer i den kraniale mesenterielle arterie og dens forgreninger. Migrationen for-

årsager lokal inflammation og skade på endothelet, hvilket initierer en aktivering af hæmostasen. Samlet 

leder dette til verminøs arteritis og trombose. I værste fald kan disse forandringer føre til dannelsen af non-

strangulerende intestinale infarkter (NSII), som uden akut kirurgisk behandling vil være dødelig. Det er dog 

ikke alle heste inficeret med S. vulgaris, som udvikler NSII. Årsagen til dette er endnu ikke fuldt forstået. 

Derudover findes der på nuværende tidspunkt ikke nogen optimal måde at diagnosticere tilstedeværelsen af 

migrerende S. vulgaris larver eller NSII.  

På bagrund af de skader S. vulgaris medfører, er det relevant at undersøge hæmostasemarkører samt mar-

kører for endothelskade. Dette for at få en bedre forståelse for, hvorfor ikke alle heste med S. vulgaris udvik-

ler NSII, samt for at identificere nye diagnostiske biomarkører.    

Hovedformålet med dette ph.d.-projekt var at undersøge den hæmostatiske balance i heste med migrerende 

S. vulgaris larver med og uden tegn på klinisk sygdom (NSII). Dette for at forbedre forståelsen for hvorfor kun 

nogen heste inficeret med S. vulgaris udvikler NSII.  

I Studie I (Paper I) blev to humane d-dimer assays, STAGO STA-Liatest D-di+ (Stago) og NycoCardTM D-dimer 

assay (NycoCard), undersøgt på citratstabiliseret trombocytreduceret plasma i klinisk raske heste. Siden blev 

de sammenlignet i fire grupper af heste; klinisk raske, heste med gastrointestinal (GI) sygdom og lavgradig 

systemisk inflammation (serum amyloid A (SAA) 30-100 mg/L), heste med GI sygdom og svær systemisk in-

flammation (SAA > 1000 mg/L) og heste med NSII. Resultaterne viste, at begge assays var applicerbare hos 

hest med acceptabel præcision og pålidelighed. Gruppen med høj SAA og NSII gruppen blev begge fundet at 

have en signifikant højere d-dimer koncentration end den klinisk raske gruppe. Begge assays var overordnet 

enige om klassificeringen af heste i forhold til lav og høj d-dimer koncentration, men resultaterne kunne ikke 

sammenlignes en til en.  

I Studie II (Paper II) blev plasma-tromboelastografi (TEG) og Calibrated Automated Thrombogram (CAT) assay 

undersøgt på citratstabiliseret trombocytreduceret plasma. For CAT først via en validering i klinisk raske heste 

og siden blev begge assays sammenlignet i tre grupper af heste; klinisk raske, heste med non-inflammatorisk 

og non-iskæmisk GI sygdom (mild GI sygdom) og heste med inflammatorisk og iskæmisk GI sygdom (svær GI 

sygdom). Fra resultaterne sås, at CAT viste høj grad af præcision og pålidelighed. Begge assays fandt tegn på 

hyperkoagulabilitet i hestene med svær GI sygdom sammenlignet med de klinisk raske og hestene med mild 

GI sygdom.          

I Studie III (Paper III) blev kliniske parametre, hæmatologiske og biokemiske variable, S. vulgaris antistoffer, 

d-dimer, plasma-TEG og CAT appliceret i seks grupper af heste; klinisk raske, heste med S. vulgaris uden 

klinisk sygdom (NSII negative), heste med S. vulgaris med klinisk sygdom (NSII positive), heste med idiopatisk 

peritonitis, heste med enterocolitis og heste med strangulerende intestinale læsioner. Resultaterne herfra 

viste, at heste med migrerende S. vulgaris larver uden og med klinisk sygdom (NSII) havde hæmostatiske 

forandringer i sammenligning med de andre grupper. En model indeholdende inflammatoriske markører 

(jern og SAA) samt globale hæmostase markører (angle (plasma-TEG) og endogent trombinpotentiale (ETP) 

(CAT)) var i nogen grad i stand til at differentiere heste med NSII forårsaget af S. vulgaris fra de resterende 

grupper.    



   
 

xvi 
 

I Studie IV blev plasma-TEG og CAT målt på citratstabiliseret plasma indsamlet hver anden uge over et år hos 

heste med migrerende S. vulgaris larver uden klinisk sygdom. Det viste, at der var sæsonbetingede hæmo-

statiske forandringer. Dog uden noget entydigt mønster.        

I Studie V blev to humane endothelmarkører, vascular cell adhesion molecule 1 (vCAM-1) og P-selectin, un-

dersøgt på serum fra fire grupper af heste; klinisk raske, heste med migrerende S. vulgaris larver og klinisk 

sygdom (NSII positive), enterocolitis og strangulerende intestinale læsioner. Begge assays producerede til-

fredsstillende standardkurver, men målingerne på prøverne fra de fire grupper af heste var under den nedre 

detektionsgrænse for begge assays.    

Baseret på resultaterne fra dette ph.d.-projekt kan det dermed konkluderes at humane d-dimer assays (Stago 

and NycoCard) og plasmabaserede globale hæmostasetest (plasma-TEG og CAT) kan anvendes på citratsta-

biliseret plasma i hest. Heste med migrerende S. vulgaris larver både uden og med klinisk sygdom (NSII) ud-

viser hæmostatiske forandringer i sammenligning med klinisk raske heste og heste med anden form for in-

flammatorisk og/eller iskæmisk GI sygdom. Ved at kombinere systemiske inflammationsmarkører (jern og 

SAA) og globale hæmostase test (angle og ETP) er det i nogen grad muligt at skelne heste med NSII forårsaget 

af S. vulgaris fra klinisk raske heste og heste med anden form for inflammatorisk og/eller iskæmisk GI sygdom; 

hvilket understøtter hypotesen om, at heste kan håndtere en infektion med S. vulgaris, så længe de ikke 

udsættes for samtidig systemisk inflammation.   
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1 Introduction 
Grazing horses are ubiquitously infected with gastrointestinal (GI) parasites (1), with Strongylus vulgaris (S. 

vulgaris) commonly considered the most pathogenic equine intestinal parasite (2). During its life cycle, S. 

vulgaris migrates through the mesenteric arteries and its branches and causes verminous arteritis and throm-

bosis (2,3). While some horses can be infected with S. vulgaris without displaying overt signs of clinical dis-

ease (4,5), in other horses the migration of S. vulgaris will cause non-strangulating intestinal infarctions (NSII), 

which is a life-threatening condition requiring immediate surgical intervention for the horse to survive (6,7).  

The introduction of macrocyclic anthelmintic formulations in the 1970s and 80s lead to a marked reduction 

in the prevalence of S. vulgaris (8–13). However, this resulted in widespread resistance among other equine 

intestinal parasites (14–21). To delay the development of resistance, a targeted selective treatment strategy 

was implemented and prescription-only legislation requiring a parasitological diagnosis or the veterinarian 

having a thorough knowledge of the management practices at the farm was implemented in Denmark in 

1999 and Sweden in 2007. This has been suggested to have caused an increase in the prevalence of S. vulgaris 

due to the challenge of diagnosis during the migrating stages. S. vulgaris is now endemic in Denmark and 

Sweden (22,23), and the frequency of horses presenting with NSII in Denmark has increased in recent dec-

ades (7).   

There are currently no highly sensitive or specific diagnostic tests that can diagnose NSII caused by S. vulgaris 

in horses prior to an exploratory laparotomy or post mortem examination (7), and horses with NSII often 

mimic horses with idiopathic peritonitis and enterocolitis (24–26). In addition, there is no certain way of 

diagnosing the presence of S. vulgaris while it migrates in the cranial mesenteric artery and its branches in 

horses without clinically overt disease, and new and improved ways to diagnose horses with migrating S. 

vulgaris with and without clinical disease are therefore urgently needed.       

The migration of S. vulgaris is known to cause local inflammation, alterations to the vasculature with dam-

aged endothelial lining, activation of hemostasis, and subsequent thrombosis (2,27,28). The d-dimer concen-

tration, which is a good rule-out marker for thrombosis (29–31), has been found to be associated with the 

migration of S. vulgaris in naturally infected foals (32). It might therefore be of interest to explore the use of 

d-dimer further in horses with migrating S. vulgaris and to apply markers of vascular endothelial damage. 

Global hemostatic tests such as thromboelastography (TEG) and thrombin generation time as assessed by 

the Calibrated Automated Thrombogram (CAT) assay are surperior to the conventional hemostatic markers, 

and are used in human medicine to diagnose, monitor, and treat hemostatic aberrations (33,34). Whole 

blood-TEG has been used in other cases of equine GI disease (35–38), and plasma-TEG has been used in 

humans (39,40), dogs (41), and pigs (42). The CAT assay has yet to be investigated in horses. It would be 

relevant to investigate these global hemostatic tests in horses with migrating S. vulgaris with and without 

clinical disease as they assess the entire hemostatic process from initiation to clot formation and fibrinolysis. 

They might aid in the diagnostic workup and help to fill the knowledge gap in terms of the complete patho-

physiological process caused by S. vulgaris, as it is still unclear why only some horses develop NSII. Inflam-

mation is known to affect hemostasis (43), and it could therefore be speculated that horses that develop NSII 

have migrating S. vulgaris and are simultaneously affected by inflammation of another cause, thus further 
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triggering hemostasis and tipping the balance toward a pathological hypercoagulable state. However, this 

still needs to be fully elucidated.       

1.1 Aim, objectives and hypotheses 

The overall aim of this PhD was to investigate the hemostatic balance in horses with migrating S. vulgaris 

larvae with and without signs of clinical disease in order to increase our understanding of the development 

of NSII in some horses.  

The main hypotheses were:  

• Human d-dimer assays can be used on equine citrated platelet poor plasma (PPP) with a high degree 

of validity and reliability, and horses with NSII have increased d-dimer concentrations compared to 

clinically healthy horses, horses with GI disease and mild systemic inflammation, and horses with GI 

disease and strong systemic inflammation (Study I, Paper I).  

• Global hemostatic tests can be used on equine citrated PPP with a high degree of validity and relia-

bility and are able to detect hemostatic changes in horses with GI disease compared to clinically 

healthy horses (Study II, Paper II). 

• Horses with migrating S. vulgaris larvae with and without clinical signs of disease (NSII) show hemo-

static changes that can be interpreted as hypercoagulable when compared to clinically healthy horses 

and horses with other severe GI disorders (Study III, Paper III). 

• Horses with migrating S. vulgaris larvae without clinical disease have seasonal hemostatic changes 

correlated with the life cycle of S. vulgaris (Study IV, Section 3.8 and 4.5).  

• Markers of endothelial damage are increased in serum from horses infected with S. vulgaris with 

clinical disease (NSII) compared to clinically healthy horses, horses with enterocolitis, and horses with 

strangulating lesions (Study V, Section 3.9 and 4.6).  

 

To test these hypotheses, five studies were performed with the following objectives:  

Study I (Paper I): To evaluate the STAGO STA-Liatest D-di+ assay and the NycoCardTM d-dimer assay on 

equine citrated PPP in clinically healthy horses, horses with GI disease and a mild 

systemic inflammatory response, horses with GI disease and a strong systemic in-

flammatory response, and horses with  GI disease caused by S. vulgaris (NSII).   

Study II (Paper II): To evaluate the two global hemostatic tests CAT and plasma-TEG on equine citrated 

PPP in clinically healthy horses, horses with mild GI disease, and horses with severe 

GI disease.    

Study III (Paper III): To investigate whether horses with S. vulgaris with and without clinical disease (NSII) 

had hemostatic changes measurable with d-dimer, plasma-TEG, and CAT, and to 
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compare these to clinically healthy horses and horses with severe GI diseases (idio-

pathic peritonitis, enterocolitis, and strangulating intestinal lesions) with similar clin-

ical signs and laboratory findings as horses with NSII.  

Study IV: To investigate whether horses with migrating S. vulgaris larvae without clinical dis-

ease had hemostatic changes detectable with plasma-TEG and CAT and to assess 

whether these hemostatic changes were seasonal in relation to the life cycle of S. 

vulgaris.        

Study V:  To investigate whether two human endothelial markers (vascular cell adhesion mol-

ecule 1 (vCAM-1) and P-selectin) measured with human enzyme-linked immuno-

sorbent assays (ELISA) were measurable and significantly different in clinically 

healthy horses, horses with migrating S. vulgaris with clinical disease (NSII), horses 

with enterocolitis, and horses with strangulating lesions.  

The first three studies are described in Papers I, II, and III. Study IV are described in Section 3.8 and 4.5. Study 

V are described in Section 3.9 and 4.6. 
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2 Background 

2.1 Strongylus vulgaris in the horse 

Grazing horses are ubiquitously infected with intestinal parasites (22), with the most common group, Stron-

gylidae, consisting of two subgroups – the small strongyles (cyathostominae) and the large strongyles (stron-

gylinae) (44). Strongylus vulgaris belongs to the group of large strongyles and is considered to be the most 

pathogenic intestinal parasite in the horse (45,46), most often occurring in a co-infection with small stron-

gyles (44).       

2.1.1 Life cycle of Strongylus vulgaris 

The life cycle of S. vulgaris is seasonal (2,47–49) and large numbers of infective larvae are ingested by the 

horse during the warmer months of spring and summer, resulting in an increase in the adult worm population 

in the horse during winter months (47,48). The life cycle is direct and includes a free-living phase and a par-

asitic phase. Transmission is fecal-oral (49,50), with infected horses shedding eggs to the pasture through 

feces. The eggs rely on an optimal temperature (20oC to 35oC) to hatch to first stage larvae (L1). At this tem-

perature optimum hatching takes approximately one to two days (51). The L1 larvae develop to second stage 

larvae (L2) and then to the infective third stage larvae (L3) (49). At 20oC to 35oC, this development takes 

approximately three to seven days (51). To protect themselves from the environment during their free-living 

phase, the L3 larvae are enclosed in their L2 cuticle, which they shed once the L3 larvae are ingested by a 

horse (49). The L3 larvae then penetrate the mucosa and submucosa of the ileum, cecum, and/or colon (3,49). 

The L3 larvae reside in the submucosae for two to three days and then molt to fourth stage larvae (L4). Within 

seven to nine days post infection, the L4 larvae then penetrate the arteries and arterioles of the submucosae 

(3). They migrate in and on the tunica intima of the arteries and arterioles against the blood flow (3,49). They 

continue their migration via the arterial system until they reach the cranial mesenteric artery (CMA) and its 

branches approximately two weeks post infection (3,52). The L4 larvae then stay here for three to four 

months, during which time they grow and finally moult to fifth stage larvae (L5), which returns to the large 

intestine (3). From here, the L5 larvae are encapsulated in small nodules in the intestinal wall (3). When the 

nodules rupture, adult worms are released into the intestinal lumen. It then takes an additional six to eight 

weeks for the adult worms to become sexually mature and able to produce eggs. The total life cycle thus 

takes six to seven months to complete (49) (Figure 1).  

 

 

 

 

 

 

 



   
 

5 
 

 

Figure 1. The lifecycle of Strongylus vulgaris. The free-living stage showing the development from eggs shed 

with feces to infective third stage larvae (L3) being ingested by the horse from contaminated pasture. The 

parasitic phase with the migration and development of the L3 larvae to adult worms after six to seven 

months. Source: Reprinted from M.K. Nielsen: Diagnosing equine parasites: The challenges of a moving tar-

get. Doctoral Dissertation submitted to the Faculty of Health and Medicine, University of Copenhagen in 

March 2021. With permission from Martin K. Nielsen and Jamie K. Norris. 

2.1.2 Pathogenesis and clinical implications of Strongylus vulgaris 

As S. vulgaris migrates through the intestinal vasculature, it wreaks havoc resulting in severe alterations to 

the vasculature and affecting the hemostasis of the horse (3,27,32). This can ultimately lead to the occur-

rence of NSII, which can be fatal to the horse if left untreated (7).  
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2.1.2.1 Hemomelasma ilei  

When the L3 larvae of S. vulgaris penetrate the intestinal mucosal lining as early as two days post infection, 

it causes a grossly visible subserosal hemorrhage also known as hemomelasma ilei. After a few days there 

microscopically are signs of a local inflammatory response with the infiltration of leukocytes at the site of 

these lesions (3,46).    

2.1.2.2 Verminous arteritis and thrombosis 

Arteritis and thrombosis develop in the small submucosal arteries of the intestine due to the presence of L4 

larvae (3,46). The L4 larvae continue their migration toward their predilection site, the CMA and its branches 

and/or the ileocecocolic artery (ICCA) (3,53–58). Macroscopically visible tortuous migratory fibrin tracks and 

plaques are present in the arterial intima of the CMA and ICCA (3,46,59,60) and can also be seen in the aorta 

(46,57,61) and renal arteries (57) in some cases. The migration of the L4 larvae disrupts the endothelial lining 

of the arteries leaving a denuded intimal surface (3,46,54,60,62,63). Subendothelial collagen is exposed, 

which initiates platelet activation and adhesion and the release of coagulation factors (27,60). The damaged 

endothelium can produce a large quantity of procoagulant factors (60) and the damage cause changes in the 

shape of endothelial cells, with nuclear bulging, rounding up, cell separation, and protrusion into the arterial 

lumen leading to changes in blood flow (27,64). Red blood cells, fibrin aggregates, and white blood cells are 

attached to the surface in areas with thrombus formation. Platelets adhere to the red blood cells and fibrin 

strands (27). Once platelets adhere to the damaged vessel wall, they undergo membrane transformation. 

This leads to the release of mediators, such as serotonin, calcium, and adenosine diphosphate (ADP), encour-

aging further platelet aggregation and platelet plug formation (65,66). This is a self-reinforcing effect that 

leads to the additional stimulation of platelet aggregation (65–68). This means that once a thrombus has 

formed, the subsequent endothelial damage and altered blood flow will through a vicious cycle cause the 

thrombus to increase in size (27,60). Live larvae are found both in the lumen of the CMA and incorporated in 

thrombus material (3,27,53,54,57,60). In addition, arterial wall thickening occurs. Typically, the CMA and its 

branches and the ICCA are enlarged with a tough, thickened arterial wall due to disposition of collagen and 

fibrosis, with an irregular endothelial lining and a narrowed lumen due to thrombi formation (3,46,69–72,54–

57,60–63). Microscopically this is characterized by a markedly thickened and uneven intima with infiltration 

of plasma cells, lymphocytes, macrophages, neutrophils, eosinophils, and fibrous tissue proliferation 

(27,46,55,57,60). These findings are particularly apparent at the sub-intimal level, and decrease in intensity 

toward the sub-serosa (57). The characteristic lesions seen in the mesenteric arteries in response to the mi-

gration of S. vulgaris larvae are defined as verminous arteritis (49). The lesions caused by the L4 larvae pro-

gress (27,46,54), and begin to involve the tunica media with fibrous thickening and loss of the internal elastic 

membrane (46,70), and the infiltration of plasma cells and lymphocytes (46,57). The affected arteries are 

enlarged due to an increased luminal size with thrombosis and due to a thickened arterial wall caused by 

cellular infiltration and fibrosis (49,73). It is therefore debatable whether the enlargement of the affected 

arteries can be defined as an aneurysm, which typically shows thinning of the arterial wall (49). However, 

extensive and long-lasting damage to the arterial tunica media can in some cases lead to the development 

of a true aneurysm (46). In some cases, extensive collateral circulation are found surrounding the CMA and 

its branches (56,61). Fibrosis, thickening and perivascular infiltration mainly with eosinophils in the arterial 

wall is seen in the vasa vasorum and the lumen is obliterated. This can cause secondary damage to the arter-

ies due to interference with the nutritional supply (46,60).  
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Not all horses with migrating S. vulgaris larvae develop clinically overt disease with NSII. In some cases, the 

only noticeable finding nine months post infection is the presence of a healed arterial lesion with an even 

endothelial lining with no indications of thrombosis. In these cases, when the infection subsides, the throm-

bus material is incorporated into the arterial wall causing intimal fibrosis, which is then covered by a normal 

endothelium. Microscopically, the intima of the arterial wall is fibrotic and all three layers of the arterial wall 

are infiltrated with macrophages and lymphocytes (46).  

2.1.2.3 Non-strangulating intestinal infarcts 

The presence of migrating S. vulgaris larvae in the CMA and its major branches is associated with the occur-

rence of NSII (6,7,45,46,52,53,74–77). Different theories behind the development of NSII have been proposed 

in the literature (78–80). The term thromboembolic colic has previously been used due to the finding of 

arteries and/or arterioles completely occluded by thrombi or emboli that had detached and moved down-

stream in the vessel tree, causing local ischemia and infarction of segments of the intestinal wall 

(28,46,56,74,81,82). However, it has subsequently been shown that thrombi or emboli are not always pre-

sent in the peripheral vessels in cases of local intestinal ischemia (72), which is why NSII seems to be a more 

fitting description. In cases where there is no evidence of thrombi or embolisms in the peripheral vessels, it 

has been suggested that infarctions are the result of reduced blood flow due to a partial occlusion of the 

CMA and its branches causing hypoxia and subsequently infarctions (72,77,83). The infarcted part of the 

intestine undergoes necrosis, resulting in septic peritonitis due to the compromised intestinal barrier. If left 

untreated, this can be fatal due to a potential rupture of the affected intestine resulting in septic shock 

(6,7,84).  

On post mortem examination of parasite-naïve foals given high doses of L3 larvae, NSII of the small and large 

intestine were noted as black to red areas clearly demarcated and raised above the unaffected intestine 

(46,81,85). Similar findings were made in horses naturally infected with S. vulgaris presenting at a hospital 

with clinical disease, with the affected intestine having a clearly demarcated area, most often in the pelvic 

flexure or the caecum, with edema, severe discoloration, and in some cases fibrin deposits on the serosa 

(32).  

The exact mechanisms behind the development of NSII are still not fully understood. In some horses, collat-

eral blood supply has been found to form prior to the development of necrosis and gangrene (76).  

2.1.3 Prevalence of Strongylus vulgaris and NSII 

In the 1960s and earlier, S. vulgaris was  highly prevalent with a farm-level prevalence of 80-100% (86–90). 

In the 1970s and 80s, anthelmintics containing macrolides, which are effective against the migrating stages 

of S. vulgaris, became available and were usually administered prophylactically multiple times a year to in-

terrupt the lifecycle of S. vulgaris (8–13). As a result, the prevalence of S. vulgaris was drastically reduced to 

below 5% (91–94). A downside of this was the occurrence of widespread anthelmintic resistance among cy-

athostomin parasites (14–17) and Parascaris equorum (18–21). In order to delay the development of further 

resistance, prescription-only legislation requiring a parasitological diagnosis or the veterinarian having an in-

depth knowledge of the management practices at the farm was implemented in Denmark in 1999 and in 

Sweden in 2007. This prohibited the use of prophylactic treatments and a selective treatment strategy was 

widely implemented in both countries over the following decades (22,95). The selective strategy is based on 

fecal examination of all horses twice a year to identify the high egg shedders. Most commonly, only horses 

with high egg counts (> 200 or 500 eggs per gram (EPG)) are treated, meaning that many horses are left 
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untreated (95). This seems to have resulted in an increased prevalence of S. vulgaris, with an individual prev-

alence of 12.2% and a farm level prevalence of 64.3% in Denmark (22), and an individual prevalence of 28% 

and a farm level of 61% in Sweden (23). This increase cannot be explained by the occurrence of resistance as 

a significant association has been found between the occurrence of S. vulgaris and selective treatment. When 

using selective treatment, the individual- and farm-level prevalence of S. vulgaris was found to be nearly 

twice as high compared to farms not using fecal egg counts (22). 

NSII is diagnosed with increasing frequency in horses referred to the Large Animal Teaching Hospital at the 

University of Copenhagen (6,7) and to the Veterinary University Hospital in Uppsala (84,96). In a 2018 study 

from Copenhagen (7), there was a 33% survival-to-discharge rate for horses that had an intestinal resection. 

For horses receiving medical treatment, the mortality rate was 100 %. In a follow up study at the same facility, 

the survival-to-discharge rate of horses that underwent surgery increased to 80%, while the mortality rate 

for horses receiving medical treatment remained the same. The increased survival rate seemed to result from 

a significant decrease in the time from admission to surgery (97). In a recent study conducted in Sweden, 

50% of horses that had an intestinal resection survived to discharge. The lower survival rate compared to the 

Danish study could be due to three out of five of the horses not having surgery until three to seven days after 

admission. In this study, the mortality rate was also 100% for NSII horses receiving medical treatment (84). It 

therefore seems that survival increases with a rapid and accurate diagnosis resulting in the initiation of the 

correct treatment. This highlights the urgent need for diagnostic and prognostic biomarkers of S. vulgaris.  

2.1.4 Diagnosis of Strongylus vulgaris  

Diagnosing S. vulgaris is challenging for various reasons (7,98). Eggs are not excreted with the feces during 

the long migratory phase, and even after this stage when adult worms do excrete eggs with the feces, they 

are difficult to identify and differentiate from the remaining strongyle eggs (44). It is also challenging to diag-

nose horses with clinical overt disease (NSII) caused by S. vulgaris as it mimics other types of severe GI disease 

(7,26). More reliable diagnostic techniques aimed at identifying these extraintestinal larvae are thus needed 

due to the severe pathology associated with the migration of S. vulgaris larvae in the mesenteric arteries 

(99). 

2.1.4.1 Fecal diagnosis 

The most common way to diagnose the presence of intestinal parasites is with fecal examination. Numerous 

methods have been developed aimed at quantifying the number of eggs (100–104). One major drawback of 

these tests is that they are incapable of distinguishing between the different types of strongyle eggs (44), 

thus necessitating an additional diagnostic step. A larval culture that facilitates the development of L3 larvae 

can be used (99,105–108). A sensitivity of 73% and a specificity of 84% has been found for the larval culture 

to diagnose an infection with S. vulgaris. However, no correlation between the number of larvae in the cul-

ture and the number of adult worms in the intestine has been found (109). The larval culture is time-con-

suming as it takes approximately two weeks for the eggs to develop to the L3 stage (110). A semi quantitative 

real-time PCR analysis has been developed as an alternative to the larval culture (110) and has been found 

to identify a significantly higher proportion of S. vulgaris positive horses (99). The semi-quantitative real-time 

PCR assay is able to detect less than or equal to 0.5 S. vulgaris eggs with no immediate cross-reactivity (110). 

One major limitation common to all these methods is that they are unable to detect S. vulgaris during its long 

prepatent period when it migrates in the CMA.      
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2.1.4.2 Serological diagnosis 

The potential to develop a serological diagnostic test for the migrating S. vulgaris larvae has been investigated 

multiple times, as S. vulgaris spends several months in the CMA and its branches (111–116). Most of these 

tests did not have a complete antigen characterization and were not fully evaluated or validated as diagnostic 

tests (111–115). However, one promising S. vulgaris specific antibody ELISA test against migrating S. vulgaris 

larvae has been developed and validated (116). This test uses the recombinant SvSXP protein, which is highly 

immunogenic with IgG(toxin (T)) antibodies specific for recombinant SvSXP (116,117). A cut-off for horses 

older than 7 months was found to be 13.47% of the positive control (PP) with a diagnostic sensitivity of 65.5% 

(95% confidence interval (CI): 51.9-77.5%) and a diagnostic specificity of 82.1% (95% CI: 63.1-93.9%) (116). 

The serum antibody concentration was found to be positively correlated with the arterial S. vulgaris burden 

(118). In addition, horses with NSII were found to have a significantly higher antibody titer than horses with 

other causes of colic (6,7). However, it is important to consider the diagnostic drawbacks of this antibody 

ELISA test when interpreting the results. For example, false negative samples are possible as an elevated 

antibody titer primarily occurs five months post infection (119), so a negative antibody titer does not neces-

sarily mean that a horse is not infected with S. vulgaris and/or suffer from NSII. There is also a risk of false 

positive samples as it can also take five months for the antibody concentration to normalize again post treat-

ment, and the antibody concentration can even increase further following ivermectin treatment (119). A 

positive antibody test should therefore be interpreted either as a current or recent infection (119).  

2.1.4.3 Rectal examination 

The potential to diagnose the presence of S. vulgaris via rectal examination has been investigated in the 

literature. Rectal palpation can be used to assess the presence of changes in the CMA and its major branches 

caused by the migration of S. vulgaris. A mass palpable per rectum in the lumbosacral region has been found 

to be indicative of verminous arteritis (120,121), and palpation can also be used to detect the infarcted area 

of the intestine, which presents as a firm and sometimes painful rectal mass (7,84,122).    

Previous studies have evaluated transrectal ultrasonography as a method for diagnosing migrating S. vulgaris 

(70,123,124). These studies assessed the appearance of the intimal surface, the arterial wall thickness and 

echogenicity, and the presence or absence of a mass in the lumen of the CMA (70,123,124). A good correla-

tion was found between the ultrasonographic findings and postmortem results, and the technique seems to 

be useful in diagnosing arteritis caused by migrating S. vulgaris (70). Although practical and financial aspects 

make this technique unsuitable for herd-level screening (98), it could be useful for selected cases within a 

hospital setting (7).    

2.1.4.4 Arteriographic diagnosis  

Contrast arteriography has been used successfully to determine the presence of lesions in the CMA and its 

branches following inoculation with S. vulgaris larvae (56,61,125,126) and to evaluate the degree of resolu-

tion of these lesions post treatment (61,125,126). However, this method is only relevant as a research tool 

as it requires general anesthesia of the horse (56,61,125,126) and would therefore not be a useful diagnostic 

tool in a clinical setting.     

2.1.4.5 Laboratory parameters 

An acute systemic inflammatory response has been found in horses with NSII associated with S. vulgaris, 

including an increased fibrinogen and serum amyloid A (SAA) concentration, and a decreased white blood 
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cell count (WBC), iron concentration (7), and platelet count (127). Horses with colitis (128) and to some ex-

tent idiopathic peritonitis (26) have similar laboratory findings and these should therefore be considered as 

differential diagnoses (7) and the laboratory variables alone cannot differentiate horses with NSII. Eosino-

philia is well described in many helminth infections and has been found in  horses with migrating S. vulgaris 

in some studies (62,129) but not in others (7).        

Due to the inconsistent signs of NSII, an assessment of the peritoneal fluid is crucial as it can contribute 

important information and avoid serious intra-abdominal pathology being overlooked. Peritonitis has been 

identified in 90% of horses with NSII characterized by an increased total protein (TP) and WBC. Abdominocen-

tesis is easily performed and can aid in identifying horses with NSII (7). The identification of peritonitis, how-

ever, is not unique for horses with NSII caused by S. vulgaris (26,130,131) and cannot exclusively diagnose 

these cases.   

An additional challenge in a country such as Sweden is that cases with idiopathic peritonitis responding well 

to medical treatment predominate over cases with NSII (84). It therefore might not be realistic to recommend 

an exploratory laparotomy in all cases presenting with septic peritonitis with no known origin in areas where 

S. vulgaris is endemic (7,84). A recent study suggested that horses with septic peritonitis with no known cause 

presenting during the winter months with a palpable mass/thickening of the colon, neutropenia, hyperfibrin-

ogenemia, a high peritoneal TP, and persistence of colic signs beyond 48 hours of antimicrobial treatment 

strongly indicates the presence of NSII (84). The only finding unique to NSII compared to idiopathic peritonitis 

was the finding of a rectally palpable mass/thickening of the colon (84).       

2.2 The effects of Strongylus vulgaris on hemostasis 

As described in detail in Section 2.1.2 the migration of S. vulgaris larvae causes marked macroscopic and 

microscopic alterations to the vasculature, which affects the hemostasis.   

It seems, that the migration of the L4 larvae is most important in the pathogenesis of verminous arteritis and 

thrombosis of the CMA, and its branches, and the ICCA (3,53,54,60,69,132,133), as the L4 larvae causes a 

denuded surface of the arterial intima, which is one of the most important factors in thrombogenesis 

(3,54,60,62,63). One question that remains is whether the larvae themselves stimulate thrombus formation 

or if it is the result of the arterial wall reaction in response to the larvae (27).  

Lesions caused by S. vulgaris are progressive with alterations in the arterial blood flow and an environment 

for continual thrombus formation (27). Thromboxane A2 (TXA2), which is a product from the platelet mem-

brane, is a potent stimulator of further platelet aggregation and a potent vasoconstrictor (66), and as plate-

lets have been found to be an important component of thrombi associated with arterial damage it is likely 

that TXA2 is increased in cases of verminous arteritis (27,69). Single daily measurements of TXA2’s stable me-

tabolite, thromboxane B2 (TXB2) were shown to be of no diagnostic value in horses with migrating S. vulgaris 

larvae, as the systemic concentration was not consistently elevated. Perhaps, due to the very short half-life 

of TXB2 of 20 min. Nevertheless, local production of TXA2 at the damaged vasculature cannot be excluded 

(69).   

When assessing hemostatic parameters in foals with migrating S. vulgaris, the d-dimer concentration has 

been found to be significantly associated with the number of S. vulgaris larvae in the CMA, and both d-dimer 

and fibrinogen were positively associated with S. vulgaris antibody values. A significant increase in d-dimer, 
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prolonged prothrombin time (PT), and decreased antithrombin (AT) activity has been identified around week 

12 to 15 post infection with S. vulgaris, and these hemostatic changes thus correspond with the migration of 

S. vulgaris. This indicates that the migrating larvae pays a part in a mild initiation of coagulation and fibrinol-

ysis (32). In addition, decreased hemoglobin, hematocrit (HCT) (121), and RBC (57), and increased fibrinogen 

have also been identified (7,84). Despite these findings, the diagnostic value of hematology appears to be 

poor (45,57).   

2.3 Hemostasis 

2.3.1 A cell-based hemostatic model 

The coagulation cascade model or waterfall model dealing with an intrinsic, extrinsic, and common pathway 

has for a long time shaped our understanding of coagulation. This model was based on coagulation being a 

series of steps where the activation of one clotting factor led to the activation of another, finally leading to a 

burst of thrombin generation (134,135). However, this could not explain the coagulation in vivo but only in 

vitro (136). It is now believed that hemostasis in vivo occurs in a stepwise manner regulated by cellular com-

ponents (137) as an interaction between platelets, endothelial cells, and a balance of activating and inhibiting 

coagulation, anti-coagulation and fibrinolytic factors (138). This is known as the cell-based model of hemo-

stasis (136,137,139,140).  

In this cell-based model, hemostasis is believed to occur in three overlapping phases (137). The first phase is 

the initiation phase, which takes place on the surface of tissue factor (TF)-bearing cells such as fibroblasts 

(137). Tissue factor is the main initiator of coagulation and is synthesized and localized on the cell surface 

(141,142). In inflammatory conditions, it can be found on monocytes and endothelial cells. When the wall of 

a blood vessel is damaged, plasma will come into contact with TF-bearing extravascular cells. This will allow 

factor VII (f.VII) in the plasma to bind to the cellular TF, which forms a tight complex and f.VII will be activated 

(f.VIIa) (137). The f.VIIa/TF complex then proceeds to activate factor X (f.Xa) and factor IX (f.IXa), and f.Xa 

subsequently activates factor V (f.Va) (143). Tissue factor pathway inhibitor (TFPI) or AT inhibits the activated 

f.X when leaving the protected cell surface environment. Nonetheless, the remaining f.Xa on the cell surface 

combines with f.Va, producing a small amount of thrombin (137,144). This plays a crucial role in the activation 

of platelets and factor VIII (f.VIII) during the next phase.  

The next phase is the amplification phase, during which platelets and co-factors are amplified in preparation 

for thrombin generation (137). The damaged vessel wall allows platelets to interact with extravascular tissue. 

Platelets are partially activated by binding to matrix proteins or localization near TF exposure. The small 

amount of thrombin generated in the initiation phase now amplifies the pro-coagulant signal by enhancing 

platelet adhesion and activation of platelets, f.V, f.VIII, and f.XI (144,145). When activated, platelets release 

partially activated f.V, which is then completely activated by thrombin or f.Xa (143). A complex is formed 

between von Willebrand factor (vWF) and f.VIII, and this complex binds to the platelet surface and is cleaved 

by thrombin, activating f.VIII and releasing it from vWF (146).  

With platelets activated and f.Va and f.VIIIa bound to their surface, the gathering of pro-coagulant complexes 

and extensive thrombin production can begin (137). This happens during the propagation phase, during 

which the tenase-complex and prothrombinase-complex are assembled on the platelet surface (137). The 

tenase-complex (f.IXa/f.VIIIa) assembles when f.IXa reaches the platelet surface, and can then activate f.X. 

The activated f.X then forms a complex with f.Va, known as the prothrombinase-complex. This complex 
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cleaves prothrombin and then produces the burst of thrombin needed to form a hemostatic fibrin clot (137) 

(Figure 2).  

 

Figure 2. The cell-based coagulation cascade with the A) initiation phase, B) amplification phase, and C) prop-

agation phase. Source: Reprinted with permission from Hematology/Oncology Clinics of North America, Vol-

ume: 21, Issue: 1, Pages: 1-11, First published: February 2007, DOI: (10.1016/j.hoc.2006.11.004). 

Several mechanisms serve to prevent inappropriate coagulation. Endothelial cells express antithrombotic 

features that prevent the initiation of coagulation when the endothelium is intact. Plasma protease inhibitors 

inhibit active proteases that diffuse into the fluid phase by localizing reactions to cell surfaces, and the prop-

agation and inactivation steps are confined to different cell surfaces (137).           

Antithrombin is a natural anticoagulant that prevents excessive coagulation (147). It primarily circulates as a 

monomer in plasma but is also found on the surface of platelets and endothelial cells (148). AT is a specific 

inhibitor of thrombin but also functions to inhibit f.XIIa, f.XIa, f.IXa, and f.Xa (149–151). 

D-dimer is the end product of fibrinolysis when cross-linked fibrin is degraded (152). The generation of d-

dimer entails the sequential activity of thrombin, f.XIIIa, and plasmin. The process begins when thrombin 
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transforms soluble fibrinogen to fibrin monomers (153). The fibrinogen molecules are symmetrical dimers 

consisting of three pairs of three entwined polypeptide chains. The three chains are linked by disulfide bonds 

and the fibrinogen molecules consist of a central E domain and two peripheral D domains (154). Thrombin 

cleaves short peptides from the fibrinogen molecule to form fibrin monomers, which polymerize end-to-end 

in an overlapping manner in order to produce double-stranded fibrin protofibrils. The strength of the fibrin 

network is enhanced by f.XIII, which is activated by thrombin and cross-links the D domains of fibrin mono-

mers (155). The construction of cross-linked fibrin, which is the base for d-dimer formation entails activation 

of hemostasis with thrombin generation, alteration of fibrinogen to fibrin monomers, the formation of fibrin 

polymers and the cross-linking of these by f.XIIIa. D-dimer is created when cross-linked fibrin is degraded by 

plasmin. This process begins when plasminogen is converted to plasmin by tissue plasminogen activator, 

which is released from endothelial cells in response to injury. The activation of plasminogen, and thus plasmin 

formation, is localized to the fibrin surface (156,157). Plasmin decomposes the fibrin network into soluble 

fragments (158) releasing d-dimer in to the circulation (159). D-dimer is therefore only created when cross-

linked fibrin is degraded. 

2.3.1 Vascular endothelium  

Vascular endothelial cells are highly specialized to be anti-thrombotic. In many ways, endothelial cells are 

closely related to platelets, expressing a variety of the same surface receptors (137). In the case of injury or 

inflammation, the endothelial cells will, however, alter their surface expression in order to facilitate hemo-

stasis (160). These mechanisms may however in various disease states facilitate in thrombosis (137,161–163).  

Vascular cell adhesion molecules regulate a multitude of adhesive and signaling events (164). They are of 

interest due to their role in a range of pathological and physiological processes such as inflammation (161–

163,165), hemostasis (166,167), and thrombosis (161–163,166,167). Vascular cell adhesion molecule 1 and 

P-selectin derived from endothelial cells have been shown to be altered in patients with deep vein throm-

bosis (DVT) (168–172). 

2.3.1.1 Vascular cell adhesion molecule 1 

Vascular cell adhesion molecule 1 is a cell surface glycoprotein predominantly expressed in endothelial cells 

(173,174) and plays an important role in inflammation (175). Its expression is activated at sites of inflamma-

tion by pro-inflammatory cytokines and shear stress (176). In chronic conditions or during severe inflamma-

tion, vCAM-1 can also be expressed on the surface of other cells such as tissue macrophages and dendritic 

cells (177,178).    

Vascular cell adhesion molecule 1 is significantly increased in patients with thrombosis (179) and correlates 

with the extent of atherosclerosis (162). Even though vCAM-1 is increased in humans with DVT (163,180) it 

cannot substitute or aid d-dimer in the diagnosis of DVT (180). However, it is still relevant to further investi-

gate its role in DVT (180).    

Equine vCAM-1 is an essential marker of the inflammatory activation of endothelial cells (181) but does not 

otherwise seem to have been widely assessed in equine medicine.    

2.3.1.2 P-selectin 

P-selectin is a cell surface glycoprotein. Endothelial cells and platelets harbor a pre-formed state, which can 

be mobilized to cell surfaces in the case of an inflammatory or thrombogenic event (182–184). P-selectin is 



   
 

14 
 

located on the cell surface and is found in a soluble form as it is shed from the surface of platelets following 

activation (185). The main counter-receptor for P-selectin is P-selectin glycoprotein ligand-1 (PSGL-1) 

(186,187). Through interactions with PSGL-1, P-selectin mediates leukocyte trafficking, leukocyte-vascular 

endothelium adhesion, and leukocyte-platelet adhesion (187–189). The interaction of P-selectin with PSGL-

1 also plays a vital part in inflammatory, thrombotic, and ischemic conditions (190–192). P-selectin is consid-

ered a marker of platelet activation (164,193) and, is used as a disease marker (190,194,195), and as a ther-

apeutic target in humans (196–198). P-selectin was significantly increased in human patients with thrombosis 

(163,179,180,199) but does not seem to add any significant diagnostic value to d-dimer (179,180,200). It has 

been suggested that P-selectin concentrations depend on the degree of thrombosis (179), which might ex-

plain why not all studies have found P-selectin to be indicative of DVT (201).  

Equine P-selectin and equine PSGL-1 have been characterized (164,186,202–205), laying the groundwork for 

future studies assessing the potential diagnostic and therapeutic role of P-selectin in equine medicine. Equine 

platelets expressing P-selectin (203) were bound well by human P-selectin antibodies (205), which may indi-

cate that human P-selectin assays could be applied to equine samples.   

2.3.2 Conventional hemostatic markers 

Routine coagulation testing in veterinary medicine often consists of platelet (PLT) count, PT, activated partial 

thromboplastin time (aPTT), fibrinogen, and fibrin degradation products (FDPs) (206). Although the com-

monly used static coagulation tests in many ways do not mirror the complexity of the hemostatic process in 

vivo, this does not mean that they are without value. It is nonetheless important to understand what can be 

deducted from them  (136). It is important with an early and accurate diagnosis of hemostatic abnormalities. 

It however seems that once the conventional hemostatic tests are markedly abnormal it often is too late to 

intervene (206).  

2.3.2.1 Prothrombin time and activated partial thromboplastin time  

Activated partial thromboplastin time was traditionally believed to assess the intrinsic pathway, while PT was 

believed to assess the extrinsic pathway (207). These tests should however not be considered redundant in 

the cell-based hemostasis model, in which it is thought that PT evaluates the level of procoagulant factors 

during the initiation phase, whereas aPTT reflects the level of procoagulant factors produced during the prop-

agation phase (140). PT and aPTT provide information about the plasma level of soluble factors necessary for 

hemostasis. When there is a deficiency in one or more of the soluble coagulation factors, these screening 

tests will be abnormal (136), though they do not fully reflect the complexity of in vivo hemostasis as they do 

not reflect the role of inhibitors (136). They are nonetheless able to detect deficiencies in one or more coag-

ulation factors in patients with a bleeding tendency, yet they may not necessarily identify the clinical risk of 

bleeding (136). Two patients with identical aPTT and PT values can have a completely different risk of bleed-

ing, and the clinical implications of these tests must always be considered within a larger context (136). 

Both aPTT and PT have been used and assessed in multiple equine studies. Horses with colitis and clinico-

pathologic evidence of disseminated intravascular coagulation (DIC) have been found to have a prolonged 

aPTT compared to horses with colitis without signs of DIC (208) and clinically healthy horses (38). Horses with 

colitis also showed a prolonged PT compared to clinically healthy horses. These findings support a diagnosis 

of hypocoagulability (38). In horses with colic, aPTT and PT values increased during hospitalization, regardless 

of the diagnosis (209). In one study, mortality in horses with GI disease was significantly associated with PT 

at admission and on day two and three of hospitalization, as well as a prolonged aPTT at admission and on 
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day two (37). A prolonged aPTT and PT was shown to be indicative of a poor prognosis and predictive of 

mortality in horses with colic (35,210,211), yet some of the non-survivors had PT values within the reference 

range, indicating that PT alone does not have a good predictive value for non-survival (210). An abnormal 

aPTT value is more commonly seen in horses with strangulating, inflammatory, and/or ischemic GI lesions 

compared to horses with non-inflammatory and non-ischemic lesions (35,36). Prolonged PT and aPTT were 

found in horses with SIRS compared to horses without SIRS and in non-survivors compared to survivors. In 

addition, aPTT was prolonged in horses with ileus (36). In foals naturally infected with S. vulgaris, PT has been 

found to be prolonged at approximately three months of age (32). PT and aPTT can often be measured in 

larger laboratory facilities, where these assays are best at detecting hypocoagulability and are not considered 

suitable for detecting hypercoagulability (138). 

2.3.2.2 Antithrombin  

There is a clear relationship between systemic inflammation and the hemostatic system in patients with sep-

sis, where AT plays an important role in the pathogenesis (148). The AT level has been found to drop in cases 

of sepsis and DIC due to consumption exceeding production, and the AT level serves as a predictor of the 

outcome (212). AT functions as a negative acute phase protein (213) and can potentially be used as a thera-

peutic agent (148). Measurement of the AT level has proven to be useful in terms of diagnosing DIC and 

determining when the hemostatic imbalance ends (214).   

Multiple studies have assessed and applied AT in both dogs and horses. Dogs with hyperadrenocorticism 

have been found to have decreased AT activity (215). In dogs infected with Angiostrongylus vasorum, no 

difference in AT was found between those with bleeding diatheses and those without. Hypocoagulable dogs 

did not show a specific pattern in AT activity, and AT did not differ between those that were hypocoagulable 

on TEG and those that were not (216).  

Decreased AT activity was found in foals naturally infected with S. vulgaris (32) and in horses with acute GI 

disease (206). One study on equine colic found the incidence of decreased AT levels to be 8.6 times higher in 

non-surviving compared to surviving patients (217), while AT levels that remained below baseline values 

postoperatively were associated with mortality in horses with large colon volvulus (218), suggesting that AT 

has a good prognostic value (217,218). Hypoproteinemia in horses with colitis has been linked to a decrease 

in AT activity 48 hours after admission. Low plasma AT activity can therefore indicate non-specific protein 

loss, which can contribute to hemostatic aberrations (208). Altogether assessing the AT activity seems to be 

a good predictor of equine colic and might also prove useful in monitoring therapeutic responses 

(206,217,218).  

2.3.2.3 D-dimer 

D-dimer is a global marker of the hemostatic and fibrinolytic system, and an indirect marker of thrombotic 

activity (153). Various d-dimer assays are commercially available (219) including immunofluorescent assays, 

latex agglutination assays, and ELISAs. Each type of assay has advantages and disadvantages and should be 

evaluated accordingly (152,220–222). D-dimer can be measured in either whole blood, plasma, or serum. 

Monoclonal antibodies will recognize a specific epitope that is present on cross-linked d-dimer molecules but 

absent on the d-domain of non-cross-linked fibrinogen and fibrin monomers (220). The different d-dimer 

assays are not directly comparable and there is no established reference standard (219,223) as the results 

will not necessarily be reported using the same units. Some assays use fibrinogen equivalent units (FEUs), 

which relate the d-dimer mass to the mass of fibrinogen. Other assays use d-dimer units (DDU), which only 
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relates to the d-dimer mass. Testing the same sample with an FEU assay and a DDU assay would give a 1.75-

fold discrepancy in the result (220).  

D-dimer is a valuable test for detecting hemostatic abnormalities and is vital for assessing and diagnosing 

patients with intravascular thrombosis (224–227). D-dimer has a high negative predictive value with negative 

values effectively excluding venous thrombosis and positive values being indicative but not confirming of 

thrombosis (29–31,224–226,228). The circulating d-dimer concentration can be increased in a number of 

conditions besides DVT (229–235). The elevation of d-dimer in these situations however is less specific than 

it is for DVT (227). In humans, d-dimer also increases with advancing age (221,236). 

In dogs a low d-dimer concentration has likewise been found to be a good rule-out marker for thrombosis 

(237).   

Plasma d-dimer has been investigated in horses with diseases predisposing for hemostatic imbalances. In 

particular horses with GI disease and a marked systemic inflammatory response may develop hemostatic 

changes (209–211). D-dimer measurements at the time of admission and during hospitalization can be used 

to monitor the treatment response for medical and surgical colic patients (209), and as a prognostic marker 

of survival (210,211,238,239). An increased d-dimer concentration in horses was associated with a hyperco-

agulable state leading to DIC in cases with severe GI disease and sepsis (240). Ischemic and inflammatory GI 

disorders were associated with increased d-dimer concentrations at admission compared to horses with 

medical obstructive disorders (209). Horses suffering from severe disorders such as ischemic lesions requiring 

intestinal resection with high d-dimer concentrations had an increased risk of mortality (210). The d-dimer 

concentration has been suggested as the most sensitive test for diagnosing DIC, the presence of a hyperco-

agulable condition, and thromboembolic disease (210,239–242) in horses. D-dimer was significantly corre-

lated with the number of S. vulgaris larvae in the CMA, the S. vulgaris antibody level, and fibrinogen concen-

tration in foals (32), suggesting that the migration of S. vulgaris larvae results in a mild activation of coagula-

tion and subsequent fibrinolysis in horses (32). 

2.3.3 Global hemostatic tests 

The conventional static hemostatic markers only assess part of the full hemostatic process, making it difficult 

to recognize complex coagulopathies and mainly hypercoagulation in patients in clinical practice (138). As-

says such as PT and aPTT are primarily used to detect hypocoagulation, as their ability to detect hypercoag-

ulation is inadequate (138).  Global hemostatic tests such as TEG and CAT are considered superior to the 

conventional hemostatic test as they evaluate the entire hemostatic process from initiation to clot formation 

and fibrinolysis (243,244). As with any test, it is important to view the results in a clinical context and ensure 

interpretation by skilled personnel (136).     

2.3.3.1 Thromboelastography 

While conventional hemostatic tests only assess the hemostasis until the first fibrin strands are created, TEG 

assesses the entire hemostatic process (245) and provides information about the quality of the clot and the 

dynamics of its creation (246). Thromboelastography was first described in 1948 (247) and was developed 

for whole blood analysis (147). When a TEG analysis is run, a variety of variables are recorded. The first is the 

split point (SP), which is the time to initial conversion of fibrinogen to fibrin (245). Next is the reaction time 

(R), which is the time from test start to initial fibrin formation, which evaluates the activity of plasma coagu-

lation factors (245,248). Third is the clotting time (K), which is the time until a pre-set level of clot strength is 
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achieved; normally an amplitude of 20 mm (245). Studies have found a modest correlation of PT and aPTT 

with R and K in horses (38,249). The angle (α) measures the speed of fibrin build-up and cross-linking, which 

is an evaluation of the rate of clot formation that can indicate fibrinogen deficiencies (245,248). Maximum 

amplitude (MA) is a measurement of the bonding of fibrin and platelets representing the maximum strength 

of the fibrin clot, which relates to the platelet function (245,248) (Figure 3). The shear elastic force (G) is a 

linear function of the MA and a measure of global clot strength (245). The degree of fibrinolysis is measured 

30 minutes (LY30) and 60 minutes (LY60) post MA (245,248). In human medicine, a coagulation index has 

been created based on R, K, MA and angle. It is an indicator of coagulation and assess whether an individual 

is normal, hypo-, or hypercoagulable (147,245). Hypercoagulability is defined as a shorter R and K value and 

an increased angle, MA, and G with one or more altered variable, while the opposite is defined as hypocoag-

ulability (36,244,245,250).       

 

Figure 3. An outline of a tracing generated by thromboelastography (TEG) displaying the reaction time (R), 

clotting time (K), angle (α), and maximum amplitude (MA). Source: Reprinted with permission from: Plasma 

Processes and Polymers, Volume: 10, Issue: 9, Pages: 817-828, first published: 09 July 2013, DOI: 

(10.1002/ppap.201300027). 

TEG can be performed both with and without the use of an activator (249,251), where the most commonly 

used are kaolin or TF (251–253). The use of an activator has been found to speed up the initiation of clot 

formation and lower the test variability, resulting in a more robust assay (249,254). Tissue factor has been 

applied as an activator in humans (255) and dogs (256). In horses, using TF as the activator has been associ-

ated with a shortened R and K time and an increased angle when compared with TEG without an activator. 

In addition, TF decreased variability in measurements. A disadvantage of using an activator is that hypocoag-

ulable conditions might be masked by the artificial shortening of clotting times and rates (249). Kaolin has 

likewise been applied as an activator in humans (252) and dogs (253,257). A native, TF-, and kaolin-activated 

TEG have been compared in horses. There was a significant difference between the activated and non-acti-

vated assays, with the non-activated assay showing the highest degree of variation. It therefore seems that 

an activator should be used in order to minimize the degree of variation when using TEG in clinical practice. 

This will reduce susceptibility to pre-analytical factors and increase sensitivity for intra-individual changes. 
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No significant difference was found between kaolin- and TF-activated TEG, and dilute TF-TEG was found to 

be useful with the lowest analytical and intra-individual variation (251).       

Whole blood-TEG is a time sensitive test, which in human studies have been found to be applicable on fresh 

whole blood within four to six minutes of sampling, and within 120 minutes of sampling on citrated whole 

blood with Kaolin or TF as an activator (252,258). For equine samples, a fixed storage time of 30 minutes post 

sampling has been proposed in order to avoid unreliable results (259). In recent years, a couple of studies 

have however looked at the use of TEG on citrated plasma (39–42). In humans, plasma-TEG has previously 

been used in a study examining the TEG assay and in a study of experimental human endotoxemia (39,40). 

In dogs plasma-TEG was successfully applied when looking at biological variation (41). In septic pigs, plasma-

TEG displayed a similar pattern to whole blood-TEG, showing an increased hemostatic response (42). The 

advantage of plasma-TEG is that samples can be stored for longer periods prior to analysis, thus increasing 

the practicability of the test.      

In human medicine, TEG, especially hypocoagulable tracings, appears to be prognostic of mortality in patients 

with sepsis, and may aid in the diagnosis of DIC (260). In experimentally induced endotoxemia, TEG has shown 

a hypercoagulable state (40). Thromboelastography may provide valuable and detailed information about 

dysfunctional aspects of the hemostatic process, resulting in a more targeted transfusion strategy (261). 

Whole blood-TEG has also been investigated in equine medicine. One study in horses with acute GI disease 

found that TEG performed at admission was able to identify the presence of inflammatory lesions and risk of 

fatality more frequently than conventional hemostatic markers (36). However, another study found the op-

posite to be true (37). Potential explanations for this discrepancy include the use of different inclusion criteria 

and that TEG results can be influenced by a variety of factors, thus highlighting the complexity of viscoelastic 

coagulation testing (37). This is further supported by TEG showing a tendency towards a hypercoagulable 

state in horses with ischemic and/or inflammatory GI lesions in one study (35) and hypocoagulable in another 

(38). There was a marked overlap with the normal range in both studies, indicating that TEG might not be 

sufficient as the sole test (35,38).     

2.3.3.2 Thrombin generation test 

Thrombin plays a vital role in hemostasis and thrombosis (262), as no hemostatic pathway bypasses throm-

bin, meaning that thrombin generation essentially reflects all thrombotic-hemostatic functions of the blood 

(263). The CAT assay measures the activity of free thrombin made during coagulation (263) in a more physi-

ological setting than the conventional coagulation tests (263–265). The CAT assay generates four variables. 

The lag time is the time it takes until 1/6 of the maximum peak thrombin concentration is reached and this 

correlates well with the plasma clotting time. The endogenous thrombin potential (ETP) is often considered 

the parameter with the highest predictive value in terms of bleeding/thrombosis risk for the CAT assay. The 

ETP, or area under the curve, expresses the total enzymatic work by thrombin while active. The peak is the 

maximal thrombin concentration measured. Peak and ETP normally correlate well, but peak is not as easily 

saturated with increasing concentrations of coagulation factors and triggers, and might therefore prove to 

be a more sensitive measure of the plasma thrombin generation capacity. Finally, the time to peak (ttPeak) 

is the time until the peak concentration is reached (266,267) (Figure 4).  
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Figure 4. An outline of a tracing generated by the Calibrated Automated Thrombogram (CAT) assay displaying 

the lag time, time to peak, endogenous thrombin potential (ETP), and peak. Source: Reprinted with permis-

sion from: Veterinary Clinical Pathology, Volume: 40, Issue: 1, Pages: 24-31, First published: 07 February 

2011, DOI: (10.1111/j.1939-165X.2011.00282.x). 

In human medicine, the CAT assay has been used with both hypo- and hypercoagulable conditions (263–265). 

A hypercoagulable condition is indicated by a shortened lag time and ttPeak, and a higher ETP and peak with 

one or more variables being altered. Hypocoagulability is characterized by the opposite findings (268). Stud-

ies have found that an increased peak concentration (269) and ETP measurement are associated with an 

increased risk of a venous thrombotic event (270–273). Conversely, the CAT assay can also help identify pa-

tients with a low risk of reoccurring venous thromboembolism (VTE) (274). In addition, the CAT assay is val-

uable in assessing the prognosis of patients with acute ischemic stroke undergoing thrombolysis; patients 

with a low ETP value at admission have an increased risk of a poor therapeutic outcome (275). The CAT assay 

has been investigated for use in veterinary medicine in dogs (276–279) and cats (280). Using feline plasma 

samples, the CAT assay showed adequate repeatability and was found to be suitable for measuring the ETP 

(280). The CAT assay has also been found to work well with canine plasma, with good analytical reproduci-

bility, and might be useful when assessing the use of anticoagulant therapy in dogs (277). A hypercoagulable 

state was identified in dogs with hyperadrenocorticism by an increased ETP when dogs were analyzed as a 

group (279). Low doses of prednisolone have been found to increase ETP in dogs (278). The CAT assay has 

previously been shown to be a robust assay with reliable monitoring of thrombin generation that is able to 

distinguish hemophilic dogs from healthy dogs (276). To the best of the author’s knowledge, the CAT assay 

has not been investigated for use in horses. 
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2.4 The suggested interplay between Strongylus vulgaris and hemostasis 

with the relevance of the global hemostatic tests    

 

Figure 5. An illustration of the suggested effects of Strongylus vulgaris on the hemostasis with the hypothe-

sized relevance of the global hemostatic tests pinpointed.  Third stage larvae (L3) penetrate the ileum, cecum, 

and/or colon. After moulting to fourth stage larvae (L4) they migrate in the tunica intima of the arteries 

against the blood flow until they reach the cranial mesenteric artery and its branches. This migration leads 

to a denuded endothelial surface and exposure of the subendothelial collagen. This initiates platelet adhesion 

and production of procoagulant factors, and the endothelial cells change in shape, causing changes in blood 

flow, contributing to thrombus formation and initiating a vicious cycle. It is important to note that the hemo-

static process should not be viewed as a separate stepwise process, but more as a simultaneous self-rein-

forcing process. Hence, the allocation of variables from the global hemostatic tests (thromboelastographic 

reaction time (R), angle and maximum amplitude (MA), calibrated automated thrombogram lag time, time 

to peak (ttPeak), peak and endogenous thrombin potential (ETP)) in the figure should also be viewed as an 

approximation since most represent more than one location. 

Source: Created with BioRender by Honoré, M. L., 2022. Modified from the following figures: Hoffman & 

Monroe, 2007, figure 1; Smith, 2009, figure 3; https://www.cram.com/flashcards/parasitology-10810-horse-

strongyles-2nd-year-fall-1492750, downloaded the 6th of January 2022. Reprinted with permission from: He-

matology/Oncology Clinics of North America, Volume: 21, Issue: 1, Pages: 1-11, First published: February 

2007, DOI: (10.1016/j.hoc.2006.11.004), and from Journal of Veterinary Emergency and Critical Care, Vol-

ume: 19, Issue: 1, Pages: 3-10, First published: February 2009, DOI: (10.1111/j.1476-4431.2009.00389.x.).  
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3 Materials and methods 
This thesis is based on five studies. A detailed description of the materials and methods for Studies I, II, and 

III are available in Papers I, II, and III. Studies IV and V are not covered in any of the papers and will therefore 

be described in more detail.   

3.1 Sampling centers  

This thesis was an international multicenter study with samples collected at four different facilities (Table 1). 

The necessary approvals were obtained from the ethical board of the Swedish university of Agricultural Sci-

ences, Evidensia Helsingborg Equine Referral Hospital, Gluck Equine Research Center at the University of 

Kentucky, and the Department of Veterinary Clinical Sciences at the University of Copenhagen. All relevant 

guidelines and regulations were followed. Written consent (Appendix I) was acquired for client-owned horses 

in Denmark and Sweden.  

Table 1. Sampling centers included in this project.  

Sampling center Sampling period Sample population Study  

Large Animal Teaching Hospital,  
University of Copenhagen,  
Denmark   

December 2017 – 
March 2021 

Clinically healthy horses owned 
by the hospital 
All horses admitted with acute 
abdominal pain and/or peritonitis 

Study I 
Study II  
Study III 
Study IV 
Study V 

University Animal Hospital,  
Swedish University of Agricul-
tural Sciences, Sweden 

January 2018 – 
March 2021 

All horses admitted with peritoni-
tis and/or surgical colic 

Study III 
Study V 

Evidensia Helsingborg Equine 
Referral Hospital, Sweden 

January 2018 – 
March 2021 

All horses admitted with peritoni-
tis and/or surgical colic 

Study III 
Study V 

Gluck Equine Research Center,  
University of Kentucky, USA 

January 2018 – 
February 2019  

All 18 adult horses in the herd a 
were sampled once every other 
week for one year  

Study III 
Study IV 

a The Barn 10 research herd at the University of Kentucky’s Maine Chance Farm (281). 

3.2 Horses  

All clinically healthy horses underwent a thorough clinical examination performed by ML Honoré. The re-

maining horses admitted to the Large Animal Teaching Hospital at the University of Copenhagen, the Univer-

sity Animal Hospital at the Swedish University of Agricultural Sciences, and Evidensia Helsingborg Equine Re-

ferral Hospital were examined by the veterinarian in charge at admission. All clinical variables and blood 

parameters used were taken at the time of admission. The final diagnoses were based on all information 

available in the horses’ records, including clinical variables, laboratory variables, response to treatment, and 

potential surgical and postmortem findings. The horses from the Barn 10 research herd at the University of 

Kentucky’s Maine Chance Farm were semi feral and it was therefore not possible to perform a clinical exam-

ination, but these horses were monitored several times a day by trained personnel and no clinical signs of 

disease were reported.    

An overview of the specific inclusion criteria for each group of horses included in Studies I–V is given in Ta-

ble 2. Horses were excluded if they were below one year of age or dead on arrival to the hospital. 
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Table 2. The inclusion criteria for each group of horses in this thesis. S. vulgaris: Strongylus vulgaris, NSII: 

non-strangulating intestinal infarction  

Groups of horses 
Abbreviated 

group names 
Inclusion criteria  Study  

Clinically healthy 

horses 
 

• Considered healthy based on the following 
being within normal reference intervals:  

• Clinical examination 
• Complete blood count (CBC) 
• Serum biochemistry profile including 

serum amyloid A (SAA) and fibrinogen  
• No history or clinical or laboratory signs of 

colic or acute or chronic systemic inflam-
matory disease.   

• Treated with ivermectin or moxidectin be-
tween one or two weeks prior to examina-
tion and sample collection.   

Study I 
Study II 
Study III 
Study IV 
Study V 
 

Horses with GI disease 

and a mild systemic in-

flammatory response 

• Low SAA 
(Study I) 

• GI disease and SAA between 30-100 mg/L 
at admission. 

Study I 

Horses with GI disease 

and a strong systemic 

inflammatory response 

• High SAA 
(Study I) 

• GI disease and SAA > 1,000 mg/L at admis-
sion. 

Study I 

Horses with mild GI  

disease 

• Mild GI dis-
ease 

• Non-strangulating intestinal obstructions 
or displacements without signs of second-
ary inflammation or ischemia of the intes-
tines based on: 

• Clinical signs  
• CBC 
• Serum biochemistry including SAA 

and fibrinogen 
• Rectal palpation, naso-gastric intuba-

tion, and where appropriate abdom-
inocentesis, transabdominal ultraso-
nography, surgery, and postmortem 
findings. 

Study II 

Horses with severe GI 

disease  

• Severe GI dis-
ease 

• Inflammatory or strangulating intestinal 
diseases with ischemia of the intestine 
based on:  

• Clinical signs  
• CBC 
• Serum biochemistry including SAA 

and fibrinogen 
• Rectal palpation, nasogastric intuba-

tion, and where appropriate abdom-
inocentesis, transabdominal ultraso-
nography, surgery, and postmortem 
findings.  

Study II 
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Horses with migrating 

S. vulgaris without  

clinical disease 

• S. vulgaris 
NSII negative 
(Study III) 

• Part of the well-documented Barn 10 re-
search herd at the University of Kentucky’s 
Maine Chance Farm (281).  

• The presence of S. vulgaris was confirmed 
via regular larval cultures and a positive S. 

vulgaris antibody titer (>13.47%) (116).  

Study III 
Study IV 

Horses with migrating 

S. vulgaris with clinical 

disease (NSII) 

• NSII (Study I) 
• S. vulgaris 

NSII positive 
(Study III) 

• NSII was as previously described (7) con-
firmed at surgery or postmortem with a 
finding of one or more areas of localized in-
testinal infarction without signs of strangu-
lation such as a clear volvulus or enterocol-
itis, and either:  

• Signs of migrating S. vulgaris larvae, 
seen as thrombosis and arteritis in the 
CMA and/or its branches, present at 
post-mortem examination.   

• Signs of arteritis and/or larvae on his-
tology of the resected intestine from 
surviving horses.  

Study I 
Study III 
Study V 

Horses with idiopathic 

peritonitis 
 

• Peritoneal fluid sample with a white blood 
cell count (WBC) > 10x109 cells/L and a per-
itoneal total protein > 20 g/L that re-
sponded to medical treatment, with sur-
vival to discharge or with no apparent 
cause identified at surgery or necropsy.  

Study III 

Horses with  

enterocolitis 
 

• Peracute and acute colitis: 
• Acute abdominal pain or diarrhea of 

maximum 48 hours duration prior to 
admission or identified with diarrhea 
within 48 of admission.  

• Horses without diarrhea but a very 
short, intense course of disease and a 
postmortem diagnosis of enterocolitis 
or typhlocolitis.  

• Based on macroscopic signs of 
generalized intestinal inflamma-
tion (hyperemia, necrosis, and 
edema) with no signs of strangu-
lation.  

• Duodenitis-proximal jejunitis:  
• Excessive gastric reflux (> 20 L) over > 

24 hours that responded to medical 
treatment or where no concomitant 
mechanical obstruction was identified 
at surgery or postmortem. 

Study III 
Study V 

Horses with  

strangulating lesions 
 

• One or more strangulating intestinal le-
sions in the ileum, jejunum, and/or ascend-
ing colon confirmed at either surgery or 
postmortem.   

Study III 
Study V 



   
 

24 
 

Power calculations were not performed for Studies I, II, IV, or V. The aim was to include around ten horses in 

each group in order to show a potential difference between groups but at the same time not include too 

many in case some of the assays or methods were not applicable in horses. In Study III (Paper III), power 

calculations were based on the results of Study II, and we found that around 20 horses in each group would 

be sufficient to show a relevant difference.  

3.3 Clinical variables 

An overview of the recorded clinical variables for each horse included in Studies I–V is given in Table 3.  

Table 3. Clinical variables registered for each horse. * Not recorded for the horses from the Barn 10 re-

search herd at the Gluck Equine Research Center at the University of Kentucky.  

 Variable Description  

Demographics 

Age Age in years 

Body Weight (BW)* BW in kg 

Sex Mare, gelding, or stallion 

Clinical parameters 

Breed  Breed of horse 

Heart rate (HR)* Beats pr. min. 

Respiratory rate (RR)* Breaths pr. min. 

Rectal temperature* Degrees in Celsius 

Borborygmia* 
Normal, decreased, or increased intestinal sounds on 
auscultation 

Mucus membranes* Normal (pink), pale, hyperemic (red), or cyanotic (purple) 

Disease  

Affected portion of GI 
Stomach, small intestine, cecum, colon, peritoneum, ex-
traenteral, unknown    

Disease process 
Simple obstruction, strangulating obstruction, non-
strangulating infarction, enterocolitis, peritonitis, ulcera, 
perforation, no pathology seen, other, unknown  

3.4 Blood sampling 

As described in Papers I, II and III, blood samples were taken by jugular venipuncture with a 21 g needle and 

vacutainer system. Blood samples were collected prior to catheter placement and any potential treatment 

(apart from those given by the referring veterinarian). In the rare case that catheter placement could not be 

delayed due to a need for rapid medical intervention, samples were collected via intravenous catheter. Ini-

tially, the sodium citrate tubes were filled (the first tube was discarded), then serum separator tubes, and 

finally EDTA tubes. Sodium citrate tubes (3.2% 0.109M) were used for hemostatic tests, serum tubes were 

used for biochemical analysis, and EDTA tubes were used for CBC. At Gluck Equine Research Center, the blood 

samples were collected in glass tubes (the sodium citrate tubes were coated internally with silicone) in con-

trast to the other sampling centers where they were collected in plastic tubes. Serum and EDTA samples were 

stored at 4°C prior to analysis. Sodium citrate tubes were centrifuged at 2,000 g for 15 min to achieve a 

platelet count below 10 × 109/L (282) within a maximum of 4 hours. The citrated plasma was transferred to 

multiple cryotubes with 1 ml in each and stored at -80o until analysis.  
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3.5 Hematology and biochemistry 

Hematological and biochemical blood analysis was performed for all horses.  

For horses admitted to the Large Animal Teaching Hospital at the University of Copenhagen, this was part of 

the routine diagnostic workup at admission, and analyses were run on fresh sample material as soon as pos-

sible after sampling. For clinically healthy horses from the same facility, analyses were also run on fresh sam-

ple material directly after sampling.  

For horses admitted to the two hospitals in Sweden, this was also part of the routine diagnostic workup at 

admission and analyses were run on fresh sample material. However, iron, SAA, and fibrinogen were not part 

of the routine blood analyses and were not measured in all horses at admission. In case of missing values, 

these were measured in batches in Denmark from frozen sample material shipped from Sweden. For SAA, all 

samples were rerun in Denmark to ensure comparable results due to the different assays used. MPV and 

MPC were not measured for the samples from Sweden. In addition, the platelet (PLT) concentration was not 

part of the routine blood analyses and was not measured for all horses from Sweden. This could not be done 

at a later stage as only plasma and serum samples were stored.    

A routine hematology analysis was performed on fresh samples from the Barn 10 research herd horses di-

rectly after sampling. However, PLT, MPV, and MPC were not measured for the samples from the USA. The 

routine biochemical analysis was performed in batches on frozen sample material shipped from the USA to 

Denmark.    

Not all hematological or biochemical variables were included for analysis; the variables selected for further 

evaluation are shown in Table 4.   
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Table 4. Blood variables included for analysis in this thesis. The country stated indicates in which country 

the specific machine/assay was used. WBC: white blood cell count, HCT: hematocrit, PLT: platelet, MPV: 

mean platelet volume, MPC: mean platelet component, SAA: Serum amyloid A.     

Variable Unit Machine  Assay/Method/Comments 

WBC 
(Blood) 

mia./L 

Advia 2120i I (Denmark) 
The analyses were done on fresh samples 
at the sampling center where samples 
were collected.  

Advia 2120i I (Sweden) 

Idexx Procyte Dx II (Sweden) 

Genesis Hematology Analyzer III (USA)                      

HCT 
(Blood) 

% 

Advia 2120i I (Denmark)  
The analyses were done on fresh samples 
at the sampling center where samples 
were collected. 

Advia 2120i I (Sweden) 

Idexx Procyte Dx II (Sweden) 

Genesis Hematology Analyzer III (USA)                            

PLT 
(Blood) 

mia./L 

Advia 2120i I (Denmark) The analyses were done on fresh samples 
at the sampling center where samples 
were collected. Was not measured in all 
horses from the Swedish sampling centers 
and was not measured in samples from 
USA. 

Advia 2120i I (Sweden) 

Idexx Procyte Dx II (Sweden) 

MPV 
(Blood) 

fl Advia 2120i I (Denmark)  
Only measured on samples collected in 
Denmark. 

MPC 
(Blood) 

g/L Advia 2120i I (Denmark) 
Only measured on samples collected in 
Denmark. 

Iron 
(Serum) 

umol/L Advia 1800 I (Denmark)  

Colorimetric spectrophotometric meas-
urement.  
Samples from all four sampling centers 
were analyzed in Denmark. 

SAA 
(Serum) 

mg/L Advia 1800 I (Denmark) 

LZ SAA EIKEN automated immunoturbidi-
metric assay IV.  
Samples from all four sampling centers 
were analyzed in Denmark. 

Fibrinogen 
(Citrated 
plasma) 

g/L 
ACL Top 500 V (Denmark) 

PT-based automated coagulometric assay 
with HemosIL RecombiPlastin. 
All samples from USA were analyzed in 
Denmark, and 12/32 samples from Swe-
den were analyzed in Denmark.  

KoneLab Prime 30i VI (Sweden) 
Quantitative immunoturbidimetric assay 
VII. 

I Siemens Health Care Diagnostics Inc., IL, USA. II IDEXX, Hoofddorp, The Netherlands. III Oxford Science Inc., 

Oxford, CT, USA. IV EIKEN Chemical Co. Ltd., Tokyo, Japan. V ILS Danmark, Allerød, Denmark. VI Thermo Fisher 

Scientific, Waltham, U.S.A. VII DiaSystem Scandinavia AB, Huskvarna, Sweden.  
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3.6 Strongylus vulgaris specific antibodies 

The concentration of S. vulgaris specific antibodies was used in Studies III (Paper III) and IV. Fresh serum 

samples collected from the Barn 10 research herd were analyzed shortly after collection. Serum samples 

collected in Denmark and Sweden were collectively shipped frozen to the University of Kentucky and ana-

lyzed in a batch. Samples were analyzed for S. vulgaris-specific antibodies with an indirect antibody ELISA 

using recombinant SvSXP protein as antigen as previously described (Paper III) (6,116). Results were ex-

pressed as the normalized value, percentage of a positive control (PP) (116).  

3.7 Hemostatic assays 

All hemostatic analyses (Tables 5 and 6) were performed on whole blood or thawed citrated plasma at the 

University of Copenhagen by trained personnel and on the same machines in an attempt to ensure that any 

differences found were the result of pathological differences between the groups of horses. A more detailed 

description of the applied protocols can be found in Papers I, II, and III.   

Table 5. The conventional hemostatic variables measured in this thesis.  

Variable Unit Assay/Machine Method/Comments  

Activated partial throm-
boplastin time (aPTT) 

Sec STA-Cephascreen with kefalin a  Automated coagulometric method 

Prothrombin time (PT) Sec 
STA-NeoPTimal with rabbit 
thromboplastin a  

Automated coagulometric method 

Antithrombin (AT) % 
STA-Stachrom ATIII with bovine 
thrombin a  

Automated chromogenic method 

D-dimer  

mg/L 
STA-Liatest D-Di+ with murine d-
dimer antibodies a 

Automated photometric antibody-
antigen method 

mg/L 
NycoCard with monoclonal anti-
bodies b 

Manual immunometric flow 
through assay 

a STAGO STA Satellite coagulation analyzer (Triolab, Brøndby, Denmark) 
b NycoCardTM D-dimer assay (Abbott Laboratories, Copenhagen, Denmark) 
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Table 6. The variables measured for the applied global hemostatic tests (whole blood- and plasma-throm-

boelastography (TEG) and the Calibrated Automated Thrombogram (CAT)) in this thesis. 

Method/variable Unit Description Assay/Machine 

TEG 

Split point (SP) min. 
Time to initial conversion of fi-
brinogen to fibrin 

Diluted TF, TEG 5000 
Haemostasis Analyzer a 

Reaction time (R) min. 
Time to initial fibrin clot for-
mation 

Clot formation  
time (K) 

min. 
Time from initial clot formation 

to reaching a preset level of 
clot strength (20 mm) 

Angle Degrees 
Speed of fibrin build up and 
cross-linking 

Maximum  
amplitude (MA) 

mm. Maximum clot strength 

Shear elastic  
force (G) 

(dynes/cm2) 
A linear function of the MA and 
a measure of global clot 
strength 

Lysis at 30 min. 
(Ly30) 

% 
Degree of fibrinolysis 30 
minutes after MA 

Lysis at 60 min. 
(Ly60) 

% 
Degree of fibrinolysis 60 
minutes after MA 

CAT 

Lag time min. 
Time until 1/6 of the total 
thrombin concentration is 
reached 

PPP reagent (5 pM TF), 
Thrombinoscope BV b 

Endogenous throm-
bin potential (ETP) 

nM*min.  
The total amount of thrombin 
generated 

Peak nM 
Maximal thrombin concentra-
tion 

Time to peak (ttPeak) min. 
Time to maximal thrombin con-
centration 

a TEG 5000 Haemostasis Analyzer, Haemoscope Corporation, Illinois, USA 

b Thrombinoscope BV, Maastricht, The Netherlands 

3.8 Seasonal hemostatic changes correlated with Strongylus vulgaris 

(Study IV) 

Blood samples were collected every other week from January 2018 to February 2019 from the adult horses 

at the Barn 10 research herd at the University of Kentucky’s Maine Chance Farm (i.e. horses with migrating 

S. vulgaris without clinical disease), which is described in more detail in Section 3.2 and Paper III. At the same 

time points, fecal samples were collected for larval culture and the S. vulgaris antibody concentration in se-

rum was measured. Blood samples taken every other week for one year from the six horses with the highest 

concentration of S. vulgaris antibodies on average were included in the study. Blood samples from 10 clini-

cally healthy horses (described in detail in Section 3.2 and Papers I, II, and III) collected in the spring of 2018 

were also included. Collection, handling, and analysis of blood samples were as described in Sections 3.4, 3.5, 

3.6, and 3.7. Plasma-TEG and CAT variables were compared with results from July to assess any differences 

in variables over the year.    
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3.9 Endothelial markers (Study V) 

Serum samples from four groups of horses (clinically healthy horses, horses with migrating S. vulgaris with 

clinical disease (S. vulgaris NSII positive), horses with enterocolitis, and horses with strangulating lesions) 

described in more detail in Section 3.2 and Paper III were analyzed with two human ELISAs for vCAM-1 and 

P-selectin and then compared across groups. Collection, handling, and analysis of blood samples were as 

described in Sections 3.4 and 3.5. 

3.9.1 Vascular cell adhesion molecule 1  

The concentration of serum vCAM-1 was analyzed using a commercially available human quantitative sand-

wich ELISA. All reagents were supplied with the kit and the assay was performed according to the manufac-

turer’s instructions (Human sVCAM-1/CD106 ELISA Kit, PromoCell GmbH, Heidelberg, Germany). All samples, 

standards, and blanks were assayed in duplicate. The assay procedure can be found in Appendix II, Table 14.  

3.9.2 P-selectin 

The concentration of serum P-selectin was analyzed using a commercially available human quantitative sand-

wich ELISA immunoassay. All reagents were supplied with the kit and the assay was performed according to 

the manufacturer’s instructions (Human P-Selectin ELISA Kit, OriGene Technologies, Inc., Rockville, MD, USA). 

All samples, standards, and blanks were assayed in duplicate. The assay procedure can be found in Appendix 

II, Table 15. 

3.10 Statistical analyses  

Statistical analysis was performed in Microsoft Excel 2016 (Washington, USA; Studies I and II), GraphPad 

Prism 8.3.0 (San Diego, CA, USA; Studies I–V), and R (R Core Team (2020) R: A Language and Environment for 

Statistical Computing, Addison R Foundation for Statistical Computing, Vienna, Austria; Studies I–V). The level 

of significance was set to 0.05. 

Normal distribution was assessed visually (Studies I, III, IV, and V), using the D’Agostino-Pearson K-squared 

test (Study II), or the Shapiro-Wilk test (Study III). If variables were not normally distributed, a log or log2 

transformation was applied or variables were analyzed with non-parametric methods if normality could not 

be achieved.    

In Study I (Paper I), the d-dimer assays were evaluated by inter- and intra-coefficients of variation (CVs) and 

linearity under dilution, and groups were compared using the Kruskal-Wallis test, while Dunn’s multiple com-

parisons test was applied post hoc. The two methods were compared using a spaghetti plot, a Passing-Bablok 

regression, Spearman’s correlation test, and a Bland-Altman plot. 

In Study II (Paper II), CAT was evaluated by inter- and intra-CVs. Groups were compared using a one-way 

ANOVA or Kruskal-Wallis test for TEG and CAT. Dunn’s or Tukey’s multiple comparisons tests were applied 

post hoc. Spearman’s correlation was used to evaluate the correlation between fibrinogen and MA and G 

(plasma-TEG).   

In Study III (Paper III), variables were compared using a one-way ANOVA, and Tukey’s multiple comparisons 

test was applied post hoc. A logistic regression analysis was used to assess potential differences in the diag-

nostic variables for the six groups of horses. Some data imputation was performed to compensate for a few 
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missing values (see statistical appendix in Paper III). A logistic regression model was applied to try and distin-

guish between the S. vulgaris NSII positive group (y = 1) and the remaining groups (y = 0). Based on the model, 

two receiver operating curves (ROC) were generated. One included all data while the other was based on a 

cross-validation. A multinomial regression was used to assess the differences across all six groups.  

In Study IV as described in Section 3.8 and 4.5, a one-way ANOVA with a Geisser-Greenhouse correction was 

used to assess whether there were significant differences in CAT and plasma-TEG variables over the year, 

with July functioning as reference month.     

In Study V as described in Section 3.9 and 4.6, groups were compared using a one-way ANOVA.    
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4 Results 
A summary of the most important results from Studies I–III is shown in this section; additional details are 

outlined in Papers I–III. Results for Studies IV–V are shown in full here.  

4.1 Inclusion and exclusion of horses 

Figure 6. The overall inclusion and exclusion process of horses in this thesis. The exclusion process specific 

for each study is not included in the figure for simplistic reasons. SAA: serum amyloid A, NSII: non-strangu-

lating intestinal infarction, GI: gastro intestinal, S. vulgaris: Strongylus vulgaris. Created with BioRender.  

4.2 Study I (Paper I) - Investigation of human d-dimer assays in the horse 

4.2.1 Test evaluation 

As described in Paper I, the precision measurements (intra- and inter-CVs) for the Stago were all below the 

accepted level of 5%, apart from the low pool inter-CV (5.98%). All CVs for the NycoCard were above the 

accepted 10% level. 

A linearity under dilution test showed compliance values between the observed and expected values of 89% 

and 70% for the Stago, and 97% and 65% for the NycoCard, respectively.  
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4.2.2 Group comparison  

As demonstrated in Paper I, both Stago and NycoCard showed an overall statistically significant difference 

among the four groups (p = 0.0003), with the post hoc results displayed in Figure 7.  

 

Figure 7. Group comparison across the four groups of horses using the a) STAGO STA-Liatest D-di+ (Stago) 

and b) NycoCardTM D-dimer assays (NycoCard). Horizontal lines and values in the tables represent the median 

and interquartile range. Note that the y-axis differs between the graphs. SAA: Serum amyloid A, NSII: non-

strangulating intestinal infarction.    

4.2.3 Method comparison 

D-dimer concentrations measured with the NycoCard assay seemed generally higher than the concentrations 

measured with the Stago assay. Nonetheless, there seemed to be good agreement between the two assays, 

particularly for the lower concentrations (Figure 8).       
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Figure 8. Spaghetti plot displaying the subject-wise trends for the d-dimer (mg/L) concentration for each 

horse measured using the STAGO STA-Liatest D-di+ (Stago) and NycoCardTM D-dimer assay (NycoCard). 

All but two measurements in the Bland-Altman plot were within the 95% LOA of -2.9 – 2.11 mg/L (log2) with 

a mean of -0.4 mg/L (log2) and a median of -0.3 mg/L (log2) (Figure 9).    

 

Figure 9. Bland-Altman plot displaying the difference plotted against the average for log2 transformed STAGO 

STA-Liatest D-di+ (Stago) and NycoCardTM D-dimer assay (NycoCard) measurements including 95% limits of 

agreement (LOA). Mean: dot/dashed line, median: dotted line, LOA: dashed lines.   

4.2.4 Sample handling 

As described in Paper I, two out of 33 horses (both in the NSII group) had samples collected in 3.8% (rather 

than 3.2%) sodium citrate tubes. 
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4.3 Study II (Paper II) - Evaluation of the Calibrated Automated Thrombo-

gram and plasma-thromboelastography in horses  

4.3.1 Test evaluation (Calibrated Automated Thrombogram) 

As described in Paper II, the precision measurements (intra- and inter-CVs) for the CAT assay were all below 

the accepted 5%, and increasing concentrations of unfractionated heparin resulted in decreased thrombin 

generation.  

4.3.2 Group comparison (Calibrated Automated Thrombogram and plasma-thromboe-

lastography) 

The CAT assay found an overall significant difference between the three groups of horses for peak (p = 0.04) 

and ttPeak (p = 0.01), with post hoc results displayed in Figure 10. The severe GI disease group was found to 

be hypercoagulable when compared to the clinically healthy horses and horses with mild GI disease (Paper II).  
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Figure 10. Group comparison across the three groups of horses (clinically healthy, mild and severe gastroin-

testinal (GI) disease) for the Calibrated Automated Thrombogram (CAT) assay. a) time to peak (ttPeak), b) 

peak. The horizontal bars display the median, 1st, and 3rd quartile. 

Plasma-TEG ran successfully on equine PPP. An overall significant difference was found in angle (p = 0.016), 

MA (p = 0.023), and G (p = 0.022) among the three groups, with post hoc results displayed in Figure 11, 

showing that the severe GI disease group were hypercoagulable when compared to the clinically healthy 

horses (Paper II). 
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Figure 11. Group comparison across the three groups of horses (clinically healthy, mild and severe gastroin-

testinal (GI) disease) for plasma thromboelastography (plasma TEG). a) angle degree, b) maximum amplitude 

(MA), c) shear elastic force (G). The horizontal bars display the median and 1st and 3rd quartiles. 

4.3.3 Group comparison (whole blood-thromboelastography and conventional hemo-

static markers) 

As described in Paper II, no significant difference was found in whole blood-TEG among the three groups of 

horses. Significantly lower angle (p = 0.003), MA (p < 0.0001), and G (p < 0.0001) were found with plasma-

TEG compared to whole blood-TEG.  

In terms of fibrinogen concentration, aPTT, PT, and AT, no significant differences were found among the three 

groups, while horses with severe GI disease had a significantly higher d-dimer concentration than horses with 

mild GI disease (p = 0.0084) and clinically healthy horses (p < 0.0001) on post hoc analysis. 

C
lin

ic
al

ly
 h

ea
lth

y

M
ild

 G
I d

is
ea

se

Sev
er

e 
G

I d
is

ea
se

A
n

g
le

 d
e
g

re
e
 (

)

C
lin

ic
al

ly
 h

ea
lth

y

M
ild

 G
I d

is
ea

se

S
ev

er
e 

G
I d

is
ea

se

0

10

20

30

40

b:

p = 0.017

C
lin

ic
al

ly
 h

ea
lth

y

M
ild

 G
I d

is
ea

se

S
ev

er
e 

G
I d

is
ea

se

0

1

2

3

c:

p = 0.017



   
 

36 
 

4.4 Study III (Paper III) – Identification of hemostatic changes in horses 

with migrating Strongylus vulgaris  

4.4.1 Group comparison (plasma-thromboelastography) 

The S. vulgaris NSII negative group and the groups with severe GI disease (S. vulgaris NSII positive, idiopathic 

peritonitis, enterocolitis, and strangulating intestinal lesions) had hemostatic changes when compared to the 

clinically healthy horses without S. vulgaris (Figure 12).    

The S. vulgaris NSII negative group had a significantly increased angle (p = 0.0004), MA (p = 0.01), and G 

(p = 0.003) compared to the clinically healthy horses without S. vulgaris. The S. vulgaris NSII positive group 

had a significantly longer R time (p = 0.04) compared to the horses with strangulating lesions. Furthermore, 

the S. vulgaris NSII positive group had a significantly higher MA than the enterocolitis group (p = 0.02) and 

strangulating lesions group (p = 0.02), as well as a significantly higher G compared to the enterocolitis (p = 

0.03) and strangulating lesions (p = 0.03) groups (Figure 12).    
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Figure 12. Group comparison for plasma-thromboelastography (TEG) across the six groups of horses (clini-

cally healthy without Strongylus vulgaris, S. vulgaris non-strangulating intestinal infarction (NSII) negative, 

S. vulgaris NSII positive, idiopathic peritonitis, enterocolitis, and strangulating lesions). Lines show the me-

dian and interquartile range. SP: split point, MA: maximum amplitude, G: shear elastic force. 
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4.4.2 Group comparison (Calibrated Automated Thrombogram)  

The S. vulgaris NSII negative group and the groups with severe GI disease (S. vulgaris NSII positive, idiopathic 

peritonitis, enterocolitis, and strangulating intestinal lesions) had hemostatic changes when compared to the 

clinically healthy horses without S. vulgaris (Figure 13).    

The S. vulgaris NSII negative group had a significantly longer lag time (p = 0.02) than the clinically healthy 

horses without S. vulgaris. The S. vulgaris NSII positive group had a significantly longer lag time than the 

horses with enterocolitis (p = 0.01) and strangulating lesions (p = 0.001). In addition, the S. vulgaris NSII pos-

itive group had a significantly longer ttPeak than the enterocolitis group (p = 0.002) and horses with strangu-

lating lesions (p = 0.002) (Figure 13).  
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Figure 13. Group comparison for the Calibrated Automated Thrombogram (CAT) across the six groups of 

horses (clinically healthy without Strongylus vulgaris, S. vulgaris non-strangulating intestinal infarction (NSII) 

negative, S. vulgaris NSII positive, idiopathic peritonitis, enterocolitis, and strangulating lesions). Lines show 

the median and interquartile range. ETP: endogenous thrombin potential, ttPeak: time to peak. 
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4.4.3 Group comparison (clinical and laboratory variables)  

As further described in Paper III, the S. vulgaris NSII positive group was characterized by one or more of the 

following findings: increased rectal temperature, decreased iron concentration, increased SAA, and increased 

fibrinogen and d-dimer concentration. In addition, all horses had increased S. vulgaris antibody concentration 

(> 13.47%).  

4.4.4 Distinction of Strongylus vulgaris associated non-strangulating intestinal infarc-

tion positive horses 

A multivariate logistic regression model including iron, SAA, angle (plasma-TEG) and ETP (CAT) were to some 

degree able to classify horses as belonging to the S. vulgaris NSII positive group or not (Table 7).  

Table 7. The model for predicting Strongylus vulgaris associated non-strangulating intestinal infarctions (NSII) 

included iron, serum amyloid A (SAA), angle (plasma-thromboelastography) and endogenous thrombin po-

tential (ETP) (Calibrated Automated Thrombogram).    

 Estimate Standard Error P-value 

Intercept 1.74 1.58 0.27 
Iron (mmol/L) -0.14 0.06 0.01 
SAA (mg/L) 0.0008 0.0002 0.0002 
Angle (degree) 0.05 0.03 0.14 
ETP (nM*min.) -0.01 0.004 0.002 

 

The model showed that a decreased iron concentration, increased SAA concentration, increased angle 

(plasma TEG), and decreased ETP (CAT) were indicative of being classified in the S. vulgaris NSII positive group 

(Table 8). 

Table 8. The odds and 95% confidence interval (CI) for iron, serum amyloid A, angle, and endogenous throm-

bin potential (ETP) of being classified in the Strongylus vulgaris NSII positive group. The considered change 

for SAA is +/- 1,000, for the remaining variables it is +/- 1. 

 Odds 95% CI 

Iron (mmol/L) 0.87 0.78 - 0.97 
SAA (mg/L) 2.31 1.48 - 3.60 
Angle (degree) 1.05 0.99 - 1.11 
ETP (nM*min.) 0.99 0.98 - 0.99 

 

Using a selected cut-off of 0.4, the model correctly classified 10/16 horses in the S. vulgaris NSII positive 

group, while 6/16 as false negatives. At the same time, 5/102 horses were classified as false positives (Figure 

14), as described in Paper III.  
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Figure 14. The predicted probability of being classified in the Strongylus vulgaris non-strangulating intestinal 

infarctions (NSII) positive group. 

A cross-validated ROC curve as described in Paper III, showed an area under the curve (AUC) of 0.83 and a 

cut-off of 51.2% had an accuracy of 90.0%, with 2/103 horses classified as false positives and 10/16 as false 

negatives.  

A multinomial regression showed that clinically healthy horses without S. vulgaris were classified with 100% 

accuracy by the model, and the S. vulgaris NSII negative group was also classified accurately. The severe GI 

disease groups showed a more marked overlap in their predicted classification probabilities; the S. vulgaris 

NSII positive group in particular showed a marked overlap with the idiopathic peritonitis group, while the 

enterocolitis group showed a marked overlap with the strangulating lesions group (Figure 15).  
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Figure 15. A multinomial regression dot plot showing the predicted probability of being classified in each of 

the six groups. NSII: non strangulating intestinal infarction, S. vulgaris: Strongylus vulgaris. 

4.4.5 Sample handling 

In Paper III, 6/123 horses: 3/16 in the S. vulgaris NSII positive group, 2/26 in the enterocolitis group, 1/26 

with strangulating intestinal lesions had samples collected in 3.8% sodium citrate tubes, rather than 3.2%. 

A platelet count > 10x10^9/L for the citrated plasma samples was found in 37/123 horses: 9/16 in the S. 

vulgaris NSII positive group, 4/20 with idiopathic peritonitis, 13/26 in the enterocolitis group, and 11/26 with 

strangulating intestinal lesions (Table 9). 

Table 9. Median and minimum–maximum platelet (PLT) counts for the citrated plasma samples with a count 

> 10x10^9/L. S. vulgaris: Strongylus vulgaris, NSII: non-strangulating intestinal infarction. 

 PLT count (mia./L) 

Median Min. - max. 
S. vulgaris NSII positive 15 12 - 46 
Idiopathic peritonitis  13 11 - 17 
Enterocolitis 15 11 - 93 
Strangulating lesions 18 11 - 32 
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4.5 Study IV – Seasonal hemostatic changes correlated with Strongylus vul-

garis 

Both plasma-TEG and CAT identified seasonal hemostatic changes in the S. vulgaris NSII negative group when 

using July as the reference month.   

4.5.1 Seasonal changes in plasma-thromboelastography 

When compared to July, a significantly shorter R time was seen in August (p = 0.02) and December (p = 0.002) 

for the S. vulgaris NSII negative group. Furthermore, angle was significantly increased in April (p = 0.02) and 

December (p = 0.01). The MA and G had a similar seasonal pattern. A significantly increased MA and G were 

found in February (p = 0.002 and 0.002), March (p = 0.02 and 0.02), April (p = 0.002 and 0.004), June (p = 

0.005 and 0.01), September (p = 0.02 and 0.01), November (p = 0.02 and 0.02), and December (p = 0.01 and 

0.02) when compared to July in the S. vulgaris NSII negative group (Figure 16). Medians and 1st and 3rd quar-

tiles can be found in Appendix III, Table 16.     
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Figure 16. Plasma-thromboelastography variables compared across months for the Strongylus vulgaris non-

strangulating intestinal infarction (NSII) negative horses, with July as the reference month. Bars in the dot 

plots indicate the median with 1st and 3rd quartiles. The shaded area indicates the 1st and 3rd quartiles with 

the median as a dashed line, for the clinically healthy horses without S. vulgaris.   

4.5.2 Seasonal changes in the Calibrated Automated Thrombogram 

A significantly shorter lag time was found in December (p = 0.02) and January (p = 0.02) for the S. vulgaris 

NSII negative group when compared to July. The ETP was significantly increased in June (p = 0.01), August (p 

= 0.004), September (p = 0.004), November (p = 0.01), December (p = 0.01), and January (p = 0.02) when 

compared to July in the S. vulgaris NSII negative group. Showing a similar pattern, a significantly higher peak 
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was found in August (p = 0.004), September (p = 0.01), November (p = 0.001), December (p = 0.01), and 

January (p = 0.01) when compared to July for the S. vulgaris NSII negative group. A significantly shorter ttPeak 

was seen in August (p = 0.03), December (p = 0.001), and January (p = 0.01) when compared to July in the S. 

vulgaris NSII negative group (Figure 17). Medians and 1st and 3rd quartiles can be found in Appendix III, Table 

17. 

 

Figure 17. Calibrated Automated Thrombogram variables compared across months for the Strongylus vul-

garis non-strangulating intestinal infarction (NSII) negative horses, with July as the reference month. Bars in 

the dot plots indicate the median with 1st and 3rd quartiles. The shaded area indicates the 1st and 3rd quartiles 

with the median as a dashed line, for clinically healthy horses without S. vulgaris.   

4.5.3 Sample handling 

Samples collected in February, March, and April were not handled according to the initial protocol. These 

samples were instead left to sediment with the citrated plasma then being transferred to cryotubes and 

stored at -80°C. After thawing and prior to plasma-TEG and CAT analyses, these plasma samples were centri-

fuged at 2,000 g for 15 min. with the supernatant being transferred to new cryotubes and then analyzed.   
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4.6 Study V – Investigation of two human endothelial marker assays in 

horses 

4.6.1 Investigation of vascular cell adhesion molecule 1  

The human vCAM-1 ELISA produced an acceptable standard curve with acceptable coefficients of variation, 

with the exception that standard sample 1 was above 5% (Figure 18, Table 10).  

 

Figure 18. Standard curve for the human vascular cell adhesion molecule 1 (vCAM-1) ELISA showing duplicate 

measurements and their averages at 100%, 50%, 25%, 12.5%, 6.3%, and 3.1% concentration.   

Table 10. Standard sample measurements for the human vascular cell adhesion molecule 1 (vCAM-1) ELISA 

including the coefficient of variation (CV). M1: measurement 1, M2: measurement 2.  

Sample Concentration 
Optical density 

CV % 
M1 M2 Average 

Standard sample 1 
100% 

(100 ng/ml) 
2.25 2.51 2.38 7.9 

Standard sample 2 
50% 

(50 ng/ml) 
1.6 1.63 1.61 1.2 

Standard sample 3 
25% 

(25 ng/ml) 
0.97 0.93 0.95 2.6 

Standard sample 4 
12.5% 

(12.5 ng/ml) 
0.51 0.54 0.52 3.6 

Standard sample 5 
6.3% 

(6.3 ng/ml) 
0.19 0.18 0.19 4.3 

Standard sample 6 
3.1% 

(3.1 ng/ml) 
0.06 0.06 0.06 4.5 

 

Measurements for vCAM-1 were below the detection limit of the assay in all four groups of horses (Table 11). 
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Table 11. Vascular cell adhesion molecule 1 (vCAM-1) ELISA measurements for the four groups of horses 

(clinically healthy, Strongylus vulgaris non-strangulating intestinal infarction (NSII) positive, enterocolitis, and 

strangulating intestinal lesions). The lower level of detection was 1.88 ng/mL.     

 Optical density 

Median 1st - 3rd quartile 

Clinically healthy -0.0297 
-0.0327 – 
-0.0224 

S. vulgaris NSII positive -0.0227 
-0.0283 –  
-0.0164 

Enterocolitis -0.0178 
-0.0318 –  
-0.0093 

Strangulating lesions -0.0095 
-0.0212 –  

0.0034 
 

4.6.2 Investigation of P-selectin 

The human P-selectin ELISA produced an acceptable standard curve with acceptable coefficients of variation, 

with the exception that standard samples 3 and 5 were above 5% (Figure 19, Table 12).  

 

Figure 19. Standard curve for the human P-selectin ELISA showing duplicate measurements and their aver-

ages at 100%, 50%, 25%, 12.5%, 6.3%, 3.1%, and 1.6% concentration.   
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Table 12. Standard sample measurements for the P-selectin ELISA including the coefficient of variation (CV). 

M1: measurement 1, M2: measurement 2.  

Sample Concentration 
Optical density 

CV % 
M1 M2 Average 

Standard sample 1 
100% 

(8,000 pg/ml) 
3.24 3.11 3.17 3.01 

Standard sample 2 
50% 

(4,000 pg/ml) 
2.76 2.70 2.73 1.6 

Standard sample 3 
25% 

(2,000 pg/ml) 
1.99 1.78 1.89 7.8 

Standard sample 4 
12.5% 

(1,000 pg/ml) 
1.20 1.18 1.19 0.97 

Standard sample 5 
6.3% 

(500 pg/ml) 
0.75 0.67 0.71 8.2 

Standard sample 6 
3.1% 

(250 pg/ml) 
0.38 0.37 0.38 1.2 

Standard sample 7 
1.6% 

(125 pg/ml) 
0.18 0.19 0.19 3.2 

 

Measurements for P-selectin were below the detection limit of the assay for all four groups of horses (Ta-

ble 13). 

Table 13. P-selectin ELISA measurements for the four groups of horses (clinically healthy, Strongylus vulgaris 

non-strangulating intestinal infarction (NSII) positive, enterocolitis, and strangulating intestinal lesions). The 

lower level of detection was 62 pg/mL.   

 Optical density 

Median 1st - 3rd quartile 

Clinically healthy -0.0091 
-0.0127 – 

-0.002 

S. vulgaris NSII positive -0.0042 
-0.0089 – 

0.0015 

Enterocolitis -0.0078 
-0.0104 – 
-0.0037 

Strangulating lesions -0.0023 
-0.0092 – 

0.0102 
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5 Discussion 
Overall, this thesis provided novel results with regard to hemostasis in horses with migrating S. vulgaris larvae 

with and without clinical disease (NSII), which can aid in the understanding of the pathophysiology and de-

velopment of NSII and diagnostic workup. In addition, this thesis has shown that plasma-based global hemo-

static tests can provide valuable information in horses with various kinds of severe GI disease.  

5.1 The applicability of plasma-based global hemostatic tests in horses  

Both CAT and plasma-TEG were applicable in equine citrated plasma (Studies II, III, and IV). Based on results 

obtained by applying all three available triggering agents (low PPP, PPP, and high PPP) on samples from the 

clinically healthy horses (Study II), and what has been done in human (283) and canine (279) studies, the 

triggering agent with a concentration of 5pM TF was used for CAT (Studies II, III, and IV). It might, however, 

be relevant for future studies to investigate the triggering agents in more depth on samples from horses with 

clinical disease. For example, the low PPP might reveal more subtle hemostatic changes among disease 

groups, and it may be relevant to apply different triggering agents depending on the suspected hemostatic 

change being either hypo- or hypercoagulable.            

Plasma-TEG failed to reach a K time in all horses (Studies II, III, and IV) due to the K time being preset to the 

time taken until the clot reaches 20 mm (245,248,284). This was established for human whole blood samples 

and is therefore not directly transferable to equine plasma samples. In order to continue using plasma-TEG, 

new standards would need to be established.  

Plasma-TEG was able to identify significant differences between horses with severe GI disease and clinically 

healthy horses that were not found using the whole blood TEG (Study II). Plasma-TEG and whole blood-TEG 

should not be directly compared as being the same assay as the composition of PPP and whole blood is 

significantly different, especially in terms of platelet count. It would, however, be interesting to assess 

whether plasma-TEG is a more sensitive assay than whole blood-TEG. 

5.1 The lack of platelets in global plasma hemostasis testing  

Platelets play a substantial role in hemostasis (136,137,207). One disadvantage of plasma-based hemostatic 

tests is that they do not evaluate platelet function, and it could therefore be debated whether they can still 

be classed as global hemostatic tests. Thromboelastography was originally developed as a whole blood assay, 

and MA in particular is a reflection of platelet count and platelet activity (245,247). In Study II (Paper II), the 

plasma-TEG readings had a lower MA and G compared to whole blood-TEG, which may reflect the lack of 

platelets. Meanwhile, the CAT assay, which is also considered a global hemostatic test, has been developed 

for use with both PPP, platelet rich plasma (PRP), and whole blood (265,285).       

When removing the platelets from the TEG analysis, one could argue that MA and G only represent an elab-

orate analysis of the fibrinogen function and concentration. In Study II (Paper II), a positive correlation was 

found between fibrinogen, MA, and G. However, only MA and G were able to detect a significant difference 

among the three groups of horses. In Study III (Paper III), fibrinogen, MA, and G showed varying differences 

across the groups of horses. These findings indicate that MA and G from plasma-TEG are more than just 

advanced fibrinogen assays and are of clinical relevance in equine medicine. 

One function of global hemostatic tests is to mimic the complexity of in vivo hemostasis as much as possible. 

However, even when platelets are included, the contribution of TF-bearing cells and local tissue conditions 
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are not reflected (136), meaning that it is not possible to fully recreate the conditions of in vivo coagulation 

in this set up. 

5.2 Plasma-based global hemostatic tests as markers of migrating Strongy-

lus vulgaris  

Accurately diagnosing the presence of migrating S. vulgaris larvae in a clinical setting has been a continual 

challenge in equine clinical practice (98). Study III (Paper III) and Study IV demonstrated that horses with 

migrating S. vulgaris larvae with no signs of clinical disease (S. vulgaris NSII negative group) showed hemo-

static changes that can be interpreted as both hypercoagulability and hypocoagulability detected using 

plasma-TEG and CAT when compared to clinically healthy horses without S. vulgaris and when the S. vulgaris 

NSII negative group was assessed over a year. The model developed in Study III (Paper III) including SAA, iron, 

angle (plasma TEG), and ETP (CAT) could fully distinguish clinically healthy horses without S. vulgaris from 

horses with migrating S. vulgaris without clinical disease (NSII). Study IV indicates that there are seasonal 

hemostatic aberrations in horses infected with S. vulgaris without clinical disease. It therefore seems that 

horses with migrating S. vulgaris larvae suffer from hemostatic changes even when they show no signs of 

clinical disease, indicating that global hemostatic tests could aid in diagnosing the presence of migrating S. 

vulgaris. However, due to the relatively large overlap for most variables between clinically healthy horses 

without migrating S. vulgaris and horses with migrating S. vulgaris without clinical disease, these global he-

mostatic tests cannot be used alone in diagnosing an infection with S. vulgaris.  

In addition, the horses with migrating S. vulgaris without clinical disease from the Barn 10 research herd have 

conversely to horses not kept for research purposes been infected with large numbers of S. vulgaris and other 

parasites throughout their entire lives and are constantly reinfected (4,5). This means that they most likely 

suffer from more substantial chronic lesions compared to horses with a more natural infection. It would be 

relevant to investigate these findings in naturally infected horses with a lower S. vulgaris burden, where the 

life cycle is occasionally interrupted by anthelmintic treatment. It would also be interesting to investigate 

how long the hemostatic changes persist after the infection is cleared and what level of infection is necessary 

for the changes to occur.  

In Study IV, July was chosen as the reference month as this was the only month during which no NSII cases 

have been observed (7). In addition, the temperature-dependent seasonal life cycle of S. vulgaris will most 

likely ensure a lower less progressed worm burden in the horse during the warm summer months (47,48), 

with less damage to the CMA and its branches. No completely distinct seasonal pattern was observed. None-

theless even with the inclusion of only six horses it was clear that variations in hemostasis did occur through-

out the year. It is not possible to determine from this study whether the observed seasonal hemostatic 

changes were caused by the migration of S. vulgaris alone. Other internal and external factors such as repro-

ductive hormones (286–288) change over the course of a year and could therefore also influence hemostasis. 

These findings thus should be explored in more detail in future studies. 

5.3 Where are we now in diagnosing non-strangulating intestinal infarc-

tions 

Making an accurate and timely diagnosis of NSII caused by S. vulgaris prior to an exploratory laparotomy or 

postmortem examination has always been a challenge in a clinical setting and is of vital importance for the 

horse’s survival (7). One reason is that horses presenting with NSII caused by S. vulgaris mimics horses with 
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other types of severe GI disease such as idiopathic peritonitis (26,84,122), enterocolitis (24,25), and strangu-

lating lesions. Another explanation is that horses can often suffer from more than one disease process at a 

time. In this thesis and in other similar studies (84,122), horses tend to be excluded if they suffer from more 

than one disease process, so as to differentiate more accurately between horses.  However, in a clinical set-

ting, horses may suffer from both NSII caused by S. vulgaris and e.g. enterocolitis, and it could be speculated 

that some horses presenting with idiopathic peritonitis have migrating S. vulgaris but without developing 

fulminant NSII. The exact parasitological status of all the horses with idiopathic peritonitis, enterocolitis, and 

strangulating lesions in Study III (Paper III) was not always known. This means that these horses could be 

infected with S. vulgaris while being NSII negative. As the focus was on distinguishing horses with NSII from 

the remaining severe GI disease groups, this was not considered problematic. 

The variables applied in Study III (Paper III) can to some degree distinguish horses with migrating S. vulgaris 

with and without clinical disease from the remaining groups. As described, a model including iron, SAA, angle 

(plasma-TEG), and ETP (CAT) had a marked predictive power for distinguishing horses in the S. vulgaris NSII 

positive group. This model resulted in a relatively large proportion of false negative horses with NSII caused 

by S. vulgaris. One could debate whether a higher proportion of false negatives or false positives are worse. 

While false positives will result in horses undergoing an unnecessary exploratory laparotomy, which entails 

the risks associated with an unnecessary general anesthesia and recovery, as well as a prolonged rehabilita-

tion period and considerable expense for the owner, false negatives result in horses that need an exploratory 

laparotomy receiving the wrong treatment, which in the case of a NSII will be fatal for the horse and thus 

seems indisputably worse. This model can therefore not stand alone in diagnosing horses with NSII.   

A recent Swedish study comparing horses with idiopathic peritonitis and horses with NSII found that if the 

horses presented with a septic peritonitis and a palpable rectal mass during the winter months, they were 

likely to suffer from NSII caused by S. vulgaris (84). These findings are supported by two Danish studies from 

the Large Animal Teaching Hospital at the University of Copenhagen (7,122). The combination of the model 

developed in Study III (Paper III) and the additional information (the horse being admitted during winter, 

having septic peritonitis and an abdominal mass on rectal examination) could potentially ensure a lower rate 

of false negatives and thus be an appropriate new way to diagnose horses with NSII caused by S. vulgaris. In 

case of doubt (7,122) or in cases where signs of colic and/or fever persist beyond 48 hours after admission 

despite medical treatment, it seems reasonable to suggest an exploratory laparotomy as previously recom-

mended (84,289).  

Vascular endothelial markers have been shown to be suitable disease markers in human medicine, where 

they are increased in patients with thrombosis, atherosclerosis, (162,163,179,180,199), and in case of plate-

let activation (164,193). As S. vulgaris is known to cause endothelial damage, activation of hemostasis, and 

thrombosis (27), human vCAM-1 and P-selectin was investigated as potential diagnostic markers and to gain 

further understanding of the pathophysiological process of NSII. The ELISAs performed well with the standard 

samples but were not suitable for use with equine serum in this study. However, it may be relevant for future 

studies to use alternative ELISAs or produce ELISA assays de novo for equine-specific antibodies. 
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5.4 Understanding the development of non-strangulating intestinal infarc-

tions 

The exact pathogenesis behind the thrombosis caused by S. vulgaris migration has not yet been fully eluci-

dated. Mechanical endothelial damage with the exposure of subendothelial collagen seems to play a major 

role (27,55,60). However, it also seems likely that S. vulgaris excrete mediators that might affect hemostasis 

as has been seen for Angiostrongylus vasorum in dogs (290), which can contribute to the development of 

verminous arteritis and thrombosis and potentially affect the immune system causing inflammation, which 

in turn can affect hemostasis. 

Not all horses infected with migrating S. vulgaris larvae develop clinical disease and NSII (4,5) and the exact 

reason for this is still unknown. The inclusion of horses with migrating S. vulgaris larvae without clinical dis-

ease is unique. It provides valuable information and supports our understanding of the hemostatic patho-

physiological changes caused by the parasite without the presence of systemic inflammation. In this thesis it 

was found that horses with migrating S. vulgaris larvae without clinically overt disease show hemostatic 

changes with the use of d-dimer, plasma-TEG, and CAT when compared to clinically healthy horses without 

migrating S. vulgaris larvae (Study III) and when assessed seasonally (Study V). This population is known to 

harbor high numbers of intestinal parasites including S. vulgaris (4,5) and it is interesting to investigate why 

these horses with large numbers of S. vulgaris and clear hemostatic changes (Studies III and IV) do not de-

velop clinical disease (NSII) caused by S. vulgaris, with one hypothesis being that these horses experience 

minimal external stressors. External stressors can compromise the immune system thus increasing the risk 

of systemic inflammation (291,292), which can activate procoagulant factors even further (43). It seems pos-

sible that horses can cope with an S. vulgaris infection as long as they are not stressed beyond capacity, and 

NSII might therefore develop in horses with migrating S. vulgaris larvae that have encountered one or more 

external stressors such as being moved or having a concomitant disease with a systemic inflammation. This 

might tip the balance where the horse’s regulatory and inhibitory systems can no longer compensate, and a 

thrombotic event with the formation NSII will occur as a consequence.  

5.5 The relevance of conventional hemostatic markers and common labor-

atory variables 

As described in Study II (Paper II), no significant differences were found among the three groups of horses 

(clinically healthy, mild GI disease, severe GI disease) for PT, aPTT, or AT. Theses markers do not adequately 

reflect the complexity of the hemostatic process (136) and aPTT and PT are best suited for diagnosing hypo-

coagulability (138). Consequently, PT, aPTT, and AT measurements were not included in Study III (Paper III) 

and are not believed to add any valuable information with regard to diagnosing the presence of S. vulgaris 

or NSII.  

In contrast, d-dimer was significantly different among the groups of horses, as shown in Studies I, II, and III 

(Papers I, II, and III). In Study I (Paper I), both d-dimer assays for the high SAA group and the S. vulgaris NSII 

positive group showed a significantly higher d-dimer concentration than in the clinically healthy group. In 

Study II (Paper II), the severe GI disease group had a significantly higher d-dimer concentration than the mild 

GI disease and clinically healthy groups. D-dimer was therefore included in Study III (Paper III), in which a 

significantly higher d-dimer concentration was found in the S. vulgaris NSII positive group, idiopathic perito-

nitis, and enterocolitis groups compared to the clinically healthy horses.  
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D-dimer is known as a valuable rule-out marker for intravascular thrombosis (29–31,224–226,228) and is 

associated with hypercoagulable conditions leading to DIC, and human studies have shown that vascular 

endothelial markers do not add any diagnostic value to the d-dimer concentration (179,180,200). However, 

the final model described in Study III (Paper III) does not include d-dimer. This might indicate that the global 

hemostatic tests are superior to d-dimer, yet d-dimer is currently more readily available as a stall-side test, 

especially with the use of NycoCard, and could be a valuable diagnostic marker in smaller clinical settings 

without access to global hemostatic tests in horses with suspected NSII. 

A decreased serum iron concentration seems to be a recurring finding in horses with migrating S. vulgaris 

and NSII as seen in Study III (Paper III) and other previous publications (7,122,293). A low systemic iron con-

centration is a sensitive indicator of systemic inflammation in horses, and a continued decrease in iron during 

hospitalization is indicative of a poor prognosis (294).  

In situations without access to the more advanced global hemostatic tests, it seems that an increased d-

dimer as seen in Studies I and III (Papers I and III) and decreased iron concentration as seen in Study III (Paper 

III), which both are more readily available test, can be used to indicate the occurrence of NSII. This is espe-

cially true when identified during the winter months in horses with septic peritonitis and a palpable rectal 

mass (84).  

5.6 Methodological considerations 

5.6.1 Study population 

Finding the optimal way to group horses for a particular study is not always straightforward but can have 

great impact on the results and conclusions.   

Establishing a control group or a group of clinically healthy animals is often more difficult than it sounds. In 

this thesis, the same inclusion criteria were used and the same ten animals constituted the clinically healthy 

group in Studies I–V. In Study III (Paper III), ten additional animals were sampled, seven of which were in-

cluded. It was important that the clinically healthy horses were free of migrating S. vulgaris larvae to avoid a 

potential effect on the hemostasis and presence of thrombosis when assessing plasma-TEG and CAT, and so 

that this group could be used as a reference for the groups with migrating S. vulgaris larvae with and without 

clinical disease. However, samples collected one to two weeks post anthelmintic treatment showed an anti-

body PP value > 13.47% in all but two of the clinically healthy horses, which would be considered positive for 

a current or recent (within 5 months) infection with S. vulgaris (116,119). This is not unexpected as S. vulgaris 

is considered endemic in Denmark (22) and the antibody level has been shown to be increased for up to five 

months post infection and even to increase further post treatment with ivermectin (119). The increased an-

tibody concentration in the clinically healthy horses is therefore most likely to indicate a recent infection with 

S. vulgaris and might be further increased by treatment with ivermectin or moxidectin. Regardless of the 

antibody level, the clinically healthy horses were still considered free of S. vulgaris post treatment as to the 

author’s knowledge, there is no current indication of resistance in S. vulgaris toward the macrolides, and 

these have been found to be effective against migrating S. vulgaris larvae (119,295–297). However, we can-

not know for certain that all clinically healthy horses were completely free of S. vulgaris. In addition, we do 

not currently know how long it takes for hemostasis to normalize after an infection with S. vulgaris, and this 

requires further investigation. However, it was not possible to wait longer than one to two weeks post treat-

ment to collect the blood samples due to the risk of reinfection.     
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With regard to the various disease processes included in the thesis, horses were excluded if blood samples 

were not collected at admission or if samples were handled incorrectly after sampling. This could potentially 

create some degree of selection bias, as some disease processes may not be fully represented. However, no 

specific patterns were observed in the excluded samples.    

For Study I (Paper I), horses with GI disease were grouped according to the degree of systemic inflammation 

as being low or high, based on the SAA concentration. In Study II (Paper II), horses were grouped based on 

having a mild GI disease with no ischemia and/or inflammation or having severe GI disease with ischemia 

and/or inflammation. This method of classification in both Study I and Study II (Papers I and II) might be 

problematic as the disease processes within each group could vary markedly, making it difficult for the rele-

vant tests to differentiate between the groups. This method of grouping was chosen as the aim was to assess 

whether the hemostatic tests could detect an overall difference between the groups. On the other hand, 

classifying horses based on the disease process as in Study III (Paper III) and Study V might also be problematic 

as the severity of the disease process could still vary substantially within each group, giving markedly differ-

ent results despite the same overall diagnosis. This method of dividing into groups was used as it transfers 

well to a clinical setting with the aim of distinguishing horses with NSII from horses with other severe GI 

disease processes. 

Overall, the low number of horses included in each group is a limitation of this thesis. However, the majority 

of the work was conducted for the first time and should be considered exploratory, thus laying the ground-

work for further studies. Furthermore, despite the relatively small number of horses, it was possible to find 

significant differences among groups and show the relevance of the applied global hemostatic tests. 

In Study III (Paper III) and Study IV, horses with migrating S. vulgaris without clinical disease were compared 

to clinically healthy horses without S. vulgaris. These two groups of horses share some similarities in that 

they are not exposed to any major external stressors, they are subject to the same management routines, 

they are not transported or moved, and they are not exercised. However, they live in different areas of the 

world, albeit with a somewhat comparable climate, and one herd are semi-feral, whereas the other is stabled 

most of the time. Furthermore, the horses with migrating S. vulgaris without clinical disease are exposed to 

high numbers of parasites including S. vulgaris, and are continuously infected and have been for their entire 

lives without being treated with anthelmintics (4,5). It might therefore be interesting to compare clinically 

healthy horses without migrating S. vulgaris to horses with migrating S. vulgaris without clinical disease from 

the same geographic region, kept under the same conditions and with a less substantial worm burden.     

5.6.2 Sample handling 

Hemostatic markers are relatively sensitive with regard to sample handling (282,298,299). This means that it 

is important to standardize sample handling procedures as far as possible, especially if serial samples are to 

be collected from the same individual and compared (298). The samples for Studies I and II were all collected 

and handled by one person. In Studies III, IV, and V, samples were collected by a number of personnel with 

different professional backgrounds (veterinarians, nurses, and students) at different facilities with different 

laboratory facilities available (e.g. different centrifuges). This might be seen as a limitation of the study as 

completely uniform sample handling is not possible with this set up. However, the advantage is that if these 

tests are to be applied in a clinical setting, this method in many ways mimics sample collection within differ-

ent clinical facilities and in the field by different personnel. If the tests are so sensitive that they are not 
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applicable under these conditions, then they will not be relevant in equine practice. The small variations in 

sample handling in his thesis did not seem to have an influence on the clinical distinction of horses.   

Sodium citrate tubes are available with a concentration of either 3.2% or 3.8%. The concentration of antico-

agulant has been shown to affect the results of the hemostatic markers with an increased clotting time de-

pending on the reagent used, with the use of 3.8 % due to a dilution effect (300). However, this difference in 

clotting time was found to be clinically irrelevant in dogs (301), and in humans, the d-dimer concentration 

was found to be unaffected by the sodium citrate concentration (302). Nonetheless, it is recommended for 

laboratories to adhere to one of the concentrations to avoid variability, and the concentration of 3.2% is 

recommended for coagulation testing (282,300,301). The aim was to adhere to the use of 3.2% sodium citrate 

tubes, but 2/33 samples in Study I (Paper I) and 6/123 samples in Study III (Paper III) were collected in 3.8% 

sodium citrate tubes. It was however decided to include these as discussed in Study I (Paper I) as the potential 

difference was not thought to have any clinical impact or affect the classification of horses in the different 

disease categories.       

Although the aim was to collect all samples via direct venipuncture with the use of a vacutainer as recom-

mended (282), some of the samples were collected via an intravenous catheter as some horses needed more 

rapid medical intervention and the health of the horse was prioritized over sample handling. These samples 

were included as this was considered to have no clinical relevance (303).    

The samples collected at the Barn 10 herd at Gluck Equine Research Center were all collected in glass blood 

collection tubes as opposed to the plastic tubes used at the other facilities. This had no impact on the inter-

pretation of results from Study IV, which compared results from the research herd throughout the year. 

However, it may lead to some variation in the results of the hemostatic tests in Study III, where horses from 

the Barn 10 herd were compared to the remaining groups of horses from the other facilities. Glass is known 

to speed up clotting time, but a human study found the difference to be clinically insignificant (304), and the 

sodium citrate blood tubes were coated internally with silicone to avoid contact activation.  

Samples collected from the Barn 10 research herd in February, March, and April for study IV were not centri-

fuged in accordance with the protocol. Instead, they were left to sediment, with the plasma then being trans-

ferred to cryotubes and frozen. For these samples, the plasma was then centrifuged after being thawed and 

the supernatant was transferred to new cryotubes. When left to sediment, the platelets and procoagulant 

factors have a longer time to interact with one another, which can influence the subsequent results of the 

hemostatic analysis. The samples were nonetheless included in the study, but if the results are to be explored 

further uniform sample handling should be ensured.    

The aim was to produce PPP with a platelet count < 10x10^9/L for all citrated plasma samples as recom-

mended (282). However, due to different personnel with different training and professional backgrounds 

collecting samples for Study III (Paper III), and potentially due to the use of different centrifuges, 37/123 

samples in Study III (Paper III) had a platelet count > 10x10^9/L. The only existing definitions for plasma 

samples used for hemostatic testing are PPP and PRP, which contain substantially higher platelet concentra-

tions than seen in the plasma in this study post centrifugation (305,306). The use of PRP as opposed to PPP 

will affect the variables in the hemostatic tests (306). Our samples are closest to the definition of PPP and it 

was concluded that the slight deviations from the target platelet count would not have any clinically relevant 

effect.   
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The above demonstrates the challenge of performing a large multicenter study in which multiple people are 

responsible for sample handling. At the same time, this type of study is valuable and contributes a substantial 

amount of knowledge, and samples should be included as long as the challenges do not compromise the 

integrity of the study. 
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6 Conclusions 
This thesis has shown that human d-dimer assays (NycoCard and Stago), plasma-TEG and CAT are valid and 

reliable for use on equine citrated plasma. It has provided knowledge about the hemostatic balance in horses 

with migrating S. vulgaris larvae with and without NSII, which has improved our understanding of the devel-

opment of NSII. It was found that a model including both inflammatory and hemostatic markers could, to 

some degree, distinguish horses with NSII from the remaining groups, which seems to support the idea that 

horses can cope with a S. vulgaris infection as long as they do not experience concomitant systemic inflam-

mation.       

The main findings in relation to the objectives of the five studies were: 

Study I (Paper I):  

The Stago and NycoCard assays were both found to be applicable for use on equine PPP, with an acceptable 

level of precision and good reliability. Both assays revealed significantly higher d-dimer concentrations in the 

high SAA group and NSII group compared to the clinically healthy horses. D-dimer concentrations measured 

using the Stago and NycoCard assays could not be compared directly. However, it seemed that the two assays 

showed good agreement in classifying horses with either a low or high d-dimer concentration, with the best 

agreement in the lower d-dimer concentrations. As a result, serial measurements in the same horse should 

be made using the same assay. The NycoCard assay was considered to be a potentially useful stall-side test 

for horses suspected to be at risk of thrombotic disease, due to it being very user friendly.  

Study II (Paper II):  

Plasma-TEG and CAT were applicable for use on equine citrated PPP. The CAT assay was found to have a high 

degree of precision and reliability. With both tests, horses with severe GI disease could be interpreted as 

being hypercoagulable compared to the clinically healthy horses and, to some degree, horses with mild GI 

disease.   

Study III (Paper III): 

Significant hemostatic changes were found in the S. vulgaris NSII negative and positive groups using plasma-

TEG and CAT. The hemostatic changes for both groups could be interpreted as both hypo- and hypercoagu-

lability when compared to the clinically healthy horses (without S. vulgaris) and the horses with other severe 

GI diseases (idiopathic peritonitis, enterocolitis, and strangulating lesions). The S. vulgaris NSII positive group 

could, to some degree, be distinguished from the remaining groups using a model that included inflammatory 

markers (decreased iron, increased SAA) and hemostatic markers (increased angle, decreased ETP). In gen-

eral, global hemostatic tests can aid in establishing the horse’s hemostatic balance and assess the risk of 

thrombotic disease.  

Study IV:  

The S. vulgaris NSII negative group showed seasonal hemostatic changes over the year using plasma-TEG and 

CAT. However, no clear seasonal pattern was observed. These findings should be confirmed in future studies 

with more horses and potentially horses with a more natural infection profile.    
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Study V:  

The human endothelial marker assays for vCAM-1 and P-selectin used in this thesis performed well, creating 

a satisfactory standard curve. However, they were not applicable on equine serum samples in this thesis for 

any of the investigated groups (clinically healthy, S. vulgaris NSII positive, enterocolitis, and strangulating 

lesions), giving values below the lower level of detection for both assays. However, it still seems relevant to 

investigate these and other endothelial markers in future studies, perhaps with the use of alternative ELISAs 

or different methodologies. It is likely that they will improve our understanding of the development of NSII 

and potentially function as diagnostic markers. 
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7 Perspectives 
This PhD project has provided invaluable new knowledge regarding plasma-based hemostatic tests in horses 

with GI disease. It has suggested a model that can, to some degree, distinguish horses with NSII caused by 

S. vulgaris, and it has provided a better understanding of the hemostatic balance in horses with S. vulgaris 

with and without clinical disease (NSII). It therefore offers a missing piece in the puzzle of understanding why 

only some horses with S. vulgaris develop clinical disease. However, additional studies and further work are 

still needed.    

This thesis includes relatively small groups of horses as much of the work was conducted for the first time, 

thus being explorative and laying the groundwork for future studies. The results from this thesis should there-

fore be confirmed in studies that include larger groups of horses.  

Study III (Paper III) identified a model including both inflammatory and hemostatic markers that could, to 

some degree, distinguish horses with NSII caused by S. vulgaris from the remaining groups. However, the 

application of this model alone resulted in some false negative horses. This means that these horses would 

not receive the correct treatment, most likely resulting in a fatal outcome. Laboratory variables can seldom 

stand alone in the diagnostic workup and must be combined with the animal’s medical history and clinical 

findings. Recent studies have shown that horses with NSII caused by S. vulgaris are often admitted during the 

winter with septic peritonitis and an abdominal mass on rectal examination (84,122). Future studies should 

thus focus on combining the laboratory variables from this project with the clinical variables from these other 

studies and assess the diagnostic potential of a model that includes medical history, clinical parameters, and 

laboratory variables. This could prove to be the best way to diagnose NSII caused by S. vulgaris.  

As shown in this thesis, the d-dimer concentration was significantly increased, while the iron concentration 

was significantly decreased in horses with NSII (Studies I and III). Future studies might look into the use of 

these measurements as diagnostic markers for NSII as a more readily available and cost-efficient alternative 

to the global hemostatic tests. Alternatively, it would be relevant for future studies to assess the use of the 

Viscoelastic Coagulation Monitor (VCM-Vet), a novel portable viscoelastic analyzer that is easy to use as a 

point-of-care assay in a variety of clinical settings to monitor hemostasis. It uses untreated whole blood that 

is applied directly, with contact activation initiating the hemostatic process (307). In human medicine, the 

VCM has been shown to make rapid viscoelastic measurements of hemostasis in native blood samples (308). 

The VCM-Vet has been evaluated in healthy adult dogs and cats, in which reference intervals have been 

established. The test was found to be applicable as a semi-quantitative coagulation assay in both species 

(307,309). The VCM-Vet has also been found to be reliable in healthy adult horses (310). Results generated 

by the VCM-Vet are not directly comparable to results obtained using TEG (307,309). However, the obtained 

information is similar, and analogous conclusions can be drawn using each assay (307). The VCM-Vet might 

therefore prove to be a valuable tool in future equine clinical practice to assess the hemostatic balance. In 

general, future studies should help to establish whether the global hemostatic markers could help improve 

treatment and thus prognosis for horses with severe GI disease.  

The horses in this study with S. vulgaris without clinical disease (NSII negative) all came from a unique herd 

that harbors large quantities of intestinal parasites, including S. vulgaris. They have never received anthel-
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mintic treatment and are kept as semi-feral. It would therefore be relevant to confirm and explore the find-

ings of hemostatic aberrations in this population further in horses that are more representative of the aver-

age privately owned horse, for instance horses with a lower, less chronic parasitic infection that are stabled, 

transported, and ridden, and have received anthelmintic treatments, etc.     

Even though the human vascular endothelial marker assays used were not applicable on equine serum in this 

study (Study V), it would still be relevant to work toward the identification of alternative assays due to the 

endothelial damage that S. vulgaris is known to cause. This could help with a better understanding of the 

pathophysiological process in horses with S. vulgaris and NSII, while potentially functioning as diagnostic bi-

omarkers.        

From a veterinary perspective, the most important end goal is to continuously improve and ensure the wel-

fare and wellbeing of our animals, in this case horses. To the best of the author’s knowledge, there is currently 

no documentation of anthelmintic resistance in S. vulgaris. However, it is likely to be only a matter of time 

before this arises. The ultimate long-term focus should therefore be on improving the diagnostic possibilities 

during the early infective stages (L3 and L4) and effectively inhibiting the progression of the S. vulgaris life 

cycle with alternatives to our current anthelmintic products. 

One way to progress would be to add further to our knowledge of the pathophysiological process in the 

migration of S. vulgaris and the development of NSII. This could be achieved by using organoids, in which 

some initial groundbreaking work already has been done in horses (311,312). The organoids could be used 

to gain an improved understanding of the penetration of the intestinal mucosa by the L3 larvae and an im-

proved understanding of the L4 larvae within the tunica intima and the endothelium of the arterial wall.    

It also seems relevant to strive for a better understanding of the mediators excreted by S. vulgaris, including 

microRNAs (miRNA). It could be speculated that S. vulgaris excrete miRNAs that affect the immune system 

and potentially the hemostasis of the horse. This could also improve our understanding of why only some 

horses develop NSII. In addition, the miRNAs could function as diagnostic markers and therapeutic targets 

through the development of a vaccine, which could address the L3 or L4 stages and inhibit the life cycle of 

S. vulgaris or attenuate the severity of the pathologic changes it causes. However, developing a vaccine 

against a complex and moving organism is likely to be challenging.           
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Abstract 

Background 

D-dimer has value as a marker of thrombosis in critically ill horses and can provide additional 
information about prognosis. However, there are currently no equine species-specific d-dimer assays 
available, nor has there been any formal investigation of the applicability of human d-dimer assays 
in horses, so it is unknown, which assay performs best in this species. The aim of this study was 
therefore to evaluate and compare two human d-dimer assays for applicability in horses. 

The study included four groups of horses: clinically healthy horses, horses with gastrointestinal (GI) 
disease and mild systemic inflammation based on low serum amyloid A (SAA) (low SAA), horses 
with GI disease and strong systemic inflammation based on high SAA (high SAA), and horses with 
non-strangulating intestinal infarction (NSII) caused by Strongylus vulgaris. The assays evaluated 
were the STAGO STA-Liatest D-di+ (Stago) and NycoCardTM D-dimer (NycoCard). Intra- and inter-
coefficients of variation (CV) were assessed on two d-dimer concentrations, and linearity under 
dilution was evaluated. A group comparison was performed for both assays across the four groups of 
horses. A Spaghetti plot, Spearman Correlation, Passing Bablok regression and Bland-Altman plot 
were used to compare methods in terms of agreement.  

Results 

Ten horses were included in the clinically healthy group, eight in the low SAA group, eight in the 
high SAA group, and seven in the NSII group. For the Stago assay, intra- and inter-CVs were below 
the accepted level except for one inter-CV. The NycoCard assay did not meet the accepted level for 
any of the CVs. The linearity under dilution was acceptable for both the Stago and NycoCard. In the 
group comparison, both methods detected a significantly higher d-dimer concentration in the high 
SAA and NSII groups compared to the clinically healthy group. Method agreement showed slightly 
higher d-dimer concentrations with NycoCard compared to Stago. The overall agreement was 
stronger for the lower d-dimer concentrations.   

Conclusion  

Both the Stago and the NycoCard were found to be applicable for use in horses but were not directly 
comparable.   

Keywords 

Fibrin degradation products, equine, hemostasis, hypercoagulation, thrombosis, validation 
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Background 

Making a definitive diagnosis of thrombosis in equine medicine is often challenging as there, to the 
best of the authors knowledge, currently is no established gold standard for use in equine clinical 
practice. In humans, a definitive diagnosis of thrombosis relies on different imaging modalities such 
as contrast venography and different ultrasonographic techniques (1–4). It is often not practical to use 
these techniques in horses in a clinical setting due to the size of the animal and the potential need for 
general anesthesia.  

D-dimer represents a good surrogate biomarker of thrombosis. It is the end product of fibrinolysis 
and can only be measured in plasma after plasmin degradation of cross-linked fibrin (5,6). It is thus 
a marker of the fibrinolytic system (7). A low d-dimer concentration is an effective rule-out marker 
for thrombosis, while a high concentration is indicative of, but cannot confirm thrombosis (8,9). Due 
to the lack of a species-specific assay, d-dimer analyzes in equine medicine have been performed 
using different human assays (10–17). To the best of the authors’ knowledge, there has not been a 
full investigation into the applicability of these assays in horses and  thus, it is currently uncertain, 
which assay performs most advantageously in this species (10). Plasma d-dimer has been examined 
in horses with diseases predisposing for concurrent hemostatic imbalances. In particular, horses with 
gastrointestinal (GI) disease and a strong systemic inflammatory response may develop hemostatic 
aberrations (15,16,18). D-dimer measurements at admission and during hospitalization can be used 
to monitor the improvement in medical and surgical colic patients (16), and function as a prognostic 
marker of survival (15,18). The NycoCardTM D-dimer assay (NycoCard) has been used in horses with 
severe GI disease. An increased d-dimer concentration was found in horses with surgical colic (12), 
and d-dimer was found to be a valuable test for diagnosing disseminated intravascular coagulation 
(DIC) (10).       

The parasite Strongylus vulgaris (S. vulgaris) migrates in the mesenteric arteries, causing thrombosis 
(19–22) that can lead to non-strangulating intestinal infarctions (NSII) (13). The STAGO STA-Liatest 
D-di+ (Stago) assay has been used to show that foals with migrating S. vulgaris larvae have an 
increased d-dimer concentration that correlates with the number of larvae in the cranial mesenteric 
artery (CMA) (23). However, no studies have evaluated d-dimer concentrations in adult horses with 
NSII. 

Due to the lack of a formal investigation into the applicability of the Stago and NycoCard assays in 
equine medicine, the aim of this study was to evaluate and compare these two human d-dimer assays 
in relation to their application in horses.  
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Results 

Horses 

The clinically healthy group consisted of ten horses (eight mares and two geldings) with a mean age 
of 11.2 years (min. 4 – max. 22.8 years) and a mean bodyweight (BW) of 559.5 kg (min. 411 – max. 
687 kg). Breed distribution was as follows: seven Standardbreds, two warmbloods and one of 
unknown breed. The low SAA group included eight horses with GI disease and a mild systemic 
inflammatory response with SAA between 30-100 mg/L at admission. This group consisted of five 
mares and three geldings with a mean age of 11.8 (min. 4 – max. 23.2 years) and a mean BW of 404.3 
kg (min. 286 – max. 700 kg). Breed distribution was as follows: three Icelandic horses, one 
Clydesdale, three ponies, and one of unknown breed. The high SAA group included eight horses with 
GI disease and a strong systemic inflammatory response with SAA > 1,000 mg/L at admission. This 
group consisted of two mares, five geldings, and one stallion with a mean age of 13.4 years (min. 3.1 
– max. 24.1 years) and a mean BW of 529.8 kg (min. 350 – max. 666 kg). Breed distribution was as 
follows: two Icelandic horses, one pony, four warmbloods, and one of unknown breed. The NSII 
group included seven horses with NSII: four mares and three geldings with a mean age of 11.8 years 
(min. 9 – max. 17.4 years) a mean BW of 446.8 kg (min. 361 – max. 540 kg). Breed distribution was 
four warmbloods and three ponies.  

Sample handling 

Samples for two out of the seven horses in the NSII group were collected in 3.8% (rather than 3.2%) 
sodium citrate tubes.  

Test evaluation 

The intra- and inter-CVs for the Stago assay were below the accepted level of 5%, with the exception 
of the inter-CV for the low pool, whereas the intra- and inter-CVs for the NycoCard were above the 
accepted level of 10% for all four CVs (Table 1).  

Table 1. Imprecision study for the STAGO STA-Liatest D-di+ (Stago) and NycoCardTM D-dimer 
(NycoCard) assays. Intra- and inter-coefficients of variation (CV) for the low and medium pool for 
the Stago and NycoCard were calculated as CV % = (standard deviation / mean) * 100.  

 
Stago NycoCard 

Intra-CV % 
Low pool 

4.66% 
(0.23; 0.01) 

35.14% 
(0.15; 0.053) 

Inter-CV % 
Low pool 

5.98% 
(0.21; 0.01) 

33.99% 
(0.13; 0.04) 

Intra-CV % 
Medium pool 

1.79% 
(0.51; 0.01) 

11.11% 
(0.60; 0.07) 

Inter-CV % 
Medium pool 

2.63% 
(0.49; 0.01) 

12.33% 
(0.58; 0.07) 

(mean; standard deviation) 
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The results from the linearity under dilution showed compliance values between the observed and 
expected values of between 89% and 70% for the Stago and 97% and 65% for the NycoCard assay. 
The linearity under dilution for NycoCard showed a slope of 1.00 (95% Confidence interval (CI): 
0.73-1.37) and Y-intercept of -0.075 (95% CI: -0.58-0.00). For the Stago, a slope of 1.00 (95% CI: 
0.75-1.14) and Y-intercept of 0.065 (95% CI: 0.04-0.17) were found (Figure 1).   

 

Figure 1. Linearity under dilution for the STAGO STA-Liatest D-di+ (Stago) and NycoCardTM D-
dimer (NycoCard) assays using a Passing Bablok regression. A slope of 1.00 (95% confidence 
interval (CI) 0.75-1.14) and a Y-intercept of 0.065 (95% CI 0.04-0.17) were found for Stago, while a 
slope of 1.00 (95% CI 0.73-1.37) and Y-intercept of -0.075 (95% CI -0.58-0.00) were found for 
NycoCard. Note the different axes in the two graphs.   

Group comparison 

The group comparison showed a statistically significant difference between the groups for both assays 
(p = 0.0003). For the Stago assay, the post hoc analysis showed a significantly higher d-dimer 
concentration in the high SAA group (median 0.3 mg/L, 1st and 3rd quartile (Q1-Q3): 0.18-0.38) 
(p = 0.002) and in the NSII group (median 0.21 mg/L, Q1-Q3: 0.17-0.55) (p = 0.001) compared to the 
clinically healthy group (median 0.075 mg/L, Q1-Q3: 0.07-0.09). For the NycoCard assay, the post 

hoc analysis showed a significantly higher d-dimer concentration in the high SAA group (median 
0.4 mg/L, Q1-Q3: 0.31-0.55) (p = 0.003) and the NSII group (median 0.3 mg/L, Q1-Q3: 0.25-1.3) 
(p = 0.002) compared to the clinically healthy group (median < 0.1 mg/L, Q1-Q3: < 0.1-< 0.1) 
(Figure 2). 
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Figure 2. Group comparison across the four groups of horses using the STAGO STA-Liatest D-di+ 
(Stago) and NycoCardTM D-dimer (NycoCard) assays. a) For the Stago assay, a significant difference 
was seen between the clinically healthy group, the high serum amyloid A (SAA) group and the non-
strangulating intestinal infarctions (NSII) group. b) For the NycoCard assay, a significant difference 
was seen between the clinically healthy group, the high SAA group and the NSII group. The highest 
value in the low SAA group for the Stago and the highest value in the low SAA group for the 
NycoCard are not the same horse. Horizontal lines represent the median and interquartile range. Note 
the different y-axes in the two graphs.   

One horse from the low SAA group was excluded based on Cook’s distance. The horse had a d-dimer 
concentration of 9.38 mg/L as measured by the Stago assay. For completeness, we also included this 
horse in the group comparison. The only change was that a significant difference was then also seen 
between the clinically healthy group and the low SAA group (p = 0.04).  

Method comparison 

A spaghetti plot showed that d-dimer measurements from the NycoCard assay were generally higher 
than Stago measurements, but agreement between the two assays seems to be good, especially for the 
lower d-dimer concentrations. Three horses had noticeably different measurements across the two 
assays. Two horses had a markedly higher d-dimer concentration with the NycoCard compared to the 
Stago assay, whereas one horse had a markedly higher d-dimer concentration with the Stago 
compared to the NycoCard assay (Figure 3).   
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Figure 3. Spaghetti plot displaying the subject-wise trends for the d-dimer (mg/L) concentration for 
each horse measured with the STAGO STA-Liatest D-di+ (Stago) and NycoCardTM D-dimer 
(NycoCard) assays. NycoCard measurements were generally higher than the Stago measurements, 
but there was relatively good agreement between the two assays, especially for the lower 
concentrations. Three horses had markedly varying results: two were markedly higher with the 
NycoCard assay, and one was markedly higher with the Stago assay. 

A Passing Bablok regression between the Stago and NycoCard measurements gave a slope of 1.61 
(95% CI: 1.02-2.61) with an intercept of -0.04 (95% CI: -0.14-0.02). The Spearman correlation 
between the Stago and the NycoCard assays showed a significantly (p < 0.0001) positive correlation, 
with an r-value of 0.7 (95% CI: 0.46-0.85). 

A Bland-Altman plot showed that all but two measurements were within the 95% limits of agreement 
of -2.9-2.11 mg/L (log2) with a mean of -0.4 mg/L (log2) and a median of -0.3 mg/L (log2) (Figure 4).    
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Figure 4. Bland-Altman plot displaying the difference plotted against the average of log2 transformed 
STAGO STA-Liatest D-di+ (Stago) and NycoCardTM D-dimer (NycoCard) assay measurements 
including 95% limits of agreement (LOA). Mean -0.4 (dot-dashed line), median -0.3 (dotted line), 
and 95% LOA -2.9-2.11 (dashed lines).   
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Discussion 

Both assays were able to measure equine d-dimer in PPP and performed acceptably in terms of 
reliability and validity. They found a significantly higher d-dimer concentration in the high SAA and 
NSII groups compared to the clinically healthy horses and showed good agreement in terms of 
classifying horses as having a low or high d-dimer concentration.  

The NycoCard assay did not meet the accepted intra- and inter-CV limits of 10% for manual assays 
(24). The deviation was most substantial in the low pool (Table 1). One explanation for this could be 
that the assay is relatively crude when displaying results showing only a single decimal. The d-dimer 
concentrations in the low pool varied from 0.1 to 0.2 mg/L, which is a 100% increase, thereby 
resulting in a large variability between measurements. In the medium pool, the d-dimer concentrations 
varied from 0.5 to 0.7 mg/L, which is a proportionally smaller increase, thus resulting in CVs that 
were much closer to the accepted limit. In addition, the low d-dimer concentrations of 0.1 and 0.2 
mg/L are likely to be of minimal clinical relevance as they historically are considered within normal 
reference intervals when measured using alternative d-dimer assays (15). The Stago assay met the 
accepted limit of 5% for intra- and inter-CVs (24), with the exception of the low pool, which had an 
inter-CV of 5.98%. This is a small deviation from the intended precision level and perhaps repeating 
measurements more than ten times would have given an inter-CV below 5% (24). Furthermore, as 
with the NycoCard assay, results regarding the low pool are of less clinical relevance, so a slightly 
larger variation can be tolerated (15). Regardless of the inter- and intra-CV values, both assays were 
still considered to be of clinical relevance as often the most important thing in a clinical setting is to 
know that horses are classified correctly in terms of having a low or high d-dimer concentration, and 
not necessarily, what the exact concentration is. 

The agreement between the expected and obtained values for the Stago assay varied between 89% 
and 70%, with the highest agreement in the 80% pool and the lowest agreement in the 20% pool. For 
the NycoCard assay, the agreement varied between 97% and 65% for the same pools. Agreement 
should ideally be 100% but is usually between 80% and 120% (24). For the Stago assay, the low 
agreement seen in the pool with the low d-dimer concentration could possibly be explained by the d-
dimer concentration being below the preset detection limit for the assay, which increases the 
inaccuracy of the measurements. For the NycoCard assay, the similar low agreement in the 20% pool 
could be explained by the measuring increments of 0.1 mg/L, which has a substantially larger 
influence in low d-dimer concentrations. The Passing Bablok regression showed good coherence 
between the obtained and expected d-dimer concentrations for both assays. For the Stago assay, the 
95% CI for the slope contained 1 and the CI for the Y-intercept was very close to containing 0. For 
the NycoCard assay, the 95% CI for the slope contained 1 and for the Y-intercept contained 0, which 
are considered optimal values for a 100% agreement between expected and observed values (24).  

Due to the lack of an equine species-specific recombinant d-dimer antibody, the linearity under 
dilution was investigated using a heterologous d-dimer antibody. A previous study (25) found that 
the fibrinogen molecule is highly conserved between species and that there is extensive amino acid 
homology between specific human and equine fibrinogen sequences. However, whether the 
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breakdown products of cross-linked fibrin are identical in horses and humans remains unknown. The 
analyzed assays are heterologous, and we do not have any available equine d-dimer that can be added 
and assessed in terms of recovery. As the human assays resulted in d-dimer concentrations within the 
expected range for the four different groups of horses, we choose to interpret that the assays could in 
fact measure equine d-dimer. 

The linearity under dilution was investigated on a d-dimer pool with a d-dimer concentration of 
0.72 mg/L. This was the highest pool it was possible to create in this study. It could be argued that a 
pool with even higher values, as found in the literature (15), would provide a better view of how 
precisely the two assays can measure the higher d-dimer concentrations.  

In the group comparison, both assays measured a significantly increased d-dimer concentration in the 
high SAA and NSII groups compared to the clinically healthy group. However, no significant 
difference was seen across the three different disease groups. This indicates that d-dimer increases in 
horses with GI disease and systemic inflammation, as well as in horses with GI disease and 
thrombosis. It was not possible to differentiate between horses with inflammation and NSII in this 
study. In comparison, increased d-dimer concentrations have been found in dogs with systemic 
inflammation, rendering d-dimer a good rule-out marker for thrombosis, though not necessarily a 
good rule-in marker (26,27).   

One horse in the low SAA group had a markedly increased d-dimer concentration measured by the 
Stago assay (9.38 mg/L), while it had a d-dimer concentration of < 0.1 mg/L when measured by the 
NycoCard assay. The sample from this horse was not collected or handled any differently than the 
samples from the other horses. The measured fibrinogen concentration was within normal limits. The 
horse was intraoperatively diagnosed with peritonitis of unknown origin, which might explain why it 
would have an elevated d-dimer concentration compared to clinically healthy horses. However a d-
dimer concentration of around 9 mg/L seems improbably high compared to previous studies (15,18), 
and none of the other horses in the study – even those that were more severely ill – had d-dimer 
concentrations that came close to this concentration. The d-dimer concentration in this horse was 
measured several times using both assays with similar results, and even dilution curves confirmed the 
same findings. The reason for this one high value on the Stago assay is not known. However, it seems 
most likely that in this case the assay was measuring something other than d-dimer. As the assay was 
developed for humans and built on murine antibodies, it is feasible that there was a form of cross-
reaction with another type of matrix antibody present in this horse, potentially due to its clinical 
condition. We do not know the cause of this finding, which was only seen in one horse, but it 
highlights the need to combine laboratory results with the individual patient’s clinical manifestations. 
This horse was excluded from this study based on Cook’s distance. The group comparison was 
performed with and without the outlier. When excluding the outlier, the statistical difference between 
healthy horses and horses with low SAA disappeared. Both assays were therefore still able to 
distinguish clinically healthy horses from the high SAA and the NSII groups, but were not able to 
distinguish the different disease groups. It therefore had no effect on the applicability of the two 
assays.  
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It is relevant to know whether d-dimer measurements from the Stago and NycoCard assays can be 
compared and whether they classify horses in the same way. The Spaghetti plot shows a relatively 
good agreement between the two methods, particularly for the lower d-dimer concentrations. 
However, it seems that d-dimer measurements from the NycoCard assay are consistently higher than 
for the Stago assay, especially for the higher d-dimer concentrations. This implies that d-dimer 
measurements from the same horse measured with both assays cannot be compared directly. It does, 
however, seem that there is good agreement in terms of classifying horses as having a low or high d-
dimer concentration, with the exception of three horses with noticeably different results across the 
two assays. A Passing Bablok regression between the two assays showed that the lower 95% CI for 
the slope came close to, but did not contain, 1. However, the 95% CI for the intercept did contain 0 
(24). This combined with a moderately good (28) positive Spearman correlation indicates acceptable 
coherence between the two assays. A Bland-Altman plot is one of the most commonly used methods 
to quantify the agreement between two quantitative measurements (29). The Bland-Altman plot in 
this study showed a negative bias, which may be the result of average measurements above -2 mg/L 
(log2). This means that the difference between the two assays is greatest for the higher d-dimer 
concentrations and that the NycoCard assay measures higher d-dimer concentrations than the Stago 
assay, as also seen in the spaghetti plot. The best agreement between the two assays is seen for the 
low d-dimer concentrations. Only two of the measurements are outside the 95% LOA, which is 
acceptable. Again, this indicates a good agreement between the two assays when it comes to 
classifying horses with a low or high d-dimer concentration and supports the idea that measurements 
from the two assays cannot be compared directly.  

It has previously been shown that the final concentration of anticoagulant in the blood tube can affect 
the results of hemostatic markers such as prothrombin time (PT) and activated partial thromboplastin 
time (aPTT) due to a dilution effect (30–32). The d-dimer concentration in the two samples from the 
NSII group that were collected in 3.8% as opposed to 3.2% sodium citrate tubes could thus potentially 
be diluted. However, it has been shown that d-dimer concentration is unaffected by the final 
anticoagulant concentration in the sampling tube (33). The d-dimer concentration for these two 
samples did not vary markedly from the remaining measurements in the NSII group and it seems 
likely that the sodium citrate concentration did not significantly influence the d-dimer measurements.      

The two assays vary in their ease of use. The Stago machine is an automated assay that can run up to 
20 samples at a time. It requires substantial knowledge regarding the setup and handling of the 
machine, and trained personnel must be present when samples are analyzed. This limits its usefulness 
in out-of-hours situations. However, once the samples are loaded and running, the machine does the 
remaining work, which means that a large quantity of samples can easily be analyzed in a short 
amount of time. Therefore, this assay might be useful in a hospital setting where a large number of 
samples are run each week or for research purposes. In contrast, the NycoCard assay is an easy-to-
use manual tabletop assay. Each test disc is packed separately, and it is thus highly applicable for 
testing individual animals, even in emergency situations.   

In this study, horses were grouped according to being clinically healthy, the degree of systemic 
inflammation based on the SAA concentration at admission to the hospital, or a confirmed diagnosis 
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of NSII caused by S. vulgaris. Some of the horses in the low SAA group were diagnosed with an 
inflammatory disease process after a few days at the hospital, and the low SAA group and high SAA 
group therefore both included similar types of disease processes but of different duration or severity.  

A limitation of the study is the relatively small number of horses in each group for the group 
comparison. However, it was still possible to observe a significant difference between the clinically 
healthy horses and the high SAA and NSII groups. Identifying differences between the different 
disease groups would require around 200–300 horses, which would not be realistic or ethically 
justifiable when it might not be relevant to daily clinical work. In addition, the investigated assays 
should ideally be compared to an established gold standard to calculate a cut off value for thrombosis 
and assess the true diagnostic sensitivity and specificity for both assays. However, as no gold standard 
is available in equine medicine, and as it was not possible to perform a postmortem examination of 
all horses, this was not possible.     

Conclusion 

The Stago assay was found to be reliable for measuring d-dimer in equine PPP based on intra- and 
inter-CVs and linearity under dilution. It was able to distinguish horses in the high SAA group and 
the NSII group from clinically healthy horses. The assay is considered only moderately user friendly 
and may not be an appropriate stall-side test, but it can be used for research purposes and in larger 
clinics or hospital facilities.  

The NycoCard assay was close to the accepted limit with regard to the medium pool for the intra- and 
inter-CVs. The assay was further from the accepted limit for the low pool. However, as these values 
are considered to be below the clinically relevant concentration, the assay is still clinically valuable. 
The assay was deemed to be reliable based on the linearity under dilution, and it was able to 
distinguish horses in the high SAA group and NSII group from clinically healthy horses. The assay 
is quick and easy to use and thus might prove to be a useful stall-side test for detecting critically ill 
horses in the early stages of disease. 

Although the d-dimer measurements from the two assays cannot be compared directly, there does 
seem to be a good agreement between the two assays in terms of classifying horses as having a low 
or high d-dimer concentration. The agreement seems to be best for the lower d-dimer concentrations. 
The two assays can thus both be used in a clinical setting to evaluate whether a horse has a low or 
high d-dimer concentration, but in cases where serial measurements are required, the same assay 
should be used throughout.   
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Methods 

This study was approved by the ethical review board of the Department of Clinical Veterinary Science 
at the University of Copenhagen, and relevant guidelines and regulations were followed. All samples 
were obtained from December 2017 through to December 2018 and analyzed at the laboratory at the 
Large Animal Teaching Hospital and at the Veterinary Diagnostic Laboratory of the University of 
Copenhagen, Denmark. Blood samples were collected from clinically healthy horses owned by the 
University for teaching purposes and following the experimental animal licensing given for the 
horses. Blood samples from diseased horses were collected from client-owned horses and were 
collected as part of the diagnostic work-up and with the owner’s consent. All procedures were carried 
out in accordance with the ARRIVE guidelines. 

Horses 

Four groups of horses were included in the study: 1) Clinically healthy horses from The Large Animal 
Teaching Hospital at The University of Copenhagen (clinically healthy group). This group included 
adult horses (> one year of age) deemed healthy based on clinical examination (heart rate, respiration 
rate, rectal temperature, mucous membrane color, and borborygmia), complete blood count (CBC), 
and serum biochemistry profiles (including lactate and acute phase proteins serum amyloid A (SAA) 
and fibrinogen concentrations) within normal reference intervals. 2) Horses with GI disease and a 
mild systemic inflammatory response with a SAA between 30-100 mg/L at admission (low SAA 
group). 3) Horses with GI disease and a strong systemic inflammatory response with a SAA > 
1000 mg/L at admission (high SAA group). Groups two and three included adult horses (> one year 
of age). 4) Horses with NSII caused by S. vulgaris (NSII group). This group included adult horses (> 
one year of age) with NSII confirmed at surgery or necropsy, with an area of localized intestinal 
infarction and without signs of strangulation or enterocolitis. In addition, signs of migrating S. 

vulgaris larvae, seen as thrombosis and arteritis were observed in the cranial mesenteric artery and/or 
its branches at post-mortem examination or on histology of the resected intestine from surviving 
horses as has been described previously (34). The last three groups were all patients referred to The 
Large Animal Teaching Hospital at The University of Copenhagen. Citrated platelet poor plasma 
(PPP) from the low and high SAA group were used in the intra- and inter- assay coefficients of 
variation (CV) studies and the linearity under dilution. Citrated PPP from the low and high SAA 
group and the NSII group were used in the group comparison and for the method agreement.   

Samples  

As previously described (35) blood samples were collected by clean venipuncture of the jugular vein 
using a vacutainer system with a 21 G needle on admission to the hospital, at the same time as routine 
blood samples (including samples for SAA measurement). Four 3.2% sodium citrate tubes (BD, 
Franklin Lakes, NJ) were filled according to the manufacturer’s recommendation. Samples from two 
of the horses in the NSII group were drawn in 3.8% rather than 3.2% sodium citrate tubes, but were 
otherwise handled in the same way. The first tube was discarded. The remaining samples were 
inverted 4-6 times and then centrifuged within a maximum of four hours at 2,000 g for 15 minutes at 
room temperature (36). Citrated PPP was then immediately aliquoted into cryotubes and stored for a 



90 

 

maximum of 15 months at -80oC until further analysis. Before analysis, all samples were thawed for 
approximately 4 min. at 37oC in a water bath and divided into additional aliquots of low, medium, 
and high pools and then frozen again at -80oC. When ready for analysis, these aliquots were thawed 
in the same manner as mentioned above and then vortexed. All samples therefore underwent two 
identical freeze-thaw cycles, which should not significantly influence the d-dimer concentration 
(37).                

Pools with low, medium, and high d-dimer concentrations were created based on prior analysis 
carried out on the Stago assay on the horses from the above-mentioned groups. Horses were 
categorized in such a way as to achieve the desired d-dimer concentrations: A) the low d-dimer pool 
(n=4 horses) with an average final d-dimer concentration of 0.23 mg/L, B) the medium d-dimer pool 
(n=3 horses) with an average final d-dimer concentration of 0.52 mg/L, and C) the high d-dimer pool 
(n=3 horses) with an average final d-dimer concentration of 0.72 mg/L.  

Stago assay 

The STAGO STA-Liatest D-di+ (Stago) assay (Trioloab, Brøndby, Denmark) is a fully automated 
humane immunoturbidimetric assay. It performs a photometric measurement of the change in 
turbidity in a suspension of sample material and reagent containing micro particles. These micro latex 
particles are covered with two murine monoclonal antibodies with a high specificity for human d-
dimer. The binding of antibodies with d-dimer leads to an agglutination of the micro latex particles 
and thus a change in turbidity depending on the d-dimer concentration in the sample. The assay 
provides a quantitative determination of d-dimer in mg/L fibrinogen equivalent units (FEU), the true 
mg/L d-dimer concentration is considered to be approximately half the FEU value. The assay has a 
preset measuring range of 0.27-20 mg/L FEU (0.13-10 mg/L d-dimer) based on human d-dimer 
samples, and the machine is set to automatically dilute samples above 4.0 mg/L FEU. The measuring 
interval is 0.01 mg/L (38). 

NycoCard assay 

The NycoCardTM D-dimer (NycoCard) assay (Abbott Laboratories, Copenhagen, Denmark) (39), is 
based on an immunometric flow through principle, with plasma d-dimer molecules being trapped on 
a surface membrane with d-dimer specific monoclonal antibodies. The addition of a secondary 
labelled antibody generates a subsequent color development, with the color intensity being 
proportional to the d-dimer concentration. The assay has a measuring range of 0.1-20 mg/L, 
a calibrated human assay range of 0.1-10.0 mg/L and a measuring interval of 0.1mg/L (NycoCardTM 
D-dimer, technical support, Abbott Laboratories, Copenhagen, Denmark) (40). Measurements 
displayed by the machine as < 0.1 mg/L in this study were converted to 0.09 mg/L for statistical 
purposes.  

Test evaluation  

Imprecision was evaluated in both tests by routine descriptive analytical procedures. Intra- and inter-
CVs were examined by running the low and medium d-dimer pools in duplicate ten times in one day 
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and then once daily for 10 consecutive days with an imprecision performance acceptance level of 5% 
for automated assays (Stago) and 10% for manual assays (NycoCard) (24). 

Linearity under dilution was used to determine inaccuracy for both assays by analyzing the high d-
dimer pool both undiluted and diluted with 0.9% saline to obtain the following concentrations of d-
dimer: 100%, 80%, 60%, 40%, 20% and 0%. A Passing Bablok regression was used for both tests. 
Linearity performance was considered acceptable if the confidence interval of the slope and Y-
intercept included 1 and 0, respectively.  

Group comparisons of the assays were evaluated by comparing the median and interquartile range 
across the four groups of horses (clinically healthy, low SAA, high SAA and NSII) for 32 horses. 
Data did not follow a normal distribution and applying various log transformations did not improve 
this, so a Kruskal-Wallis test was used. A Dunn’s multiple comparisons test was used for post hoc 
analysis.  

Method comparison 

A method comparison was performed by examining d-dimer concentrations using the Stago and 
NycoCard assays in parallel across the four groups of horses. The agreement between the two assays 
was illustrated in a spaghetti plot, with a Passing Bablok regression, a Spearman correlation test, and 
a Bland-Altman plot on log2 transformed data, which brought the difference between the two assays 
closer to a normal distribution than with the original data. The Spearman correlation was considered 
poor if the r-squared value was ≤ ± 0.2, fair with a value > ± 0.2 to ≤ ± 0.5, moderate with a value 
> ± 0.5 to ≤ ± 0.7, and strong with a value ≥ ± 0.8 (28). 

Statistical analyses were performed using Microsoft Excel 2016 (Washington, USA), R Studio 
(Boston, MA, USA) and GraphPad Prism 8.1.0 (San Diego, USA). Data were assessed for normality 
using graphic evaluation. A significance level of < 0.05% was set for all analyses.  

The complete dataset was examined for extreme measurements using graphic representation and 
Cook’s distance (= 4/n). If a variable was found to be an extreme outlier with a strong influence on 
the statistical analysis, it was excluded. Any exclusions were accounted for in the results paragraph. 
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Abbreviations 

aPTT Activated partial thromboplastin time 
BW Body weight 
CBC Complete blood count 
CI Confidence interval 
CV Coefficients of variation 
GI Gastrointestinal 
LOA Limits of agreement 
NSII Non-strangulating intestinal infarction 
NycoCard NycoCardTM D-dimer assay 
PPP Platelet poor plasma 
PT Prothrombin time 
Q1 1st quartile 
Q3 3rd quartile 
SAA Serum amyloid A 
Stago STAGO STA-Liatest D-di+ assay 
S. vulgaris Strongylus vulgaris 
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A pilot study evaluating the Calibrated 
Automated Thrombogram assay and application 
of plasma-thromboelastography for detection 
of hemostatic aberrations in horses 
with gastrointestinal disease
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Abstract 

Background:  Critically ill horses, such as horses with gastrointestinal (GI) disease, often suffer from hemostatic aber-
rations. Global hemostatic tests examining the initiation of coagulation, clot strength and fibrinolysis, such as the Cali-
brated Automated Thrombogram (CAT) and plasma-thromboelastography (TEG) have not been evaluated in horses. 
This study aimed to evaluate CAT and apply plasma-TEG in horses.

Test performance of CAT was evaluated on equine platelet poor plasma with intra- and inter-assay variability (CV) and 
a heparin dilution curve. To examine clinical performance of both tests, group comparisons were assessed comparing 
healthy horses, horses with mild and severe GI disease with both CAT and plasma-TEG.

Results:  For CAT, intra- and inter-assay CVs were established for lag-time (1.7, 4.7%), endogenous thrombin potential 
(1.6, 4.6%), peak (2.6, 3.9%) and time to peak (ttPeak) (1.9, 3.4%). Increasing heparin concentrations led to the expected 
decrease in thrombin generation. In the group comparison analysis, CAT showed significant higher peak (p = 0.04) 
and ttPeak (p = 0.008) in the severe GI disease group compared to horses with mild GI disease and healthy horses, 
respectively. Plasma-TEG showed an increased angle (p = 0.032), maximum amplitude (p = 0.017) and shear elastic 
force (G) (p = 0.017) in the severe GI disease group compared to healthy horses.

Conclusions:  CAT performed well in horses. Both CAT and plasma-TEG identified hemostatic aberrations in horses 
with severe GI disease compared to healthy horses. Further studies including more horses, are needed to fully appre-
ciate the use of CAT and plasma-TEG in this species.

Keywords:  Equine, Global hemostatic tests, Hypercoagulation, Tissue factor, Platelet poor plasma
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Background
Critically ill horses, such as horses with ischemic or 
inflammatory gastrointestinal (GI) disease, often suf-
fer from marked hemostatic aberrations [1–5]. The 
most frequent hemostatic aberration is a hypercoagu-
lable state with a decrease in platelet (PLT) count, an 
increase in thrombin–antithrombin (TAT) complexes, 
a prolonged prothrombin (PT) and activated partial 
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thromboplastin (aPTT) time, decreased anti-thrombin 
(AT) and increased D-dimer [1, 2, 4–6]. When this con-
sumption coagulopathy overwhelms the inhibitory sys-
tem, the coagulopathy is then said to be uncompensated, 
and an imbalance arises, that can lead to disseminated 
intravascular coagulation (DIC) and thrombus forma-
tion. This hypercoagulable state can however also pro-
gress into a hypocoagulable state in the later stages of 
the disease process due to the depletion of procoagulant 
factors [3]. This proves that coagulopathies are dynamic 
and complex pathophysiologic processes. This might 
explain why one study looking at TEG and conventional 
hemostatic markers found horses with severe GI dis-
ease (ischemic and inflammatory lesions) to be hypoco-
agulable [3], whereas another study looking at TEG and 
conventional hemostatic markers suggested horses with 
severe GI disease (ischemic and inflammatory lesions) 
to be hypercoagulable [2]. There has however only been 
moderate progression in the use of more advanced diag-
nostic global hemostatic tests in horses [2, 3, 7–14], with 
more conventional hemostatic markers such as   PLT 
count, aPTT, PT, AT, fibrinogen, and D-dimer concentra-
tion still being the most commonly reported parameters 
[15, 16].

These hemostatic parameters, however, have some 
limitations since they are snapshots of different aspects 
of the hemostatic process. Global hemostatic tests such 
as thrombin generation time or thromboelastography 
(TEG) on the other hand are dynamic and cover the 
entire hemostatic process from initiation to clot devel-
opment and fibrinolysis [17, 18]. Whole blood-TEG has 
been evaluated in equine medicine in horses suffering 
from non-strangulating and non-inflammatory GI dis-
orders such as large colon impactions, inflammatory GI 
disorders such as enterocolitis, and ischemic GI lesions 
such as intestinal volvulus [2, 3, 7, 19]. One drawback for 
this method is that TEG should be analyzed with a fixed 
storage time of ideally 30 min post-sampling in horses 
to avoid unnecessary time-related aberrations in the 
TEG parameters [8]. This shortness in time may defer or 
reduce the applicability of whole blood-TEG in clinical 
practice as horses are required to be in a hospital setting 
for the analysis to be performed. If plasma-based global 
hemostatic tests could replace the whole blood-TEG, this 
might improve the applicability of the tests in a clinical 
setting in equine medicine. TEG analyzed with citrated 
plasma (plasma-TEG) has been investigated in a couple 
of species. Plasma-TEG was successfully applied in dogs 
looking at biological variation [20], while in septic pigs 
plasma-TEG was shown to display a similar increased 
hemostatic response as identified with whole blood-
TEG [21]. In human medicine, plasma-TEG has been 
applied in studies examining the TEG device, but also 

in experimental human endotoxemia [22, 23].  Although 
plasma-TEG is devoid of the cellular components of 
hemostasis, the coagulation factors and fibrinogen 
concentration are still present, and changes in test 
parameters may still be of interest in patients at risk of 
hemostatic imbalance.

The plasma based thrombin generation time using 
the Calibrated Automated Thrombogram (CAT) assay, 
has previously been investigated in both humans [10, 
24, 25] and dogs [13, 26]. CAT permits the direct 
measurement of thrombin generation in a more physi-
ological setting than conventional clotting assays. 
In humans, it is considered valuable for the study of 
hypo- and hypercoagulation [10, 27, 28] and has been 
recommended for assessing patients with venous 
thromboembolisms [24], evaluating the prognosis in 
patients with myocardial infarcts [29], and monitor-
ing anticoagulant therapy [10, 13]. An extensive search 
through the current literature did not identify the use 
of the CAT assay in horses.

The aim of the present study was, therefore, to evalu-
ate the performance of the CAT assay in equine citrated 
platelet poor plasma (PPP) and to apply plasma-TEG as 
an alternative to whole blood-TEG.

Our hypotheses were that the CAT assay would show 
a high degree of validity and reliability, that both assays 
would be applicable in equine PPP, and that hemostatic 
aberrations would be detectable in horses with GI disease 
compared to clinically healthy horses.

Results
Demographic data regarding the included horses in the 
three groups are displayed in Table 1.

It was possible to use the CAT assay in the horses. 
Intra-assay coefficient of variation ranged from 1.6–2.6% 
and inter-assay coefficient of variability from 3.4–4.7% 
for lag-time, ETP, peak, and ttPeak, respectively (Table 2).

Increasing concentrations of unfractionated heparin 
resulted in decreasing thrombin generation except for 
the two concentrations 0.01125 U/ml and 0.0225 U/ml 
where there was a slight increase in peak and ETP com-
pared to the trace with a heparin concentration of 0.0 U/
mL (Fig.  1, supporting information Table  1 s). Heparin 
concentrations higher than 0.18 U/ml completely inhib-
ited thrombin generation.

Comparing the CAT assay results for the three groups 
of horses, significant differences were found in peak 
(p = 0.04) and ttPeak (p = 0.01) (Table 3).

Post hoc analyses identified a significantly higher peak 
in horses with severe GI disease compared to horses with 
mild GI disease (p = 0.04). A significantly lower ttPeak 
was seen in horses with severe GI disease compared to 
the clinically healthy horses (p = 0.008) (Fig. 2).
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The plasma-TEG ran successfully in all horses with 
the exception of not reaching K-values in 12/34 horses. 
Significant differences were seen for α (p = 0.016), MA 
(p = 0.023) and G (p = 0.022) between the three groups of 
horses, with post hoc analysis identifying the differences 
between horses with severe GI disease and clinically 
healthy horses (α: p = 0.032; MA: p = 0.017; G: p = 0.017) 
(Fig. 3 and Table 3).

No significant differences in whole blood-TEG param-
eters were detected between the three groups of horses 
(Table 4). When comparing whole blood-TEG and plasma-
TEG a significantly lower α (p = 0.003), MA (p < 0.0001) 
and G (p < 0.0001) were found for plasma-TEG.

There were no differences identified between the 3 
groups of horses for fibrinogen concentration, aPTT, PT, 
or AT. Whereas for D-dimer, a significant difference was 
found between groups (p < 0.0001), with post hoc analysis 
identifying a difference both between horses with severe 

Table 1  An overview of the demographic data regarding the horses included in the study in the three different groups (clinically 
healthy, horses with mild gastrointestinal (GI) disease, and severe GI disease). The included parameters are; number of horses, age in 
years, bodyweight (BW) in kilograms (kg), sex, breed, and diagnosis. a Values are displayed as mean (minimum-maximum)

Clinically healthy Mild GI disease Severe GI disease

Number of horses 10 9 15

Age a (years) 11.2 (4–22.8) 8.4 (5.9–12.9) 12.7 (4.8–24)

BW a (kg) 559.5 (411–687) 492.9 (311–606) 492.5 (139–700)

Sex 8 mares
2 geldings

5 mares
4 geldings

7 mares
8 geldings

Breed Standardbreds (n = 7)
Warm bloods (n = 2)
Unknown (n = 1)

Warm bloods (n = 5)
Icelandic horses (n = 2)
Pony (n = 1)
Unknown (n = 1)

Warm bloods (n = 7)
Frisian (n = 1)
Icelandic horses (n = 2)
Pony (n = 2)
Cold bloods (n = 2)

Diagnosis NA Large intestinal impactions (n = 6)
Large intestinal non-strangulating displace-
ments (n = 3)

Peritonitis associated to 
the GI-tract (n = 2)
Acute colitis (n = 4)
Strangulated small 
intestine (n = 5)
Colon torsion (n = 1)
Severe gastric ulcers 
(n = 1)
Ruptured intestine 
(n = 2)

Table 2  Imprecision study of the calibrated automated 
thrombogram (CAT). Intra- and inter- assay coefficients 
of variation (CV) in percentages established for lag-time, 
endogenous thrombin potential (ETP), peak and time to peak 
(ttPeak) are displayed

Lag-time ETP Peak ttPeak

Intra- assay CV % 1.7 1.6 2.6 1.9

Inter-assay CV % 4.7 4.6 3.9 3.4

Fig. 1  Thrombin generation curves obtained by the calibrated 
automated thrombogram (CAT) assay for serial dilutions of 
unfractionated heparin in pooled equine citrated plasma. 
Thrombin generation decreased with increasing concentrations of 
unfractionated heparin. Heparin concentrations above 0.18 U/mL 
completely inhibited thrombin generation and produced a flat-line 
(0 nM thrombin) and 0.37 U/mL, 0.75 U/mL, 1.5 U/mL and 3 U/mL 
are therefore not visible on the graph. A heparin concentration of 
0.01125 U/ml and 0.0225 U/ml produced a slightly higher peak and 
endogenous thrombin potential than heparin concentration of 
0.0 U/mL
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and mild GI disease (p = 0.0084) and between severe GI 
disease and clinically healthy horses (p < 0.0001) (Table 4).

Correlation analyses between plasma-TEG MA and 
fibrinogen and between plasma-TEG G and fibrinogen 
both revealed a moderate and significant Spearman’s 
correlation coefficient (r) of 0.61 (95% CI: 0.33–0.79, 
p = 0.0001).

Discussion
CAT ran successfully on equine citrated PPP with satis-
factory repeatability based on intra- and inter-assay coef-
ficient of variations for both lag-time, ETP, peak, and 
ttPeak all below the accepted limit of 5% [30].

In the CAT assay the PPP trigger reagent with 5 pM tis-
sue factor was applied to initiate the thrombin generation 

Table 3  Analysis of the calibrated automated thrombogram (CAT) and plasma-thromboelastography (plasma-TEG) between 
clinically  healthy, mild gastrointestinal (GI) and severe GI disease horse groups. Median and range for plasma-TEG and thrombin 
generation parameters lag-time, time to peak (ttPeak), peak and endogenous thrombin potential (ETP). P-value column: one-way 
ANOVA or a Kruskal-Wallis test depending on normality of data across all three groups with a significance level of < 0.05. a Post hoc 
statistical significant difference between healthy and severe GI disease, b Post hoc statistical significant difference between mild and 
severe GI disease. SP: split point, R: reaction time, K: clot formation time, α: alpha angle, MA: maximum amplitude, G: shear elastic force, 
LY30: lysis 30 min, LY60: lysis 60 min (min.)

Clinically healthy Mild GI disease Severe GI disease P-value

Plasma-TEG SP (min.) 11.55 (8.6–16) 11.5 (7.8–16.8) 9.2 (4.2–20.1) 0.53

R (min.) 13.6 (10.9–20.4) 14.6 (9.3–21.3) 11.3 (4.8–24.5) 0.38

α (degrees) 18.1 (8.4–25.4) 17.1 (9.5–32.6) 27 (10.2–68.5) 0.016
0.032a

K (min.) 11.85 (9.5–17.9) 10.85 (7.9–19.2) 8.45 (1.4–16.9) 0.14

MA (mm) 18.45 (11.7–25.2) 22.3 (17–26) 22.1 (13.4–34.4) 0.023
0.017a

G (dynes/cm2) 1.1 (0.7–1.7) 1.4 (1–1.8) 1.4 (0.8–2.6) 0.022
0.017a

Ly30 (%) 0 (0–0) 0 (0–0) 0 (0–2.3) 0.53

Ly 60 (%) 0 (0–0) 0 (0–0) 0 (0–1.1) 0.53

CAT​ Lag-time (min.) 4.05 (3.4–5.33) 3.72 (2.17–5.67) 3.31 (2.7–7.22) 0.20

Peak (nM) 32.69 (19.49–47.57) 29.2 (19.63–45.49) 51.46 (15.35–112.4) 0.040
0.04b

ttPeak (min.) 11.87 (10.08–13) 10.28 (8.75–13.89) 9.33 (6.5–13.01) 0.01
0.008a

ETP (nM/min.) 333.1 (270.3–422.1) 292 (179.7–350.8) 346.8 (166.8–468.1) 0.11

Fig. 2  Group comparison between the three groups of horses (clinically healthy, mild and severe gastrointestinal (GI) disease) for the calibrated 
automated thrombogram (CAT) assay showing a significantly lower time to peak (ttPeak) (p = 0.008) in the severe GI group compared to the 
clinically healthy horses (a). Likewise a significantly higher Peak (p = 0.04) was found in the severe GI group when compared to the mild GI group 
(b). The horizontal bars are displaying median, 1st, and 3rd quartile
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process, similarly to what has previously been applied in 
humans [31] and dogs [32]. The manufacturer provides 
three different triggering reagents with either 1 pM (PPP 
low), 5pM (PPP) or 20 pM (PPP high) tissue factor [33]. 
In human research, the PPP low and high are used in 
hemophilic patients or patients treated with anticoagu-
lant therapy, respectively. In a recent study in cats [34], 
all three PPP trigger reagents were tested in depth. Based 
on performance of the three triggering reagents, PPP low 
was selected as the most appropriate for the feline spe-
cies. It is possible that more subtle hemostatic aberra-
tions between healthy horses and horses with severe GI 
disease could have been detected, if a similar set up had 
been applied in our study. This needs to be investigated 
further in future studies.

Endogenous thrombin potential did not differ between 
horses with severe GI disease and healthy horses. 
While some consider ETP a more consistently predic-
tive parameter for hemostatic aberrations compared to 

the remaining CAT parameters, others report an equal 
importance of lag-time, peak, and ttPeak in the CAT 
assay [26, 32, 35]. In humans an increased peak and 
ttPeak has been found as a sign of hypercoagulability in 
patients with both inherited and acquired hemostatic 
disorders [36, 37]. We did not expect horses with mild 
GI disease to have hemostatic aberrations when looking 
at group comparison, but, surprisingly, it was not pos-
sible to distinguish horses with severe and mild GI dis-
ease with the global hemostatic tests, apart from peak 
in the CAT assay. This might have been the result of our 
two groups with GI disease having disease processes 
that were too similar concerning their pathophysiology 
even though we intended to include horses with differ-
ent severity of inflammation and ischemia. Nevertheless, 
several parameters were significantly different in both the 
CAT assay and the plasma-TEG between healthy horses 
and horses with severe GI disease without being mirrored 
in the whole blood-TEG. Furthermore, the defrosting and 

Fig. 3  Group comparison between the three groups of horses (clinically healthy, mild and severe gastrointestinal (GI) disease) for 
plasma-thromboelastography (plasma-TEG) showing a significantly higher angle degree (α) (p = 0.032) (a), maximum amplitude (MA) (p = 0.017) (b) 
and shear elastic modulus strength (G) (p = 0.017) (c) in the severe GI group compared to the clinically healthy horses. Plots are displaying median, 
1st, and 3rd quartile
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centrifugation process in the CAT assay and plasma-TEG 
could activate the low number of existing platelets as well 
as procoagulant platelet micro-particles [38]. Potentially, 
this could contribute to the initiation phase of plasma-
based tests and perhaps affect all parameters in the CAT 
assay as well as α, K, MA, and G in the plasma-TEG. In 
people, platelet microparticles are known to contrib-
ute to a prothrombotic state in different types of GI dis-
eases [39, 40]. Microparticles were not measured in this 
study, but it could be speculated that horses with severe 
GI disease would have a higher concentration of plate-
let microparticles and thus be more procoagulant than 
healthy horses. In humans a shorter R and K value and an 
increased angle degree and MA has been found as a sign 
of hypercoagulability [41, 42].

Although the plasma-TEG was analyzed in all horses, 
the K parameter did not produce a reading in 12 of 
these. This is not a problem of clinical relevance, as it is 
caused by the fact that the pre-set standard value for K in 
the TEG machine is defined in the software as the time 
to clot strength at 20 mm based on human whole blood 
measurements and due to the narrower tracing of the 
plasma-TEG, this was not achieved in all cases. In gen-
eral, the plasma-TEG readings had a lower α, MA, and G 
compared to whole blood TEG, which likely is due to the 
different composition of PPP compared to whole blood, 
probably most importantly the lack of platelets.

Contrary to what have been found in previous stud-
ies [2, 3, 43], no differences were identified between the 

three groups of horses when analyzed with whole blood-
TEG. The reason for this is not entirely clear. It is most 
likely due to the complexity of dealing with coagulopa-
thies [3].

In TEG, MA and G are the comprehensive assessment 
of the fibrinogen function and concentration combined 
with the platelet count [44]. When analyzing plasma-
TEG using PPP, it could thus be claimed that MA and G 
of such an assay are no more than an elaborate fibrino-
gen analysis. In the present study, there was a positive 
correlation between fibrinogen, MA and G. However, 
as opposed to plasma-TEG MA and G measured by 
plasma-TEG, the fibrinogen concentration alone was not 
able to detect a difference between the three groups of 
horses. Plasma-TEG has still not been validated exten-
sively in veterinary medicine and whether the plasma-
TEG is a more sensitive assay than measuring the 
fibrinogen concentration on its own remains to be fully 
elucidated.

The decreased ttPeak and elevated peak for the CAT 
assay and an elevated angle degree, MA and G for the 
plasma-TEG in the severe GI disease group corresponds 
well. Both support a hypercoagulable state which was 
what we expected looking at the existing literature [2, 
6]. For the routine coagulation markers an increased 
D-dimer was additionally seen in the severe GI disease 
group, which also supports the finding of a hypercoagu-
lable state [4, 5]. It thus seems that horses with severe GI 
disease suffers from a hypercoagulable state which in a 

Table 4  Analysis of whole blood-thromboelastography (WB-TEG) and routine plasma based coagulation tests between 
clinically healthy, mild gastrointestinal (GI) and severe GI disease horse groups. Median and range for WB-TEG and routine coagulation 
parameters fibrinogen, activated partial thromboplastin time (aPTT), prothrombin time (PT), anti-thrombin (AT) and d-dimer in 
healthy horses (healthy control), and horses with mild or severe GI diseases. P-value column: one-way ANOVA or a Kruskal-Wallis test 
depending on normality of data across all three groups with a significant level of < 0.05. a Post hoc statistical difference between 
healthy and severe GI disease, b Post hoc statistical difference between mild and severe GI disease. SP: split point, R: reaction time, K: 
clot formation time, α: alpha angle, MA: maximum amplitude, G: shear elastic force, LY30: lysis 30 min, LY60: lysis 60 min (min.)

Clinically healthy Mild GI disease Severe GI disease P-value

WB-TEG SP (min.) 12.7 (8.2–17.1) 9.8 (4.4–22.6) 10.8 (5.8–15.9) 0.23

R (min.) 16.6 (10.5–20.6) 11.6 (5.2–29.5) 13.5 (7.2–19.1) 0.29

α (degrees) 26.35 (17.2–41.7) 39.3 (13.3–65.4) 35.6 (18.5–54.5) 0.26

K (min.) 7.15 (4.2–13) 4.9 (2–18.4) 5.4 (3.4–11.8) 0.13

MA (mm) 51.55 (35–60.1) 56.4 (49.5–73.6) 52.2 (40.9–77.6) 0.18

G (dynes/cm2) 5.3 (2.7–7.5) 7 (4.9–13.9) 5.5 (3.5–17.4) 0.15

Ly30 (%) 0 (0–1.5) 0.1 (0–0.6) 0 (0–0.9) 0.9

Ly60 (%) 2.35 (0.2–6.1) 2.9 (0–4.4) 1.3 (0.1–4.4) 0.32

Conventional hae-
mostatic markers

Fibrinogen (g/L) 3.17 (2.87–3.53) 3.72 (2.17–5.67) 3.17 (2.57–7.01) 0.14

aPTT (sec) 47.15 (44.30–57.90) 48.80 (39.30–51.4) 48.00 (40.60–56.30) 0.62

PT (sec) 13.85 (13.10–14.00) 13.60 (12.70–14.10) 14.10 (12.50–17.30) 0.15

AT (%) 210.5 (189.00–239.00) 223.00 (195.00–246.00) 197.00 (158.00–260.00) 0.14

D-dimer 0.08 (0.05–0.1) 0.09 (0.05–0.18) 0.25 (0.1–6.41) < 0.0001
< 0.0001a 0.0084b
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clinical setting can be evaluated with the use of the CAT 
assay and plasma-TEG.

The main limitation of the present study is the low 
number of horses in each group and the variability of the 
disease processes within each group. The low number 
of horses was a result of the study being conducted as a 
pilot study. However, the presented preliminary results 
do suggest that these global hemostatic tests could be 
of value in horses and it would be of interest to explore 
these assays in more detail. Studies could focus on apply-
ing the tests to larger groups of horses, horses with visi-
ble thromboembolic disease or bleeding disorders to fully 
examine the potential of both the CAT assay and plasma-
TEG in equine medicine.

Conclusion
The CAT assay performed well in horses with intra- and 
inter-assay coefficients of variation below the accepted 
limits and are thus reliable. Additionally the heparin dilu-
tion curve showed that the CAT assay is valid in horses. 
The CAT assay and plasma-TEG were applicable for use 
in equine citrated PPP and both assays showed hemo-
static aberrations in horses with GI disease. Except for 
ttPeak in the CAT assay, the assays could not distinguish 
mild from severe GI disease.

Methods
This study was conducted as a pilot study. All samples 
were collected at The Large Animal Teaching Hospi-
tal at The University of Copenhagen, Denmark, in 2018. 
Approval was obtained from the ethical board of the 
Department of Veterinary Clinical Sciences, University of 
Copenhagen, as was written consent from the owners of 
the horses.

Study design
For the evaluation of the CAT assay, intra- and inter-
assay coefficients of variation were established in order to 
establish the reliability of the test in equine PPP. This was 
performed based on replicate measurements on pooled 
plasma from 10 clinically healthy horses analyzed 10 
times on the same day and once daily for 10 consecutive 
days. To confirm the capacity of the human CAT assay to 
measure equine thrombin in PPP and thus establish the 
validity of the test, unfractionated heparin was added in 
decreasing concentrations to aliquots of the plasma pool: 
0.0, 0.01125, 0.0225, 0.045, 0.09, 0.18, 0.37, 0.75, 1.5 and 
3.0 U/mL [45–47].

To examine if these global hemostatic tests deviated in 
horses with GI disease, group comparisons of both the 
CAT assay, plasma-TEG, and whole blood-TEG were 
performed, comparing horses with severe and mild GI 

disease to healthy horses. The purpose of a group com-
parison is to detect differences between healthy and 
clearly sick individuals and is defined as a phase II of test 
validation [48]. This is performed before proceeding to 
the more complex phase III involving several different 
disease and severity groups. We would expect horses 
with severe GI disease to be hypercoagulable in compari-
son to clinically healthy horses and horses with mild GI 
disease.

Whole blood-TEG and the individual hemostatic 
parameters; D-dimer, fibrinogen, aPTT, PT, and AT were 
analyzed in the 3 groups of horses in order to compare 
them to the new global hemostatic tests.

Horses
Three groups of horses were included in the study: Clini-
cally healthy, mild GI disease, and severe GI disease. The 
clinically healthy group included adult horses (> 1 year 
of age) deemed healthy based on clinical examination, 
complete blood count (CBC) and serum biochemistry 
profiles, including lactate and the acute phase proteins 
serum amyloid A (SAA) and fibrinogen concentration 
being within normal reference intervals. All horses in 
this group were owned and stabled by The Large Ani-
mal Teaching Hospital at The University of Copenhagen. 
Blood from horses in this group were used in both the 
intra- and inter-CV studies, the heparin dilution curve 
and the group comparison. Horses included in the two GI 
disease groups consisted of adult horses (> 1 year of age) 
admitted to The Large Animal Teaching Hospital with 
acute abdominal pain in the period March through June 
2018. All samples from hospital patients were collected at 
admission as part of the initial diagnostic work-up, before 
placement of intravenous-catheters or administration of 
any treatments. Horses were assigned to the mild GI dis-
ease group if the horses had non-strangulating intestinal 
obstructions or displacements without signs of second-
ary inflammation or ischemia of the intestines. Con-
versely, horses were placed in the severe GI disease group 
if the horses had inflammatory or strangulating intestinal 
diseases with ischemia of the intestine. Grouping of the 
horses was based on clinical signs (heart rate, respiratory 
rate, temperature and mucous membrane color), CBC, 
serum biochemistry including SAA, fibrinogen, rectal 
palpation, naso-gastric intubation, and, where appropri-
ate, abdominocentesis, transabdominal ultrasonography, 
surgery and post-mortem findings. Horses were con-
sidered to have systemic inflammation when there was 
both clinical or post mortem signs of inflammation like 
fever or edema in the intestinal wall and inflammatory 
changes in the blood samples such as leukopenia and 
increased SAA. Horses were considered to have intestinal 
ischemia when a segment of the intestine was found to be 
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strangulated and with circulatory changes at surgery or 
post mortem. Mares included in the study all were repro-
ductively inactive at the sampling point.

Blood sample handling and routine blood analysis
Blood samples were collected by jugular venipuncture 
using a 21 g needle and a vacutainer system (BD, Frank-
lin Lakes, NJ). Blood tubes (BD, Franklin Lakes, NJ) were 
collected in the recommended order [49] starting with 
the 3.2% 0.109 M sodium citrate tubes in a 1:9 ratio cit-
rate/blood, then serum separator tubes, and finally EDTA 
tubes. A total of 4 sodium citrate, 1 serum and 1 EDTA 
tubes were obtained in that order, with the first sodium 
citrate tube being discarded [49]. The remaining three 
sodium citrate blood tubes were used for hemostatic 
assays, while the serum and EDTA tubes were used for 
the routine biochemistry analysis and CBC (ADVIA 
2120i, Siemens Healthcare A/S, Ballerup, Denmark) 
including a blood smear evaluation, at the hospital’s 
Diagnostic Laboratorium. The serum and EDTA samples 
were stored at 4 °C until analysis.

Whole blood TEG with diluted tissue factor (TF) was 
measured 30 min after sampling in all horses. Platelet 
poor plasma (PPP) was created within a maximum of 
1 h by centrifugation of the sodium citrate tubes at room 
temperature at 2000 g for 15 min [13].. The PPP was 
stored at -80 °C until batch analysis of plasma-TEG, CAT, 
d-dimer, fibrinogen, aPTT, PT, and AT. Samples were 
thawed in a water bath for 4 min at 37 °C and then thor-
oughly mixed [49]. A platelet count below 10 × 109/L [50] 
in the PPP was ensured by platelet measurement prior to 
hemostatic analysis (ADVIA 2120i, Siemens Healthcare 
A/S, Ballerup, Denmark).

Hemostatic assays
Thrombin generation was measured with the CAT assay. 
The following four parameters were evaluated: Lag-time 
(min), which is the time until 1/6 of the total thrombin 
concentration is reached; the endogenous thrombin 
potential (ETP) (nM/min), which represents the total 
amount of thrombin generated; peak (nM), which is 
the maximal thrombin concentration, and time to peak 
(ttPeak) (min) (Thrombinoscope BV, Maastricht, The 
Netherlands). The Thrombinoscope software is for now 
only intended for research purposes.

The assay was activated by a manufacturer-supplied 
trigger solution (PPP reagent) (Triolab AS, Denmark). 
The measuring interval was set to 20 s, the temperature 
to 37.5 °C, and the measured time to 45 min. All analyses 
were performed in triplicates. In each well 80 μl of cit-
rated plasma was added to 20 μl of either the activator 
solution or thrombin calibrator solution as per the man-
ufacturers recommendation and described previously 

[13]. The activator solution used contained 5 pM TF and 
4 μM phospholipids. Thrombin generation was activated 
as per the manufacturers (Thrombinoscope BV, Maas-
tricht, The Netherlands) instruction by adding 20 μl of 
FluCa consisting of Fluo-Buffer containing CaCl2 and 
a fluorescent, and read by an automated highly specific 
plate reader.

Both plasma-TEG and whole blood-TEG analyses 
were performed using a computerized thromboelasto-
graph (TEG 5000 Haemostasis Analyzer, Haemoscope 
Corporation, Illinois, USA). The TEG machines were 
evaluated prior to daily use with the E-test, which is an 
electronic quality control. The following TEG param-
eters were recorded: Split point (SP) which is time to 
initial conversion of fibrinogen to fibrin; reaction time 
(R) which is time to initial fibrin clot formation; Clot-
ting time (K) which is the time from initial clot forma-
tion until reaching a predetermined level of clot strength 
(20 mm); Angle (α) which represents the speed of fibrin 
build up and cross-linking; Maximum amplitude (MA) 
which represents the maximum clot strength; Shear elas-
tic modulus strength (G) which is a linear function of the 
MA and considered a measure of global clot strength [51] 
and degree of fibrinolysis at 30 min (LY30%) and 60 min 
(LY60%) after MA. The analyses were run as per the 
manufacturer’s protocol for 2 h. Hypercoagulability for 
the CAT assay was defined as a shortened lagtime, ttPeak 
and a higher ETP and Peak compared to the clinically 
healthy group with one or more altered variable [52]. For 
TEG hypercoagulability was defined as a shorter R and 
K value and an increased angle degree, MA, and G (with 
any ≥1 index being abnormal) compared to the clinically 
healthy group. For both tests, the opposite situation was 
defined as hypocoagulability [3, 53–55].

Fibrinogen was measured with a PT-based assay using 
HemosIL RecombiPlastin on an ACL Top 500 (ILS Dan-
mark, Allerød, Denmark). D-dimer, aPTT, PT, and AT 
were measured on the automated machine STAGO STA 
Satellite coagulation analyzer (Triolab, Brøndby, Den-
mark) with different assays for each parameter accord-
ing to the manufacturers recommendations. D-dimer 
was analyzed with STA-Liatest D-Di + which is a pho-
tometric antibody-antigen assay based on murine 
D-dimer antibodies [16, 56], aPTT with STA-Cephas-
creen using kefalin as an activator which together with 
PT is a coagulometric assay, PT with STA-NeoPTi-
mal using rabbit thromboplastin, and AT with STA-
Stachrom ATIII using bovine thrombin which is a 
chromogenic assay [16].

Statistical analysis
Intra- and inter-assay coefficient of variation levels were 
calculated using Microsoft Excel 2016 (Washington, 
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USA), and levels below 5% were considered acceptable 
[30]. Remaining analyses were performed using Graph-
Pad Prism 8.3.0 (San Diego, California, USA).

Normality was assessed by the D’Agostino-Pearsons 
K-squared test. Comparisons between the three groups 
of horses were performed using a one-way ANOVA or 
a Kruskal-Wallis test depending on normality of data. 
As a post hoc test, either Tukey’s multiple comparisons 
test or Dunn’s multiple comparisons test was applied. 
Correlation tests (Spearman) between plasma-TEG 
MA, plasma-TEG G, and fibrinogen concentration 
were performed in order to evaluate whether these val-
ues were connected. The probability of significance was 
set at a level of < 0.05.
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Abstract  

Background 

Strongylus vulgaris causes thrombosis in the cranial mesenteric artery of the horse, which in some 
leads to non-strangulating intestinal infarctions (NSII). Diagnosing migrating S. vulgaris and NSII is 
challenging, and improved pathophysiological understanding and novel diagnostic markers are 
needed.  

The objectives of this study were to investigate whether horses with migrating S. vulgaris with and 
without NSII had hemostatic changes measurable with plasma-thromboelastography (TEG) and the 
Calibrated Automated Thrombogram (CAT), and whether they were distinguishable from clinically 
healthy horses (without S. vulgaris) and horses with severe GI diseases mimicking NSII. 

Horses underwent clinical examination and hematological and biochemical (including inflammatory 
makers) analysis including measurement of S. vulgaris antibodies. Citrated plasma samples were 
analyzed using d-dimer, plasma-TEG and CAT. Groups were compared using ANOVA and Tukey’s 
post hoc test. A logistic regression, receiver operating curves, and multinomial regression were used 
to differentiate the S. vulgaris NSII positive group.     

Results 

Clinically healthy horses (17), S. vulgaris NSII negative (18), S. vulgaris NSII positive (16), 
idiopathic peritonitis (20), enterocolitis (26), and strangulating lesions (26) were included.  

Plasma-TEG and CAT identified significant hemostatic changes in the S. vulgaris NSII negative and 
positive groups compared to the other groups. The S. vulgaris NSII positive group had a longer 
reaction time (TEG) than horses with strangulating lesions, as well as a higher maximum amplitude 
(MA, TEG), longer lag time (CAT) and time to peak (CAT) compared to horses with enterocolitis 
and strangulating lesions. The S. vulgaris NSII negative group had a higher angle (TEG) and MA as 
well as a longer lag time than the clinically healthy horses. 

A model including iron, serum amyloid A, angle, and endogenous thrombin potential (CAT) 
distinguished the S. vulgaris NSII positive group from the remaining groups to some extent.  

Conclusions 

Plasma-TEG and CAT showed hemostatic changes in the S. vulgaris NSII negative and positive 
groups. An overlap with the other groups made them suboptimal as diagnostic markers, yet they 
provided valuable information on hemostasis. A model combining inflammatory and hemostatic 
markers seemed to differentiate the S. vulgaris NSII positive group from the remaining groups.  

Keywords 

Equine, global hemostatic tests, hypercoagulability, non-strangulating intestinal infarctions, 
diagnostic biomarkers   
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Background 

Strongylus vulgaris is considered the most pathogenic intestinal parasite in the horse (1,2). It has a 
nearly six-month long prepatent phase during which it migrates in the cranial mesenteric artery and 
its branches. This migratory phase disrupts the endothelium of the arterial wall, which leads to 
verminous arteritis, thrombosis, and ultimately non-strangulating intestinal infarctions (NSII) in some 
horses (3). It is challenging to differentiate horses with idiopathic peritonitis from horses with NSII, 
as both are dominated by peritoneal inflammation (4,5). Both groups often present with mild 
intermittent colic, pyrexia, and peritonitis (4–6). Horses with idiopathic peritonitis most often require 
medical treatment, in contrast to horses with NSII that need immediate surgery for intestinal resection 
in order to survive (3–5). It is currently unknown why only some horses develop NSII (7,8), and it 
could be speculated that the development of NSII is related to horses experiencing a concomitant 
systemic inflammation that tips the hemostatic balance. An increase in the prevalence of S. vulgaris 
has been identified in Denmark (3,6,9), Sweden (10), and Italy (11) in recent decades. In the Nordic 
countries, it has been suggested that this is the result of a selective treatment strategy (9,10) combined 
with the difficulties in diagnosing S. vulgaris during the migratory larval stages. The only current 
definitive diagnostic method for NSII is an exploratory laparotomy or postmortem examination (6). 
Neither clinical nor standard laboratory variables are able to differentiate horses with NSII from 
horses with e.g. idiopathic peritonitis or enterocolitis.   

Pathophysiological alterations in the vasculature caused by the migrating stages of S. vulgaris affect 
the hemostasis of the host (2,12,13). In equine medicine, conventional hemostatic markers such as 
activated partial thromboplastin time (aPTT), prothrombin time (PT), antithrombin (AT), and d-dimer 
concentration have most commonly been used to evaluate hemostatic changes (14,15). However, 
these are static snapshots and only provide information about isolated aspects of the hemostatic 
process (16–19). Global hemostatic tests evaluate the entire hemostatic process from initiation to clot 
formation and fibrinolysis (20,21). Whole blood thromboelastography (TEG) has previously been 
used in horses (14,22–25). This method requires blood samples to be analyzed 30 min. after sampling 
to avoid unreliable results (24), which renders this test inaccessible for clinics without a TEG 
machine. Studies in dogs (26), pigs (27), and a recent study in horses (28) have examined TEG 
analyzed on citrated plasma. Despite the lack of cellular components, plasma-TEG has the advantage 
that samples can be stored for longer than whole blood prior to analysis, making TEG more available 
within a clinical setting. The Calibrated Automated Thrombogram (CAT) assay is used in humans 
(29–31) and dogs (32) and has recently been evaluated for use with equine citrated plasma (28). The 
CAT assay is a global hemostatic test, which allows for the direct measurement of thrombin 
generation. In human medicine, it has been used to evaluate both hypo- and hypercoagulable 
conditions (29,33,34). Both plasma-TEG and the CAT assay have recently been shown to detect 
hypercoagulability in horses with severe gastrointestinal (GI) disease (28), and it would therefore be 
of interest to examine their potential as diagnostic markers in horses with S. vulgaris both with and 
without clinical disease (NSII) in combination with systemic inflammatory markers. The objectives 
of this study were to investigate whether horses with migrating S. vulgaris with and without NSII had 
hemostatic changes measurable with plasma-TEG and CAT, and whether they were distinguishable 
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from clinically healthy horses (without S. vulgaris) and horses with severe GI diseases mimicking 
NSII. 

Results 

Horses 

The inclusion and exclusion of samples collected at the four facilities can be found in Fig. 1. 
Demographics for the six groups can be found in Table 1s (supporting information). There were no 
significant differences among groups for age or body weight (BW). A significant (p < 0.05) variation 
was seen in sex and breed distribution.  

 

Figure 1. An overview of the total number of sampled horses and inclusion and exclusion from each 
of the six groups: clinically healthy horses without migrating Strongylus vulgaris, horses with 
migrating S. vulgaris without clinical disease (S. vulgaris non-strangulating intestinal infarction 
(NSII) negative group), horses with migrating S. vulgaris with clinical disease (S. vulgaris NSII 
positive group), horses with idiopathic peritonitis, horses with enterocolitis, and horses with 
strangulating lesions. GI: gastrointestinal, PPID: Pituitary Pars Intermedia Dysfunction, TP: total 
protein, WBC: white blood cell count.   
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From the S. vulgaris NSII positive group 8/16 horses originated from one of the two Swedish 
sampling centers (the University Animal Hospital at the Swedish University of Agricultural Sciences, 
or Evidensia Helsingborg Equine Referral Hospital), with it being so for 17/20 horses with idiopathic 
peritonitis. 

Group comparison (plasma-thromboelastography) 

A group comparison of the investigated plasma-TEG variables can be found in Fig. 2 and Table 2s 
(supporting information). The S. vulgaris NSII negative group had a significantly increased angle 
(p = 0.0004), maximum amplitude (MA) (p = 0.01), and shear elastic force (G) (p = 0.003) compared 
to the clinically healthy group. The S. vulgaris NSII positive group had a significantly longer reaction 
time (R) (p = 0.04) than the horses with strangulating lesions. In addition the S. vulgaris NSII positive 
group had a significantly higher MA than the enterocolitis (p = 0.02) and strangulating lesions (p = 
0.02) groups, as well as a significantly higher G than the enterocolitis (p = 0.03) and strangulating 
lesions (p = 0.03) groups.    
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Figure 2. Group comparison for plasma-thromboelastography (TEG) across the six groups of horses: 
clinically healthy horses without migrating Strongylus vulgaris, horses with migrating S. vulgaris 
without clinical signs (S. vulgaris non-strangulating intestinal infarction (NSII) negative group), 
horses with migrating S. vulgaris with clinical disease (S. vulgaris NSII positive group), horses with 
idiopathic peritonitis, horses with enterocolitis, and horses with strangulating lesions. Lines show the 
median and interquartile range. SP: split point, MA: maximum amplitude, G: shear elastic force.  
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Group comparison (Calibrated Automated Thrombogram) 

A group comparison of the investigated CAT variables can be found in Fig. 3 and Table 3s (supporting 
information). The S. vulgaris NSII negative group had a significantly longer lag time (p = 0.02) than 
the clinically healthy group. The S. vulgaris NSII positive group had a significantly longer lag time 
than the horses with enterocolitis (p = 0.01) and strangulating lesions (p = 0.001). In addition, the S. 

vulgaris NSII positive group had a significantly longer time to peak (ttPeak) than the enterocolitis 
group (p = 0.002) and the horses with strangulating lesions (p = 0.002).  
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Figure 3. Group comparison for the Calibrated Automated Thrombogram (CAT) across the six 
groups of horses: clinically healthy horses without migrating Strongylus vulgaris, horses with 
migrating S. vulgaris without clinical disease (S. vulgaris non-strangulating intestinal infarction 
(NSII) negative group), horses with migrating S. vulgaris with clinical disease (S. vulgaris NSII 
positive group), horses with idiopathic peritonitis, horses with enterocolitis, and horses with 
strangulating lesions. Lines show the median and interquartile range. ETP: endogenous thrombin 
potential, ttPeak: time to peak. 
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Group comparison (clinical and laboratory variables)  

A comparison of the investigated clinical variables for each group can be found in Table 4s 
(supporting information). Clinical variables were not available for the S. vulgaris NSII negative group 
due to their semi-feral nature. There were no significant differences in heart rate (HR) among the 
groups with GI disease. Horses with idiopathic peritonitis had a significantly lower respiration rate 
(RR) than horses with strangulating lesions (p = 0.001). Rectal temperature was significantly higher 
in the S. vulgaris NSII positive group (p = 0.02) and idiopathic peritonitis group (p < 0.0001) than in 
the strangulating lesions group, as well as in the idiopathic peritonitis group (p = 0.0002) compared 
to the enterocolitis group.   

A comparison of the investigated laboratory variables for each group can be found in Fig. 4 and Table 
5s (supporting information). The S. vulgaris NSII positive group had significantly lower hematocrit 
(HCT) (p = 0.04) and iron (p = 0.01) than the enterocolitis group, and the iron concentration was also 
significantly lower than for the strangulating lesions group (p < 0.0001). Furthermore, the S. vulgaris 
NSII positive group had a significantly higher serum amyloid A (SAA) concentration than the 
enterocolitis (p = 0.0003) and strangulating lesions groups (p < 0.0001). The fibrinogen concentration 
was also significantly higher for the S. vulgaris NSII positive group than for the idiopathic peritonitis 
(p = 0.03) and strangulating lesions groups (p = 0.003). The strangulating lesions group had a 
significantly lower S. vulgaris antibody concentration (p = 0.04) than the S. vulgaris NSII positive 
group. 
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Figure 4. Group comparison for laboratory parameters across the six groups of horses: clinically 
healthy horses without migrating Strongylus vulgaris, horses with migrating S. vulgaris without 
clinical disease (S. vulgaris non-strangulating intestinal infarction (NSII) negative group), horses with 
migrating S. vulgaris with clinical disease (S. vulgaris NSII positive group), horses with idiopathic 
peritonitis, horses with enterocolitis, and horses with strangulating lesions. Lines show the median 
and interquartile range. WBC: white blood cell count, HCT: hematocrit, SAA: serum amyloid A. 

Differentiating horses with non-strangulating intestinal infarctions    

With the use of logistic regression, a model including iron, SAA, angle (plasma-TEG), and 
endogenous thrombin potential (ETP) (CAT) was able to classify whether or not horses belonged to 
the S. vulgaris NSII positive group (Table 1, Fig. 5, Fig. 6).  

Table 1. The model based on logistic regression included iron, serum amyloid A (SAA), angle 
(plasma-thromboelastography), and endogenous thrombin potential (ETP) (Calibrated Automated 
Thrombogram) and was able to classify whether or not horses belonged to the Strongylus vulgaris 
non-strangulating intestinal infarction (NSII) positive group.    

 Estimate Standard Error P-value 

Intercept 1.74 1.58 0.27 
Iron (mmol/L) -0.14 0.06 0.01 
SAA (mg/L) 0.0008 0.0002 0.0002 
Angle (degree) 0.05 0.03 0.14 
ETP (nM*min.) -0.01 0.004 0.002 

 

A decreased iron concentration, increased SAA concentration, increased angle (plasma-TEG), and 
decreased ETP (CAT) were indicative of belonging to the S. vulgaris NSII positive group (Table 2). 

Table 2. The odds including 95% confidence interval (CI) for iron, serum amyloid A (SAA), angle, 
and endogenous thrombin potential (ETP) of being classified in the Strongylus vulgaris non-
strangulating intestinal infarction (NSII) positive group. The considered change for SAA is +/- 1,000. 
For the remaining variables, it is +/- 1.  

 Odds 95% CI 

Iron (mmol/L) 0.87 0.78 - 0.97 
SAA (mg/L) 2.31 1.48 - 3.6 
Angle (degree) 1.05 0.99 - 1.11 
ETP (nM*min.) 0.99 0.98 - 0.99 

 

A probability set to 0.4 correctly classified 10/16 horses in the S. vulgaris NSII positive group, with 
6/16 horses as false negatives, and 5/102 horses as false positives (Fig. 5).  
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Figure 5. The estimated probability of being classified in the Strongylus vulgaris non-strangulating 
intestinal infarctions (NSII) positive group based on a model including iron, serum amyloid A (SAA), 
angle (plasma-thromboelastography), and endogenous thrombin potential (ETP) (Calibrated 
Automated Thrombogram). 

The cross-validated receiver operating curve (ROC) curve had an area under the curve (AUC) of 0.83 
and a cut-off set to 51.2% with an accuracy of 90.0%, which resulted in 2/103 being classified as 
false positives and 10/16 as false negatives (Fig. 6).  

 

Figure 6. Receiver operating curves (ROC) for the full dataset (black line) and the cross-validation 
(red line) for the logistic regression model including iron, serum amyloid A (SAA), angle (plasma-
thromboelastography), and endogenous thrombin potential (ETP) (Calibrated Automated 
Thrombogram).     
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Using a multinomial regression, the clinically healthy horses without S. vulgaris were classified with 
100% accuracy by the model without any overlap from the remaining groups. The S. vulgaris NSII 
negative group was also accurately classified. The four groups with severe GI disease showed a more 
substantial overlap in their predicted classification probabilities. The S. vulgaris NSII positive group 
showed a particularly marked overlap with the idiopathic peritonitis group, while the enterocolitis 
group showed a marked overlap with the strangulating lesions group (Fig. 7).  

 

Figure 7. A dot plot based on a multinomial regression showing the predicted probability of being 
classified in the six different groups of horses (clinically healthy horses without migrating Strongylus 

vulgaris, horses with migrating S. vulgaris without clinical disease (S. vulgaris non-strangulating 
intestinal infarction (NSII) negative group), horses with migrating S. vulgaris with clinical disease 
(S. vulgaris NSII positive group), horses with idiopathic peritonitis, horses with enterocolitis, and 
horses with strangulating lesions) based on a model including iron, serum amyloid A (SAA), angle 
(plasma-thromboelastography), and endogenous thrombin potential (ETP) (Calibrated Automated 
Thrombogram).     
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Discussion 

Plasma-TEG and CAT showed significant hemostatic changes in the S. vulgaris NSII negative and 
positive groups compared to clinically healthy horses without S. vulgaris and the remaining groups 
with severe GI disease (idiopathic peritonitis, enterocolitis, and strangulating lesions) (Fig. 2 and Fig. 
3). 

The inclusion of the S. vulgaris NSII negative group is unique and provides valuable information 
concerning subclinical changes in hemostatic variables within this population. This may support our 
understanding of the hemostatic pathophysiological changes caused by the parasite without the 
presence of a simultaneous systemic inflammation. In this study, both the S. vulgaris NSII negative 
group and the S. vulgaris NSII positive group had mixed hemostatic changes, as seen in Fig. 2 and 
Fig. 3. While the S. vulgaris NSII negative group were found to be hypercoagulable based on the 
plasma-TEG variables (23,35–37) when compared to clinically healthy horses (without S. vulgaris) 
(Fig. 2), a longer lag time in the CAT assay (Fig. 3) could be interpreted as a sign of hypocoagulability 
(38). For the S. vulgaris NSII positive group, plasma-TEG demonstrated a prolonged R time (Fig. 2), 
and CAT revealed a prolonged lag time and ttPeak (Fig. 3), which could be interpreted as 
hypocoagulability (23,35–38). In contrast, the S. vulgaris NSII positive group also had an increased 
MA and G for plasma-TEG (Fig. 2), which could be interpreted as hypercoagulability (23,35–37). It 
therefore seems that there was a prolonged initiation of clot formation, but an increased clot strength 
once the clot had formed. There is currently no precise explanation for this, but it could be related to 
the different sensitivities of the two assays in detecting hemostatic changes and the choice of activator 
in each assay. Both plasma-TEG and CAT have only recently been used in equine medicine (28) and 
there is a substantial overlap for the investigated variables among the groups (Fig. 2 and 3). These 
findings should be explored further in future studies. However, for the S. vulgaris NSII positive group, 
it could be speculated that a delay in admission to a hospital facility in some of these cases might 
occur as they often initially present with pyrexia and none too mild colic signs (6). In addition, as 
horses with NSII caused by S. vulgaris mimic horses with idiopathic peritonitis and enterocolitis 
requiring medical treatment (4,39,40), the timespan from admission to surgery might also be 
prolonged. The long initiation phase in the assays could therefore be explained by a consumption of 
procoagulant factors, insufficient coagulation factor activity, or an imbalance in the regulatory and 
inhibitory hemostatic system. The increased clot strength could be explained by the presence of 
microparticles from activated endothelial cells (41) or an imbalance in the fibrinolytic system. These 
hypotheses should be investigated further. Nonetheless, global hemostatic markers still proved 
valuable in assessing the hemostatic balance of the horse.   

The identified model showed that a combination of inflammatory markers (decreased iron 
concentration and increased SAA concentration) and hemostatic parameters (increased angle and 
decreased ETP) seemed to be able to distinguish the S. vulgaris NSII positive group from the 
remaining groups (Table 2). However, using this model as the sole diagnostic tool would mean that 
some horses in the S. vulgaris NSII positive group would go unnoticed (Fig. 5), resulting in a fatal 
outcome. This model can therefore not stand alone in diagnosing NSII caused by S. vulgaris. It may 
be that combining this model with clinical findings indicative of NSII might add to the diagnostic 
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sensitivity of the model. As a consequence, it appears that the safest protocol in areas with a high 
prevalence of S. vulgaris in horses with a history of insufficient deworming presenting with a rectal 
mass, septic peritonitis, and during winter (5,6,42) would be to recommend an explorative laparotomy 
to confirm or refute NSII (5,42). This might be unrealistic in countries with a high prevalence of 
idiopathic peritonitis (42), thus underlining the need for a specific diagnostic tool for NSII.  

It would be interesting to explore why the S. vulgaris NSII negative group with large numbers of S. 

vulgaris and clear hemostatic changes do not develop clinical disease. One likely explanation is that 
this herd is subject to minimal external stressors. They are not exercised, transported, or moved, and 
remain within the same herd under the same management routines. Stress has been shown to 
negatively influence the immune response (43,44) and it is possible that horses can cope with a S. 

vulgaris infection as long as they do not experience considerable stress and are not affected by 
concurrent disease causing systemic inflammation. This is supported by the established model, which 
includes both inflammatory markers and hemostatic parameters in order to distinguish the S. vulgaris 
NSII positive group.  

As shown in Fig. 7, there was a marked overlap between the S. vulgaris NSII positive group, the 
idiopathic peritonitis group, and the enterocolitis group when the model was used to predict the S. 

vulgaris NSII positive group. It is challenging to differentiate horses with idiopathic peritonitis (4–6) 
and peracute enterocolitis (5,39,40) from horses with NSII (4–6), though horses with enterocolitis are 
often more systemically affected, as reflected by the higher HCT (Fig. 4). In this study, we could not 
be certain that the horses with idiopathic peritonitis, enterocolitis, and strangulating lesions were free 
of migrating S. vulgaris larvae, but none of them suffered from NSII. It could therefore be speculated 
that some of the horses in these disease groups, both in the study and in general, could also have 
lesions caused by migrating S. vulgaris larvae.        

Only horses with strangulating lesions had a S. vulgaris antibody concentration that differed from the 
S. vulgaris NSII positive group. In addition, the clinically healthy horses without S. vulgaris had 
antibody concentrations that would be considered positive for S. vulgaris (5,45). However, the finding 
of seropositive horses in the clinically healthy group is not surprising as S. vulgaris is enzootic in 
Denmark. The clinically healthy horses were treated with an anthelmintic product containing either 
ivermectin or moxidectin two weeks prior to being sampled. It has been shown that horses treated 
with ivermectin can have a significant increase in S. vulgaris antibody concentration for up to 53 days 
post treatment, and that it can take up to five  months for concentrations to decrease back to normal 
(46). The finding therefore indicates that the clinically healthy horses had a current or previous 
infection with S. vulgaris at the time of anthelmintic treatment, and paired antibody measurements 
could potentially help to clarify this. Furthermore, there could also be a level of cross-reactivity with 
other large strongyles, although this seems less likely from the literature (45). The antibody 
concentration therefore does not seem applicable as a diagnostic marker for acute disease related to 
S. vulgaris in a clinical setting.  

This study should be considered as an exploratory study laying the groundwork for further research. 
Even though the total number of horses included in this study was relatively large, assigning them to 
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six different groups rendered the group sizes relatively small. A priori power calculations indicated 
that a group size of around 20 horses per group should be sufficient, but a larger population of horses 
was required for some variables due to a large overlap between groups.   

Conclusion 

Plasma-TEG and CAT showed significant hemostatic changes in the S. vulgaris NSII negative and 
positive horses. Both groups had a mixture of hemostatic changes and could be considered both hypo- 
and hypercoagulable compared to the clinically healthy horses without S. vulgaris and horses with 
other severe GI diseases (idiopathic peritonitis, enterocolitis, and strangulating lesions). A model 
combining serum iron, SAA, angle, and ETP was able to distinguish the S. vulgaris NSII positive 
group from the remaining groups to a certain extent. Global hemostatic tests appear to be useful in 
describing the horse’s hemostatic balance and can aid in assessing the risk of NSII. 

Methods 

This was an explorative international multicenter study. Samples were collected at a) the Large 
Animal Teaching Hospital at the University of Copenhagen, Denmark from December 2017 through 
March 2021; b) the University Animal Hospital at the Swedish University of Agricultural Sciences, 
Sweden, and c) Evidensia Helsingborg Equine Referral Hospital, Sweden, from January 2018 through 
March 2021. In addition, samples were collected at d) Gluck Equine Research Center at the University 
of Kentucky, USA, in October and November 2018. Approval was obtained from the ethical boards 
at each facility and written consent was acquired from the owners of the horses.   

Horses  

Six groups of horses were included in the study: i) clinically healthy horses without S. vulgaris, ii) 
horses with migrating S. vulgaris larvae without clinically overt disease (S. vulgaris NSII negative), 
iii) horses with migrating S. vulgaris larvae with clinically overt disease (S. vulgaris NSII positive), 
iv) horses with idiopathic peritonitis, v) horses with enterocolitis, and vi) horses with strangulating 
intestinal lesions. Horses were excluded from the study if they were younger than one year. For 
specific inclusion criteria for each group, see Table 3.  
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Table 3. Inclusion criteria for the six groups of horses.  

Group 
Sample 

facility 
Inclusion criteria 

i) Clinically 
healthy  

a 
- Horses with a clinical examination (heart rate, respiration rate, rectal 

temperature, borborygmus), complete blood count (CBC), and serum 
biochemistry profiles including serum amyloid A (SAA) and fibrinogen 
concentration within normal limits.  

- No recent history or current signs of colic.  
- No clinical or laboratory signs of acute or chronic systemic 

inflammation. 
- Treated with an anthelmintic treatment containing either ivermectin or 

moxidectin between one and two weeks prior to being examined and 
samples being collected.   

ii) S. vulgaris 
NSII negative 

d 
- Horses with migrating S. vulgaris larvae without clinically overt 

disease (NSII), i.e. no recent history or current signs of colic.  
- A well-described herd with no anthelmintic intervention since 1979 

(47), in which large strongyles including S. vulgaris are highly 
prevalent (7,8).  

- Presence of S. vulgaris confirmed via coproculture as previously 
described (48) and a positive S. vulgaris antibody titer (> 13.47%) (45). 
- The antibody titer was established with an indirect antibody 

enzyme-linked immunosorbent assay (ELISA) using recombinant 
SvSXP protein as antigen as previously described (3,45). Results 
were reported as the normalized value, percentage of a positive 
control (PP) (45).  

- Horses were semi-feral and of mixed light breed. 
iii) S. vulgaris 
NSII positive 

a, b, c 
- Horses with migrating S. vulgaris larvae with clinically overt disease 

(NSII)  
- Confirmed at surgery or postmortem examination.  
- Criteria for NSII were as previously described (6):  

- One or more areas of localized intestinal infarction identified at 
surgery or postmortem examination without signs of strangulation 
such as a clear volvulus or signs of diffuse enterocolitis.  

- Additionally, in cases of euthanasia, horses in this group were 
found to have signs of migrating S. vulgaris larvae, seen as 
thrombosis and arteritis, in the cranial mesenteric artery and/or its 
branches, present at postmortem examination.  

- Horses that survived had signs of arteritis and/or larvae present on 
histology of the resected intestinal segment.  

iv) Idiopathic 
peritonitis 

a, b, c 
- Horses with a peritoneal fluid sample with a white blood cell count 

(WBC) > 10x109 cells/L and a peritoneal total protein > 20 g/L. 
- Horses survived and recovered solely with medical treatment or had no 

apparent cause for the peritonitis identified at surgery or postmortem 
(49). 

v) Enterocolitis 
a 

Horses with peracute and acute colitis:  
- Horses referred for evaluation of acute abdominal pain or diarrhea of 

maximum 48 hours duration prior to admission,  
- or identified with diarrhea within 48 of admission, 
- or horses without diarrhea but a very short, intense course of disease 

and a postmortem diagnosis of enterocolitis or typhlocolitis.  
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- Postmortem diagnosis was based on macroscopic signs of generalized 
intestinal inflammation (hyperemia, necrosis and edema) with no signs 
of strangulation.  
 

Horses with duodenitis-proximal jejunitis:  
- Horses with excessive gastric reflux (> 20 L) of > 24 hours duration 

that responded to medical treatment or where no concomitant 
mechanical obstruction was identified at surgery or postmortem (50). 

v) Strangulating 
lesions 

a 
- One or more strangulating intestinal lesions in the ileum, jejunum, 

and/or ascending colon confirmed at either surgery or postmortem.  

 

Power calculations based on ETP, R, angle, and MA values from a recent study looking at plasma-
TEG and CAT in horses with GI disease (28) indicated that around 16-35 horses in each group would 
be sufficient to detect a potential difference.   

Blood sample handling and blood analysis 

As described previously (28) blood samples were taken by jugular venipuncture using a 21 g needle 
and a vacutainer system. Blood tubes were collected starting with the 3.2% 0.109M sodium citrate 
tubes with a 1:9 citrate/blood ratio, then serum separator tubes, and lastly EDTA tubes, which is the 
recommended order (51). The first sodium citrate tube was discarded. The remaining sodium citrate 
blood tubes were used for hemostatic analysis (fibrinogen, d-dimer, plasma-TEG, and CAT). The 
serum tubes were used for routine biochemical analysis including iron and SAA, and the EDTA tubes 
were used for complete blood cell count (CBC).   

Samples collected at the Large Animal Teaching Hospital at the University of Copenhagen were 
analyzed according to in-house protocols for CBC (ADVIA 2120i, Siemens Healthcare A/S, Ballerup, 
Denmark) and biochemistry (ADVIA 1800, Siemens Healthcare A/S, Ballerup, Denmark). The latter 
was also used for samples from the S. vulgaris NSII negative group and samples collected at the 
University Animal Hospital at the Swedish University of Agricultural Science and Evidensia 
Helsingborg Equine Referral Hospital. For the S. vulgaris NSII negative group, CBC was analyzed 
according to in-house protocols at the University of Kentucky Vet Diagnostic Laboratory (Genesis 
Hematology Analyzer, Oxford Science, Oxford, Connecticut, USA). For horses from Sweden, CBC 
was analyzed according to in-house protocols at the University Animal Hospital at the Swedish 
University of Agricultural Science (ADVIA 2120i, Siemens, Erlangen, Germany) or Evidensia 
Helsingborg Equine Referral Hospital (Idexx Procyte Dx, Idexx Europe, Netherlands). The serum 
and EDTA samples were stored at 4℃ until analysis. The sodium citrate tubes were centrifuged at 
room temperature at 2,000 g for 15 min. within a maximum of four hours from sample collection 
(32). The citrated plasma was stored at -80℃ until batch analysis (plasma TEG, CAT, d-dimer, and 
fibrinogen concentration). Samples were thawed in a water bath for 4 minutes at 37℃ and thoroughly 
mixed prior to analysis (51). 
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Hemostatic assays 

Plasma-TEG was performed as previously described (26,28,52). Diluted tissue factor (TF) was 
applied as the activator using a computerized thromboelastograph (TEG 5000 Hemostasis Analyzer, 
Haemoscope Corporation, Illinois, USA). The TEG machines were prior to daily use evaluated with 
an E-test, which is an electronic quality control, and analyses were run according to the 
manufacturer’s protocol. The recorded plasma-TEG variables are described in Table 4.    

Table 4. Variables recorded for plasma-thromboelastography (TEG). 

Variable Unit Description  

Split point (SP) min. Time to initial conversion of fibrinogen to fibrin. 
Reaction time (R) min. Time to initial fibrin clot formation. 

Clotting time (K) min. 
Time from initial clot formation until a preset level of clot 
strength is reached (20 mm). 

Angle Degrees Speed of fibrin build up and cross-linking. 
Maximum amplitude 
(MA) 

mm. Maximum clot strength. 

Shear elastic force 
(G) 

(dynes/cm2) 
A linear function of the MA and a measure of global clot 
strength. 

Lysis 30 min. (Ly30) % Degree of fibrinolysis 30 minutes after MA. 
Lysis 60 min. (Ly60) % Degree of fibrinolysis 60 minutes after MA. 

 

Thrombin generation was measured using the CAT assay (Thrombinoscope BV, Maastricht, The 
Netherlands) (28,32). The recorded CAT variables are described in Table 5.  

Table 5. Variables recorded for the Calibrated Automated Thrombogram (CAT) assay. 

Variable  Unit Description  

Lag time min. 
Time until 1/6 of the total thrombin concentration is 
reached. 

Endogenous Thrombin 
potential (ETP) 

nM*min.  The total amount of thrombin generated. 

Peak nM Maximal thrombin concentration. 
Time to peak (ttPeak) min. Time to maximal thrombin concentration. 

 

As previously described (28), the assay was activated by a trigger solution (PPP reagent) (Triolab 
AS, Denmark). The temperature was set to 37.5℃, with a measuring interval of 20 seconds, and the 
measured time was set to 45 minutes. All analyses were performed in duplicate. In each well, 80 µl 
of citrated plasma was added to 20 µl of either the activator solution or thrombin calibrator solution 
as per the manufacturer’s recommendation and as previously described (28,32). The activator solution 
used contained 5 pM TF and 4 µM phospholipids. Thrombin generation was activated by adding 20 
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µl of FluCa, consisting of Fluo-Buffer containing CaCl2 and a fluorescent reagent, and was read by 
an automated plate reader.  

For plasma-TEG, hypercoagulability was defined as a shorter R and/or K time and/or an increased 
angle, MA, and G, with one or more altered variables compared to the clinically healthy group (23,35–
37). Hypercoagulability for CAT was defined as a shortened lag time and/or ttPeak and/or a higher 
ETP and peak with one or more altered variables compared to the clinically healthy group (38). For 
both tests, the opposite finding was defined as hypocoagulability.  

The fibrinogen concentration was measured on an ACL Top 500 with a PT-based assay using 
HemosIL RecombiPlastin (ILS Danmark, Allerød, Denmark) as previously described (28). D-dimer 
was measured on the automated machine STAGO STA Satellite coagulation analyzer (Triolab, 
Brøndby, Denmark). D-dimer was analyzed using STA-Liatest D-Di+, which is a photometric 
antibody-antigen assay based on murine D-dimer antibodies (15,16).   

Additional variables 

All samples were analyzed for S. vulgaris-specific antibodies expressed as a percentage of a positive 
control (PP) using a validated ELISA at the University of Kentucky, as previously described (3,45) 
(Table 3).  

Statistical analysis 

Analyses were performed using R (R Core Team (2020) R: A Language and Environment for 
Statistical Computing, Addison R Foundation for Statistical Computing, Vienna, Austria) and 
GraphPad Prism 8.3.0 (San Diego, California, USA). The probability of significance was set to 5%. 
Normality was assessed visually and using Shapiro-Wilk’s test. Where necessary, data were log or 
log2  transformed in order to achieve normality. ANOVA was used to compare groups with regard 
to: HR, RR, temperature, white blood cell count (WBC), HCT, platelet count (PLT), total protein 
(TP), iron, SAA, fibrinogen, mean platelet volume (MPV), mean platelet component (MPC), d-dimer, 
S. vulgaris antibodies, for plasma TEG: SP, R, K, angle, MA, G, Ly30, Ly60, and for CAT: lag time, 
ETP, peak and ttPeak. Post hoc analyses were carried out with Tukey’s multiple comparisons test. A 
logistic regression analysis was performed to assess potential differences in chosen diagnostic 
variables (iron, SAA, fibrinogen, S. vulgaris antibodies, d-dimer; plasma-TEG: R, K, angle, MA; 
CAT: lag time, ETP, peak, and ttPeak) linked to the six groups of horses. Initially, data imputation 
was performed to address a number of missing values (for details, see the Statistical appendix in the 
supporting information), then a logistic regression model was used to analyze differences between 
the S. vulgaris NSII positive group (y=1) and the other groups (y=0). For details on model selection 
and diagnostics, please refer to the Statistical appendix (supporting information). Two ROC curves 
were generated from the model, one with all data included when fitting the model and the other using 
a jackknife, i.e. leave-one-out, cross-validation. As an extension to this analysis, a multinomial 
regression model was used to investigate differences across all six groups. 
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Abbreviations 

aPTT Activated partial thromboplastin time 
AT Antithrombin  
AUC Area under the curve 
BW Body weight 
CAT Calibrated Automated Thrombogram 
CBC Complete blood count 
CI confidence interval 
ELISA Enzyme-linked immunosorbent assay 
ETP Endogenous thrombin potential (CAT) 
G Shear elastic force (TEG) 
GI Gastrointestinal 
HCT Hematocrit 
HR Heart rate 
K Clotting time (TEG) 
LY30 Fibrinolysis 30 min after MA (TEG) 
LY60  Fibrinolysis 60 min after MA (TEG) 
MA Maximum amplitude (TEG) 
MPC Mean platelet component 
MPV Mean platelet volume 
NSII  Non-strangulating intestinal infarction 
PLT Platelet 
PT Prothrombin time 
R Reaction time (TEG) 
ROC Receiver operating curve 
RR Respiration rate 
SAA Serum amyloid A 
SP Split point (TEG) 
TEG Thromboelastography  
TF Tissue factor 
TP Total protein 
ttPeak Time to peak (CAT) 
WBC White blood cell count 
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Supporting information 

Table 1s. Demographic data from the six groups of horses: clinically healthy horses without 
migrating Strongylus vulgaris, horses with migrating S. vulgaris without clinical disease (S. vulgaris 
non-strangulating intestinal infarction (NSII) negative group), horses with migrating S. vulgaris with 
clinical disease (S. vulgaris NSII positive group), horses with idiopathic peritonitis, horses with 
enterocolitis, and horses with strangulating lesions. Age and body weight (BW) are displayed as the 
mean with minimum and maximum values. 

  Clinically healthy 

horses 
Horses with severe gastrointestinal disease  

 
Clinically 

healthy 
(n = 17) 

S. vulgaris 
NSII 

negative 
(n = 18) 

S. vulgaris  
NSII 

positive 
(n = 16) 

Idiopathic 
peritonitis 
(n = 20) 

Entero- 
colitis 

(n = 26) 

Strangulating 
lesions 
(n = 26) 

P-value 

Sex        
Stallions  1 (6%)  1 (5%) 2 (8%)   
Geldings 2 (12%)  7 (44%) 11 (55%) 15 (58%) 15 (58%) 0.001 
Mares 15 (88%) 17 (94%) 9 (56%) 8 (40%) 9 (34%) 11 (42%)  

Breed        
Warm-
bloods 

16 (94%)  4 (25%) 12 (60%) 12 (46%) 14 (54%)  

Cold-
bloods 

  5 (31%) 8 (40%) 14 (54%) 7 (27%) < 0.0001 

Unknown 1 (6%) 18 (100%) 7 (44%)   5 (19%)  
Age 
(years) 

13.1 
(5.9-25.6) 

11.6 
(6-17) 

10.2 
(3.5-21) 

12 
(2-22) 

11.8 
(2.8-27) 

11.9 
(1.4-26) 

0.7 

BW (kg) 
564.4 

(411-695) 
NA I 

502.9 
(387-632) 

503.7 
(356-600) 

478.4 
(251-660) 

484.8 
(338-700) 

0.1 

I Not recorded. 
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Table 2s. Analysis of plasma-thromboelastography (TEG) for clinically healthy horses without 
migrating Strongylus vulgaris, horses with migrating S. vulgaris without clinical signs (S. vulgaris 
non-strangulating intestinal infarction (NSII) negative group), horses with migrating S. vulgaris with 
clinical disease (S. vulgaris NSII positive group), horses with idiopathic peritonitis, horses with 
enterocolitis, and horses with strangulating lesions. Values are displayed as the median and 1st–3rd 
quartiles.  

 Clinically healthy 

horses 
Horses with severe gastrointestinal disease  

 
Clinically 

healthy  

S. vulgaris 

NSII 

negative 

S. vulgaris 

NSII 

positive  

Idiopathic 

peritonitis 

Entero-

colitis  

Strangu-

lating 

lesions  

P-value 

SP  

(min.) 

11.8 

(10.3-12.6) 

8.6 

(7.2-10.8) 

12.3 

(10.6-14.5) 

9.5 

(7.9-12.6) 

10.0 

(7.8-12.0) 

9.1 

(7.4-10.6) 
0.03 * 

R  

(min.) 

13.2 

(12.8-15.2) 

9.7 

(8.2-11.6) 

14.2 

(12.1-16.3) 

11.4 

(9.1-13.7) 

11.2 

(8.5-14.7) 

10.3 

(7.8-11.6) 
0.01 

K  

(min.) 

5.8 

(3.8-10.6) 

3.2 

(2.5-4.5) 

3.2 

(2.7-5.6) 

3.3 

(2.1-3.9) 

4.1 

(2.5-5.4) 

3.4 

(2.3-7.1) 
0.1 

Angle  

(degree) 

23.4 

(16.8-40.2) 

49.9 

(43.4-57.0) 

50.2 

(38.3-54.2) 

48.7 

(39.8-55.1) 

43.6 

(34.4-55.7) 

48.4 

(29.5-57.3) 
0.0001 

MA  

(mm) 

23.1 

(17.8-26.5) 

30.8 

(28.5-38.0) 

39.9 

(26.6-46.4) 

31.2 

(24.2-42.9) 

26.3 

(21.8-33.6) 

28.6 

(22.5-33.8) 
< 0.0001 

G  

(dynes/cm2) 

1.5 

(1.1-1.8) 

2.2 

(2.0-3.1) 

3.3 

(1.9-4.4) 

2.3 

(1.6-3.8) 

1.8 

(1.4-2.5) 

2.0 

(1.5-2.6) 
< 0.0001 

SP: split point, R: reaction time, K: clot formation time, MA: maximum amplitude, G: shear elastic 
force, LY30: lysis 30 minutes, LY60: lysis 60 minutes (min.).  
* No significant difference between groups on post hoc analysis. 
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Table 3s. Analysis of the Calibrated Automated Thrombogram (CAT) assay for clinically healthy 
horses without migrating Strongylus vulgaris, horses with migrating S. vulgaris without clinical signs 
(S. vulgaris non-strangulating intestinal infarction (NSII) negative group), horses with migrating S. 

vulgaris with clinical disease (S. vulgaris NSII positive group), horses with idiopathic peritonitis, 
horses with enterocolitis, and horses with strangulating lesions. Values are displayed as the median 
and 1st–3rd quartiles.  

 
Clinically healthy 

horses 
Horses with severe gastrointestinal disease  

 
Clinically 

healthy  

S. vulgaris 

NSII 

negative 

S. vulgaris 

NSII 

positive  

Idiopathic 

peritonitis 

Entero-

colitis  

Strangu-

lating 

lesions  

P-value 

Lag time 

(min.) 

4.2 

(3.8-4.4) 

5.9 

(5.3-7.3) 

9.2 

(4.9-11.1) 

7.3 

(5.2-8.9) 

4.5 

(3.5-6.5) 

4.2 

(3.5-5.3) 
< 0.0001 

ETP 

(nM*min.) 

402.1 

(315.9-

597.2) 

427.0 

(365.4-

509.7) 

443.3 

(327.7-

719.0) 

611.3 

(556.3-

663.8) 

542.9 

(455.3-

668.1) 

589.7 

(444.3-

635.5) 

0.01 

Peak  

(nM) 

36.0 

(31.4-52.0) 

48.8 

(37.2-55.8) 

45.3 

(30.5-64.8) 

53.9 

(42.1-66.9) 

62.9 

(48.8-82.5) 

57.9 

(50.8-75.2) 
0.03 

ttPeak 

(min.) 

11.9 

(11.5-12.8) 

13.2 

(11.5-15.6) 

15.6 

(12.1-20.0) 

15.7 

(12.9-17.3) 

10.7 

(9.3-14.2) 

11.5 

(8.6-13.5) 
< 0.0001 

ttPeak: time to peak, ETP: endogenous thrombin potential. 

Table 4s. Clinical data from the six groups of horses: clinically healthy horses without migrating 
Strongylus vulgaris, horses with migrating S. vulgaris without clinical disease (S. vulgaris non-
strangulating intestinal infarction (NSII) negative), horses with migrating S. vulgaris with clinical 
disease (S. vulgaris NSII positive), horses with idiopathic peritonitis, horses with enterocolitis, and 
horses with strangulating lesions. Values are displayed as the median with minimum and maximum 
values.   

  Clinically healthy 

horses 
Horses with severe gastrointestinal disease  

 
Clinically 
healthy I 

(n = 17) 

S. vulgaris 
NSII 

negative II 

(n = 18) 

S. vulgaris  
NSII 

positive 
(n = 16) 

Idiopathic 
peritonitis 
(n = 20) 

Entero- 
colitis 

(n = 26) 

Strangu-
lating 

lesions 
(n = 26) 

P-value 

HR  
(beats/min.) 

36-40 NA 
56 

(40-96) 
50 

(36-72) 
56 

(36-84) 
55 

(36-120) 
< 0.0001 

RR  
(breaths/min.) 

10-18 NA 
24 

(10-40) 
12 

(10-25) 
18 

(10-80) 
24 

(8-52) 
0.003 

Temperature  
(degrees) 

37.5-38.0 NA 
38.1 

(37.3-39.4) 
38.5 

(37.4-40.0) 
37.6 

(35.8-40.3) 
37.5 

(35.7-38.7) 
< 0.0001 

I Clinical variables were within the indicated intervals. 
II Heart rate (HR), respiration rate (RR), and temperature not recorded. 
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Table 5s. Laboratory variables from the six groups of horses: clinically healthy horses without 
migrating Strongylus vulgaris, horses with migrating S. vulgaris without clinical disease (S. vulgaris 
non-strangulating intestinal infarction (NSII) negative), horses with migrating S. vulgaris with 
clinical disease (S. vulgaris NSII positive), horses with idiopathic peritonitis, horses with 
enterocolitis, and horses with strangulating lesions. Values are displayed as the median with 1st–3rd 
quartiles.  

  
Clinically healthy 

horses 
Horses with severe gastrointestinal disease  

 
Clinically 

healthy 
(n = 17) 

S. vulgaris 
NSII 

negative 
(n = 18) 

S. vulgaris 
NSII 

positive 
(n = 16) 

Idiopathic 
peritonitis 
(n = 20) 

Entero- 
colitis 

(n = 26) 

Strangu-
lating 

lesions 
(n = 26) 

P-value 

WBC 
(mia./L)  

6.1 
(5.7-6.6) 

9.8 
(8.9-11.3) 

3.1 
(2.8-5.9) 

6.7 
(6.0-8.6) 

4.3 
(2.5-8.2) 

7.7 
(6.3-9.5) 

< 0.0001 

HCT  
(%)  

37.0 
(34.5-40.0) 

40.5 
(37.2-46.9) 

37.0 
(29.9-40.8) 

32.2 
(30.5-34.3) 

44.5 
(35.0-50.3) 

38.0 
(32.8-46.8) 

< 0.0001 

PLT 
(mia./L)  

128.0 
(116-140) 

NA 
113.0 

(90-151.5) 
129.0 

(118-176.5) 
129.0 

(90.8-172) 
139.0 

(110-185) 
0.4 

MPV  
(fl)  

7.8 
(6.9-8.8) 

NA 
6.8 

(6.5-7.0) 
6.8 

(6.7-6.9) 
6.7 

(6.2-7.4) 
6.8 

(6.5-7.5) 
0.02 

MPC  
(g/L)  

228.0 
(219-244) 

NA 
259.5 

(192-286.5) 
251.0 

(248-262) 
240.0 

(213-262.5) 
253.0 

(229-265) 
0.8 

SAA  
(mg/L) 

0.0 
(0.0-0.4) 

0.95 
(0.0-14.2) 

1912.0 
(641.8-
6336) 

1828.0 
(1049-
3184) 

682.1 
(1.4-1663) 

2.9 
(0.0-51.2) 

< 0.0001 

Fibrinogen  
(g/L) 

3.3 
(2.9-3.4) 

4.1 
(3.8-4.4) 

4.4 
(4.1-7.5) 

3.9 
(3.2-4.9) 

4.2 
(3.3-4.7) 

3.4 
(3.2-4.3) 

0.0001 

TP  
(g/L) 

64.7 
(60.9-66.3) 

72.8 
(70.1-74.9) 

65.4 
(51.2-72.8) 

64.5 
(53.5-69.3) 

54.5 
(50-62) 

60.5 
(56.9-70) 

0.001 

Iron 
(umol/L) 

26.2 
(22.6-32.5) 

13.3 
(11.5-19.5) 

5.5 
(4.8-9.3) 

6.2 
(3.0-19.9) 

15.4 
(7.2-24.9) 

20.4 
(11.8-28.7) 

< 0.0001 

D-dimer  
(mg/L) 

0.14 
(0.13-0.19) 

0.24 
(0.2-0.31) 

0.5 
(0.3-1.1) 

0.4 
(0.3-0.7) 

0.4 
(0.2-0.6) 

0.3 
(0.18-0.8) 

0.0004 

S. vulgaris 
antibody 
titer (%) 

32.2 
(18.9-45.3) 

58.4 
(33.2-82.4) 

38.5 
(20.2-63.3) 

23.1 
(4.8-37.8) 

19.8 
(2.8-35.0) 

15.6 
(4.2-29.5) 

< 0.0001 

WBC: white blood cell count, HCT: hematocrit, PLT: platelet count, MPV: mean platelet volume, 
MPC: mean platelet component, SAA: serum amyloid A, TP: total protein. 
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Statistical appendix 

Data imputation 

A total of 123 horses were included in the study. Among the 15 variables, there were a number of 
missing values (NAs). Tables 6s and 7s presents the observations per group and the amount of missing 
information per group. It was noticeable that the clotting time (K) from the plasma-
thromboelastography (TEG) were missing in six horses in group 1 (clinically healthy horses) and 
serum amyloid A (SAA) were missing in four horses in group 2 (Strongylus vulgaris non-
strangulating intestinal infarction (NSII) negative). In addition, in groups 5 (enterocolitis) and 6 
(strangulating lesions) multiple variables had missing values. However, it was found that out of the 
123 horses only four (ID no = 18, 19, 319, 460) were missing two or more observations. These horses 
were all from groups 5 (enterocolitis) and 6 (strangulating lesions) (two in each) which had the most 
observations, see Table 6s. Hence, we excluded these four horses entirely from the analysis.   

Table 6s. Number of observations in each group. 

Group  Observations (n) 

1: Clinically healthy 17 
2: S. vulgaris NSII negative  18 
3: S. vulgaris NSII positive 16 
4: Idiopathic peritonitis  20 
5: Enterocolitis  26 
6: Strangulating lesions 26 
Total  123 

 

Table 7s. Missing values for each group (1: clinically healthy horses without Strongylus vulgaris, 2: S. 

vulgaris non-strangulating intestinal infarction (NSII) negative, 3: S. vulgaris NSII positive, 4: 
idiopathic peritonitis, 5: enterocolitis, and 6: strangulating lesions). TEG: thromboelastography, CAT: 
Calibrated Automated Thrombogram, SAA: serum amyloid A, R: reaction time, K: clotting time, MA: 
maximum amplitude, ETP: endogenous thrombin potential, ttPeak: time to peak. 

      Plasma-TEG CAT 

Group Iron SAA 
Fibrin- 
ogen 

D-
dimer 

S. 

vulgaris 
antibody 

titer 

R K Angle MA 
Lag 
time 

ETP Peak ttPeak 

1  0 0 0 0 0 0 6 0 0 0 0 0 0 

2 0 4 1 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 1 0 0 0 0 0 0 
4 0 0 0 0 0 0 1 0 0 0 0 0 0 

5 0 0 0 0 0 2 5 2 2 0 0 0 0 
6 0 0 1 1 1 1 3 1 1 1 1 1 1 
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Among the remaining variables, K was missing from a substantial number of horses. This was due to 
the plasma samples not reaching a preset level of clot strength as this has been established for human whole 

blood samples. We therefore excluded the K variable.  

This left four missing values in SAA and one in fibrinogen among the horses in group 2 (S. vulgaris 
NSII negative). Figure 1s shows boxplots of the observed fibrinogen values for each group. The 
values in group 2 were distributed with a small dispersion compared to the other groups. From this 
we concluded that it was sound to impute the missing values within group 2 using the median 
(fibrinogen (g/L) = 4.06) of the remaining fibrinogen values in the group without skewing the results.  

 

Figure 1s. Boxplot of fibrinogen values for each group. The missing values was in group 2 
(Strongylus vulgaris non-strangulating intestinal infarction (NSII) negative) in which values 
exhibited a small dispersion in comparison with the other groups. 

For the four missing SAA values, we opted for a random forest imputation, using the R package 
missForest [1]. Figure 2s highlights the correlation structure of the variables. Evidently, there was 
relatively high correlation between the standard diagnostic variables iron, SAA and fibrinogen, 
whereas the correlation with d-dimer and S. vulgaris antibody titer was low. The correlations between 
SAA and the other standard diagnostic variables is presented in Table 8s, which suggests that 
imputing SAA values from the remaining diagnostic values was reasonable. Table 9s shows the 
observed standard diagnostic values from group 2 (S. vulgaris NSII negative) along with the imputed 
data points highlighted. None of the imputed values gave any reason for concern, as they did not 
deviate markedly from the remaining values observed in the group.   
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Figure 2s. Correlation structure of the variables. There was a substantial correlation between the 
standard diagnostic variables iron, serum amyloid A (SAA), and fibrinogen, whereas the correlation 
with d-dimer and Strongylus vulgaris antibody (antibody) titer was low. ttPeak: time to peak, ETP: 
endogenous thrombin potential, MA: maximum amplitude, K: clotting time, R: reaction time.  

Table 8s. Correlations between serum amyloid A (SAA) and the other standard variables (iron, 
fibrinogen, d-dimer, and Strongylus vulgaris antibody titer). 

Variable  Correlation 

Iron (umol/L) -0.324 
Fibrinogen (g/L) 0.646 
D-dimer (mg/L) 0.097 
S. vulgaris antibody titer (%) 0.041 
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Table 9s. Standard diagnostic observations from group 2 (Strongylus vulgaris non-strangulating 
intestinal infarction (NSII) negative) with imputed values in red. None of the values was extreme or 
gave cause for concern. The imputed fibrinogen value was the median of the non-missing values. The 
imputed serum amyloid A (SAA) values were imputed using a random forest algorithm. KY SVP: S. 

vulgaris NSII negative group.   

ID no. Group 
Iron 

(umol/L) 

SAA 

(mg/L) 

Fibrinogen 

(g/L) 

D-dimer 

(mg/L) 

S. vulgaris 

antibody titer (%) 

4 KY SVP 2 11.10 0.00 4.24 0.22 30.11 
5 KY SVP 2 18.80 0.00 4.43 0.27 13.81 
6 KY SVP 2 9.20 0.00 3.95 0.24 42.05 
7 KY SVP 2 11.50 0.00 3.41 0.19 29.05 
13 KY SVP 2 11.20 0.00 4.28 0.20 34.27 
14 KY SVP 2 19.20 0.00 4.61 0.19 57.70 
1 KY SVP 2 14.00 1.90 4.06 0.19 77.75 
3 KY SVP 2 20.20 2.40 4.79 0.23 45.19 
17 KY SVP 2 25.50 2.50 3.36 0.52 103.57 
8 KY SVP 2 12.60 9.70 4.15 0.39 114.47 
11 KY SVP 2 16.00 27.60 3.31 0.25 59.86 
9 KY SVP 2 20.40 33.70 3.84 0.27 85.37 
10 KY SVP 2 13.20 133.60 3.82 0.21 59.17 
16 KY SVP 2 12.20 0.00 4.06 0.22 1.29 
12 KY SVP 2 25.00 6.51 3.97 0.46 46.05 
2 KY SVP 2 11.50 9.59 4.41 0.28 81.46 
18 KY SVP 2 11.40 12.42 4.24 0.20 75.98 
15 KY SVP 2 13.30 38.84 3.77 0.46 118.87 

 

Logistic regression 

Using the data including the imputed values we performed a logistic regression on the groups, with 
the S. vulgaris NSII postive group (group 3) as y = 1 and the remaining groups as y = 0. We initially 
included all variables, except K, which was excluded. In order to reduce the model, we performed 
stepwise selection using the AIC to evaluate each model fit. Based on this, the final model included 
iron, SAA, angle and ETP. Intuitively this made good sense, since this retained variables from the 
standard diagnostic measures along with a single summarizing variable from both the TEG and CAT 
assays. 

Figure 3s plots the predictors against the model predictions (in log-odds). There were no clear signs 
of non-linear patterns. For SAA there were a significant amount of 0 values. This variable could in 
practice have been log-transformed, but it would not have changed the pattern much and the 0 values 
would become -∞ if unchanged. Hence, we deemed the linearity assumptions to be fine.  
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Figure 3s. Linearity of the variables included in the final model against the log-odds model 
predictions. There were no significant non-linear trends. Considering the (serum amyloid A (SAA)) 
variable a log-transformation could be used, however it would not remedy the large point mass at 0, 
which will be -∞ with a log-transformation. ETP: endogenous thrombin potential.    

Furthermore, a Hosmer-Lemeshow test for goodness-of-fit of the binary logistic regression did not 
raise any concerns regarding the fit. Using various numbers of groups for the test, we found the lowest 
p-value at 0.118 with 10 groups. 
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Appendix I  

The consensus statement given to horse owners with horses being admitted to the Large Animal Teaching 

Hospital at the University of Copenhagen. 
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The consensus statement given to horse owners with horses being admitted to the University Animal Hospital 

at the Swedish University of Agricultural Sciences and Evidensia Helsingborg Equine Referral Hospital. 
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Appendix II 

Table 14. The laboratory protocol used for the vascular cell adhesion molecule 1 (vCAM-1) assay.   

Step  Procedure Description 

Step 1 
Preparation of reagents, 

standards and samples 

• All reagents were prepared according to manufacturer’s in-

structions. 

• Serum samples were prediluted 1:50 with assay buffer. 

• Standard dilutions were prepared by adding assay buffer to 

the manufacturer provided human vCAM-1 standard in exter-

nal tubes.  

• Dilutions ranging from 100.0 to 3.1 ng/ml (standard 1-6).  

Step 2 Wash-step • Micro-wells were washed twice with 400 µl wash buffer. 

Step 3  
Application of standards, 

blanks and samples 

• 100 µl of:  

• Each standard dilution 

• Assay buffer (blank)  

• Prediluted serum samples  

• Were added to micro-wells. 

Step 4 
Application of conjugate 

mixture 

• 50 µl of conjugate mixture (biotin-conjugated anti-human 

sVCAM-1 antibody and Streptavidin-HRP) was added to each 

well.    

Step 5 Incubation-step 
• Micro-wells were incubated at room temperature for 2 hours 

on a plate shaker at 300 round per minute (rpm). 

Step 6 Wash-step 
• Micro-wells were washed three times with 400 µl wash 

buffer. 

Step 7 
Application of substrate  

solution 

• 100 µl substrate solution (tetramethyl-benzidine) was added 

to each well.  

Step 8 Incubation-step 

• Micro-wells were incubated at room temperature for 10 min. 

(color development were continuously monitored) covered 

with foil. 

Step 9 
Application of stop  

solution 

• 100 µl stop solution (phosphoric-acid) was quickly added to 

each well. 

Step 10 Plate reading 
• Absorbance was immediately read on a spectrophotometer 

at 450 nm (620 nm as reference wavelength).  

 

 

 

 

 

 

 

 

 



   

 

153 

 

Table 15. The laboratory protocol used for the P-Selectin assay.   

Step  Procedure Description 

Step 1 
Preparation of reagents, 

standards and samples 

• All reagents were prepared according to manufacturer’s in-

structions. 

• Standard dilutions were prepared by adding sample diluent 

to the manufacturer provided human P-Selectin standard in 

external tubes.  

• Dilutions ranging from 4000.0 to 125 pg/ml (the sample 

diluent serves as the 0 pg/ml standard).  

Step 2  
Application of standards, 

controls and samples 

• 100 µl of:  

• Each standard dilution 

• Control 

• Serum samples  

• Were added to micro-wells. 

Step 3 Incubation-step • Micro-wells were incubated at 37oC for 1.5 hours.  

Step 4 Wash-step • Micro-wells were washed four times with 350 µl wash buffer. 

Step 5 
Application of  

conjugate mixture 

• 100 µl of biotin-conjugate mixture (biotin-conjugated anti-hu-

man P-selectin antibody) was added to each well.    

Step 6 Incubation-step • Micro-wells were incubated at 37oC for 1 hour. 

Step 7 Wash-step • Micro-wells were washed four times with 350 µl wash buffer. 

Step 8 
Application of  

Streptavidin-HRP 

• 100 µl of working solution of Streptavidin-HRP was added to 

each well.  

Step 9 Incubation-step 
• Micro-wells were incubated at 37oC for 30 min. covered with 

foil. 

Step 10 Wash-step • Micro-wells were washed four times with 350 µl wash buffer. 

Step 11 
Application of  

substrate solution 
• 100 µl of substrate solution was added to each well. 

Step 12 Incubation-step 
• Micro-wells were incubated at 37oC for 20 min. (color devel-

opment were continuously monitored) covered with foil. 

Step 13 
Application of stop  

solution 
• 100 µl stop solution was quickly added to each well. 

Step 14 Plate reading 
• Absorbance was immediately read on a spectrophotometer 

at 450 nm (620 nm as reference wavelength).  
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Appendix III 

Table 16. Plasma-thromboelastography variables for the clinically healthy horses without Strongylus vulgaris 

and the S. vulgaris non-strangulating intestinal infarction (NSII) negative group. R: reaction time, K: clotting 

time, MA: maximum amplitude, G: shear elastic force. Values are median with 1st and 3rd quartile. 

Horses 

Plasma-thromboelastography 

R 

(min.) 

K 

(min.) 

Angle 

(degree) 

MA 

(mm) 

G 

(dynes/cm2) 

Clinically healthy 
13.5 

(12.8-15.4) 

11.85 

(9.8-16.7) 

18.1 

(15.8-21.6) 

18.45 

(14.85-22.3) 

1.1  

(0.9-1.4) 

S. vulgaris 

NSII negative 

horses 

February 
17.25 

(15.5-18.2) 

6.1 

(3.6-8.5) 

30.2 

(23.3-42.8) 

30.8 

(27.25-36.1) 

2.25  

(1.85-2.8) 

March 
12.25 

(9.9-21.8) 

3.55 

(2.7-6.9) 

45.7 

(25.3-52.5) 

37.9 

(30.7-44.5) 

3.05  

(2.3-4.05) 

April 
10.9 

(8.6-18.8) 

3.2 

(2.1-4.8) 

46.8 

(35.3-57.7) 

39.0 

(34.2-40.6) 

3.2  

(2.6-3.4) 

May 
11.9 

(8.2-18.2) 

3.8 

(2.8-6.7) 

48.75 

(27.7-53.7) 

26.1 

(22.2-29.1) 

1.75  

(1.5-2.1) 

June 
15.7 

(13.2-19.03) 

5.35 

(4.6-5.7) 

37.95 

(27.3-40.6) 

25.85 

(18.95-28.6) 

1.75  

(1.15-2.05) 

July 
16.8 

(15.7-20.2) 

9.7 

(3.2-16.2) 

24.1 

(19.2-31.6) 

18.3 

(14.7-23.1) 

1.1  

(0.9-1.5) 

August 
8.8 

(7.4-10.5) 

4.2 

(3.2-8.2) 

39.65 

(37.6-50.7) 

21.05 

(18.03-27.9) 

1.3  

(1.1-1.9) 

September 
12.4 

(8.4-13.8) 

4.35 

(3.1- 8.4) 

44.95 

(27.1-53.2) 

29.1 

(22.1-33.55) 

2.05  

(1.4-2.5) 

October 
22.9 

(19.98-32.5) 

15.1 

(11.9-22.6) 

18.2 

(11.03-24.5) 

21.3 

(17.1-22.2) 

1.35  

(1.1-1.4) 

November  
15.15 

(12.3-17.4) 

4.4 

(3.2-7.73) 

42.6 

(39.3-47.8) 

28.85 

(21.6-34.8) 

2.05  

(1.4-2.7) 

December 
11.05 

(9.2-12.6) 

3.75 

(2.7-4.9) 

52.6 

(44.9-57.03) 

29.0 

(24.05-32.8) 

2.05  

(1.6-2.45) 

January 
8.6 

(7.03-14.8) 

3.85 

(2.2-5.03) 

45.05 

(30.5-54.5) 

24.6 

(17.5-30.8) 

1.65  

(1.1-2.25) 
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Table 17. Calibrated Automated Thrombogram variables for the clinically healthy horses without Strongylus 

vulgaris and the S. vulgaris non-strangulating intestinal infarction (NSII) negative group. ETP: endogenous 

thrombin potential, ttPeak: time to peak. Values are median with 1st and 3rd quartile. 

Horses 

Calibrated Automated Thrombogram 

Lag time  

(min.) 

ETP  

(nM/min.) 

Peak  

(nM) 

ttPeak  

(min.) 

Clinically healthy 
4.05  

(3.6-4.6) 

333.1  

(296.2-386.2) 

32.7  

(27.3-36.01) 

11.9  

(11.3-12.7) 

S. vulgaris 

NSII negative 

horses 

February 
6.7  

(5.1-7.02) 

409.3  

(390.6-456.7) 

39.7  

(35.5-45.2) 

13.9  

(12.45-14.75) 

March 
7.4  

(6.02-9.4) 

404.0  

(322.8-450.0) 

42.8  

(33.3-52.1) 

14.5  

(12.9-16.6) 

April 
5.95  

(5.7-9.1) 

454.3  

(390.9-479.1) 

47.6 

(38.4-6.4) 

12.2  

(11.1-16.6) 

May 
6.5  

(5.5-10.7) 

474.5  

(364.6-602.8) 

54.4  

(44.3-81.3) 

13.3  

(10.8-17.2) 

June 
9.1  

(6.45-13.45) 

479.0  

(453.6-519.1) 

52.45  

(47.85-55.9) 

16.6  

(14.3-19.9) 

July 
8.8  

(6.3-13.5) 

345.1  

(319.3-424.5) 

35.02  

(31.6-47.1) 

17.0  

(14.0-20.5) 

August 
6.95  

(5.3-12.1) 

576.6  

(525.1-609.5) 

80.1  

(74.6-84.8) 

12.3  

(10.6-17.4) 

September 
9.4  

(6.0-13.4) 

658.4  

(602.7-717.8) 

83.1  

(57.85-90.5) 

17.45  

(11.6-19.5) 

October 
8.5  

(6.95-15.01) 

582.8  

(521.8-616.5) 

51.9  

(39.96-63.7) 

17.4  

(14.4-24.11) 

November  
6.5  

(6.2-11.5) 

545.8  

(507.7-656.8) 

63.1  

(56.95-75.1) 

14.4  

(12.9-18.97) 

December 
5.3  

(4.9-9.2) 

554.4  

(468.9-596.5) 

74.6 

(55.99-93.5) 

11.95  

(10.5-15.45) 

January 
4.5  

(3.97-7.5) 

529.5  

(508.0-574.0 

68.5  

(63.98-78.8) 

10.4  

(9.99-13.4) 
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