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INTRODUCTION

Venous thrombo-embolism (VTE) is a significant healthcare problem in Western countries, with an estimated 900 000 cases of acute deep venous thrombosis (DVT) and pulmonary embolism (PE) causing approximately 300 000 deaths each year. [START_REF] Heit | The epidemiology of venous thromboembolism in the community[END_REF] While a pure pharmaceutical approach is the treatment of choice in humans for infra-inguinal DVT (proximal to the iliac veins and to the brachiocephalic veins), central DVT occurring in iliac veins, brachiocephalic veins, and the vena cava require more invasive treatment: thrombolysis (pharmaceutical or pharmacomechanical), balloon angioplasty, stenting, or open surgery. [START_REF] Wittens | Editor's choice -Management of chronic venous disease: clinical practice guidelines of the European Society for Vascular Surgery (ESVS)[END_REF][START_REF] Baekgaard | Which criteria demand additive stenting during catheter-directed thrombolysis?[END_REF][START_REF] Baekgaard | Indications for stenting during thrombolysis[END_REF] In addition, treatment modalities for central DVT vary according to the delay from symptom onset.

Many animal models of venous thrombosis have been described. [START_REF] Albadawi | Animal models of venous thrombosis[END_REF][START_REF] Grover | Assessment of venous 11 thrombosis in animal models[END_REF][START_REF] Jagadeeswaran | Animal models of thrombosis from zebrafish to nonhuman primates[END_REF] Most of these models used small animals and focused mainly on studying the biology behind DVT and on developing pharmaceutical approaches. [START_REF] Diaz | Critical review of mouse models of venous thrombosis[END_REF][START_REF] Levi | Usefulness and limitations of animal models of venous thrombosis[END_REF] Endovascular devices for central DVT treatment involve thrombectomy devices, recanalisation tools, angioplasty balloons, and stents or stent grafts.

However, there is currently a large number of endovascular tools and devices studied and designed for arterial pathologies, but there are unmet needs for endovascular tools specifically developed to treat acute and chronic central venous thrombosis (CVT). [START_REF] Schwein | Endovascular treatment for venous diseases : where are the venous stents?[END_REF] Such dedicated devices need to respond to specific pathological disease states: how does the thrombus modify the histological content and thus the mechanical properties of the venous wall overtime? Which imaging modality can accurately detect such remodelling? Thus, large animal models of acute and chronic CVT are needed to provide adequate vehicles for the development, testing, and evaluation of such materials.

The aim of this paper was to review the existing literature on large animal models of CVT and to evaluate its relevance with regard to the development and testing of therapeutic devices.

MATERIALS AND METHODS

Search protocol

A systematic search of the literature was conducted on 20 July 2017, in Embase, and on 1 December 2019, in MEDLINE, by two of the authors (A.S., L.M.), and included all articles published from inception of the databases to the date of the search. The following terms were searched in both title and abstract: ("vein" OR "venous") AND ("thrombus" OR "thrombosis") AND ("animal" OR "pig" OR "swine" OR "sheep" OR "dog" OR "baboon") NOT ("mouse" OR "mice" OR "rat" OR "rats" OR "rabbit" OR "rabbits"). Only original articles, reviews, conference papers and conference reviews published in English were considered. Titles and abstracts of identified searches were initially screened by two of the authors (A.S., L.M.).

Inclusion criteria

Articles were selected for inclusion if they described an in vivo experimental protocol of CVT creation in a large animal model, involving the iliac vein and/or the vena cava and/or the brachiocephalic vein. Studies using mice, rats, rabbits, or any other small animal species were excluded, as well as studies involving venous thrombus creation in other locations (pulmonary arteries, cerebral, retinal, portal, mesenteric, jugular, or femoral veins). Experimental protocols involving arteriovenous shunts were excluded. The references of all included articles were reviewed to screen for additional inclusion.

Data extraction

Data extraction was performed by two of the authors (A.S. and L.M.). The following information was recorded from each study where available: primary aim of the study, animal characteristics (species, strain, size, sex, and number of animals used), experimental protocol (location of the induced thrombus, size of the concerned vein, use of the component of the Virchow's triad [stasis, hypercoagulability, and intimal damage]), and thrombus evaluation (means to confirm the presence, location, and size of the created thrombus, acute vs chronic evaluation of the thrombus, occlusive vs non-occlusive thrombus, evidence of PE following thrombus creation, assessment of similarities to human imaging, and histopathological findings).

Data analysis

Results are expressed as percentages and medians.

RESULTS

Literature search

The initial search yielded to 803 results in Embase and 1 290 results in MEDLINE. After title and abstract review, and exclusion of duplicates, a total of 104 studies were eligible for full review. Of these, 71 articles did not meet all inclusion/exclusion criteria and were excluded.

After careful review of articles references, five additional articles met the inclusion criteria, leading to a total of 38 papers included (Fig. 1). All included articles were original articles published between 1954 and 2017.

Aim of the studies

The global aim of each paper was to test therapeutic drugs (10 studies), to test therapeutic devices (14 studies), to test surgical procedures (two studies), to assess imaging of DVT (three studies), to create an animal model of DVT (three studies) and of PE (one study), and to study physiopathology of DVT (five studies) (Table 1).

Animal features

Large animals used as model for CVT were pigs (n = 20; 53%), dogs (n = 8; 21%), monkeys (n = 8 [baboons; 21%] and n = 1 [macaque; 3%]), and cows (n = 1; 3%). Specific animal strain was mentioned in 31 studies (82%). Median number of animals used per study was 12, ranging from 1 to 63. Females were exclusively used in eight studies (21%), males in eight studies (21%), and both males and females were used in four studies (11%). The animal sex was not specified in 18 studies (47%). The animal's weight was < 30 kg in 15 studies (39%), 30 -50 kg in eight studies (21%), and > 50 kg in seven studies (18%). There was no information about animal's weight or size given in eight studies (21%).

Animal features are summarised in Table 1.

Experimental protocol

CVT was induced solely in the inferior vena cava (IVC) in 17 studies (45%), in the iliac vein in 15 studies (39%), and in both the IVC and iliac veins in six studies (16%).

The size of the vessel used for thrombus creation was measured on venogram in four studies (10%); mean diameters ranged from 6.37 mm to 14 mm. The length of the venous segment undergoing venous stasis was specified in two studies, ranging from 2 cm to 3.5 cm.

CVT was created using a totally endovascular procedure in four studies (10%), an entirely open procedure in six studies (16%), and a hybrid procedure in 28 studies (74%).

With regard to the use of the Virchow's triad of components for thrombus creation, all studies used venous stasis in their experimental protocol: alone in 21 studies (55%), in association with hypercoagulability in 13 studies (34%), in association with endothelial damage in three studies (8%), and in association with both hypercoagulability and endothelial damage in one study (3%).

Venous stasis was performed for < 2 hours in nine studies (24%), for 4 -6 hours in nine studies (24%), and for > 24 hours in 20 studies (53%).

Balloon catheters were the most commonly used to create venous stasis in 20 studies (53%), followed by venous ligation in eight (21%), or other means in 10 (26%) (coils, tapered stent graft, bulldog clamps, net of sutures). Hypercoagulability was induced using thrombin (either human or bovine) in 12 of 14 studies (86%).

Foreign material was left in place after thrombus creation in 21 studies (55%): balloon catheters, stents, sutures, IVC filters, or coils.

Experimental protocol features are summarised in Table 2.

Venous thrombus evaluation

In the acute phase, 22 studies evaluated the presence of thrombus in the dedicated vessel:

thrombus was absent in one study, and present in 21 studies. Of these 20 studies, thrombus was present in all the animals in 12 studies, and in some animals in nine studies. In five studies, acute thrombus was found to be occlusive at least in one animal.

Thrombus size was evaluated in four studies (10%).

Thirty-one studies (82%) involved surviving animals for the evaluation of chronic CVT. Follow-up period was variable, from 1 day to 3.5 months.

In the chronic phase, 30 studies confirmed having thrombus in the dedicated vessel.

There was no remaining thrombus in one study. In 17 studies, chronic thrombus was found to be occlusive at least in one animal.

Unexpected animal death occurred in nine studies (24%) ranging from 3% to 37% of the animals. Twelve studies (32%) assessed the occurrence of PE following thrombus creation, either on imaging or necropsy. Six studies (50%) confirmed PE in 4.3% -30% of their animals, causing the death of two animals. Histological examination of the thrombus was performed in 24 studies (63%), with histology being performed after clot removal or lysis in eight of them (21%) designed for device testing. Histological comparison of experimental thrombus to human thrombus was performed in one study (3%). [START_REF] Ichiki | Experimental venous thrombi: MRI characteristics with histopathological correlation[END_REF] Results regarding thrombus evaluation are summarised in Table 3.

DISCUSSION

This literature review provides a comprehensive overview of the existing large animal models of central DVT, involving the IVC and/or iliac common veins.

Almost half of the papers chose swine models to work on; indeed, pigs present similar vascular anatomy and vessel sizes as humans. However, non-human primates present the advantage of being bipedal. In 2008, Siller-Matula et al. evaluated differences in coagulation profiles between species and found first that sheep had the clotting time most similar to humans, and second that pigs and rabbits were useful comparative models in studying fibrinolytic pathway and platelets, respectively. [START_REF] Siller-Matula | Interspecies differences in coagulation profile[END_REF] In addition, Sondeen et al. compared human and porcine thrombo-elastograph parameters and found that swine responses were parallel to that of human blood, although pigs were hypercoagulable compared with humans. [START_REF] Sondeen | Comparison between human and porcine thromboelastograph parameters in response to ex-vivo changes to platelets, plasma, and red blood cells[END_REF] One main finding from this review is the poor consensus with regard to reporting the development and results of such animal models. Important animal characteristics are often missing, such as sex (47%), strain (18%), or animal size (21%). Moreover, 10% of the studies are mixing males and females without sex-based subgroup analysis, when it is now well established that sex bias does exist. [START_REF] Klein | Opinion: sex inclusion in basic research drives discovery[END_REF][START_REF] Yoon | Sex bias exists in basic science and translational surgical research[END_REF] The lack of consistency in reporting animal characteristics is critical when considering testing of medical devices. The US Food and Drug Administration (FDA) recommends that there should be adequate scientific evidence in support of a model, and sees the principal goal of a reliable animal model as being its ability to embody the characteristics for which it is intended in humans, meaning the importance to standardise vessel conditions, size, tortuosity, and so on. 53 Standardisation in establishing study methodology and reporting results is necessary when developing animal models, especially because strict reproducibility is essential for other teams to use such models for further research or testing. In the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines, Kilkenny et al. proposed 20 recommendations on reporting in vivo experiments; efforts should be made by authors to achieve such standardisation. [START_REF] Kilkenny | Animal research: reporting in vivo experiments: the ARRIVE Guidelines[END_REF] The animal's size was an interesting characteristic to analyse. While large animal models are used to get closer to human beings, 61% of the animals used in current literature weighed < 50 kg, and 49% < 30 kg. This is particularly true for non-human primates, with weights ranging between 2.9 kg and 7.6 kg. The size of the vein used to induce the thrombosis was also rarely reported (10% of studies), and diameters varied from 6.3 mm to 14 mm. These "large" animals would not be large enough to allow human sized device deployment to treat either acute or chronic venous pathologies. This review highlights that experimental protocols show constant use of blood stasis to induce venous thrombosis, which is the component of the Virchow's triad that plays a major role regarding thrombosis in the venous circulation. [START_REF] Mackman | Role of the extrinsic pathway of blood coagulation in hemostasis and thrombosis[END_REF] However, endothelial damage is rarely used in the current literature (10.5% of the studies). While endothelial injury is particularly important for thrombus formation in the arterial circulation where high flow might otherwise impede clotting by preventing platelet adhesion and washing out activated coagulation factors, in the venous circulation endothelial injury is not compulsory for thrombus creation. [START_REF] Mackman | Role of the extrinsic pathway of blood coagulation in hemostasis and thrombosis[END_REF] Means employed to induce venous stasis, as well as stasis duration, are variable; endovascular venous occlusion through balloon catheters is the most used technique; it has the advantage of being easily placed and removed, through a minimally invasive approach, thus limiting animal harm. Balloon catheters can also remain in vivo for several days: the extremity can be sutured to subcutaneous tissue, allowing animal recovery while maintaining continuous venous stasis, as performed by seven teams. [START_REF] Hosaka | Induced thrombosis in the pig inferior vena cava: a model of deep venous thrombosis[END_REF][START_REF] Salartash | Treatment of experimentally induced caval thrombosis with oral low molecular weight heparin and delivery agent in a porcine model of deep venous thrombosis[END_REF][START_REF] Trerotola | Preclinical in vivo testing of the Arrow-Trerotola percutaneous thrombolytic device for venous thrombosis[END_REF][START_REF] Trerotola | Mechanical thrombolysis of venous thrombosis in an animal model with use of temporary caval filtration[END_REF][START_REF] Ichiki | Experimental venous thrombi: MRI characteristics with histopathological correlation[END_REF][START_REF] Hosaka | Placement of a spring filter during interventional treatment of deep venous thrombosis to reduce the risk of pulmonary embolism[END_REF][START_REF] Gu | Acute and delayed outcomes of mechanical thrombectomy with use of the steerable Amplatz thrombectomy device in a model of subacute inferior vena cava thrombosis[END_REF] Unlike ligation of the iliac vein or IVC, which induces permanent loss of anatomical integrity, such an endovascular technique also ensures further possibilities of therapeutics and device testing. However, caution has to be taken during balloon catheter positioning and inflation, avoiding oversizing that could create endothelial lesions and compromise ulterior biological or histological findings.

In more than half of the studies (n = 21), foreign material was left in vivo after thrombus induction. While such remaining material prolong venous stasis and may thus improve the resulting thrombus, these materials carry drawbacks: they cause imaging artefacts (stents, coils, and IVC filters), they modify venous anatomy (permanent suture or clip, ameroid constrictor) and may thus prevent the model from being used to assess therapeutics or device testing.

Model efficiency, through the evaluation of the characteristics of the created venous thrombus, is essential to evaluate a model. However, important information such as presence or absence of actual thrombus is often missing, especially its occlusive or non-occlusive character.

Precision of thrombus size is also often lacking, both in the acute and chronic phases.

Finally, histological examination of the created venous thrombus and thrombosed vein were only performed in 24 studies (63%), with a single one comparing experimental findings to human ones.

These results show the lack of evaluation of the created thrombus, and also demonstrate the paradox of developing models to test therapeutic procedures, drugs, or devices for DVT treatment, while there is no comparison tested between human and experimentally created pathologies. To the present authors' knowledge, there is, to date, no tissue bank on human VTE reporting precise histology of the natural history of human DVT. Samples might be difficult to get from patients, requiring institutional review board approval, and the age of samples is also not always precise. However, some literature does exist on histological evolution of human DVT over time; Fineschi et al. retrospectively studied histological changes of deep venous thrombosis and PEs from human autopsies, and their results can be used for comparison. [START_REF] Fineschi | Histological age determination of venous thrombosis: A neglected forensic task in fatal pulmonary thrombo-embolism[END_REF] VTE is a multifactorial disease, involving mechanical and haemodynamic factors, coagulation, and inflammation cascade, over a long-time period. Accordingly, no animal model can yet replicate such complex human pathology. To date, small animal models, especially rodents, are the most commonly used to develop and assess several aspects of thrombogenesis/thrombolysis and test novel pharmacological therapies (large availability of molecular tools, possibility of genetic manipulation, low cost). However, results from these small animal models should be interpreted with caution with regard to discrepancies due to dosage variation regarding specimen sizes, compared to humans. In addition, these small animal models do not allow for translational studies focusing, for example, on imaging or interventional therapeutics. Essentially, the development of new endovascular or surgical therapeutics would benefit from a model that not only replicates the conditions encountered from a biological standpoint, but also one that allows deployment and assessment of the tools' effectiveness. 53 Previous teams focused on analysing animal models of venous thrombosis, with a similar objective of finding one that would be suitable for the understanding of the pathology and for the development and testing of therapeutic applications. Most of the existing reviews focus on small animal models, and the few reporting on large animal models are non-exhaustive and mainly descriptive. [START_REF] Albadawi | Animal models of venous thrombosis[END_REF][START_REF] Grover | Assessment of venous 11 thrombosis in animal models[END_REF][START_REF] Jagadeeswaran | Animal models of thrombosis from zebrafish to nonhuman primates[END_REF][START_REF] Levi | Usefulness and limitations of animal models of venous thrombosis[END_REF][START_REF] Owens | Tissue factor and thrombosis: the clot starts here[END_REF] We decided to exclude from our analysis studies that assessed the venous thrombosis created in the femoral or jugular vein, mainly due to the lack of comparable size to clinical CVT in human beings. Likewise, we decided to exclude studies using the arteriovenous shunt model as a protocol to create the thrombus, as this technique uses a synthetic surface to simulate thrombus formation (e.g., polyethylene or Dacron) in a circuit going from arterial to venous pressure, which has little relevance to most forms of pathophysiological thrombus formation.

Large animal models of CVT are indispensable to advance our knowledge on the natural history and the optimal management of the disease. They also provide a potentially safe platform for which new devices can be tested, as mandated by the FDA. The ideal model should be technically simple, quick to perform, reproducible, and form a consistent size of thrombosed vein with analogous characteristics to clinical human DVT. A minimally invasive approach should be used to be as harmless as possible for the animal, and thus a total endovascular protocol is advocated. The weight of the animal used should be at least 60 kg; both male and female animals should be tested; no foreign material is to be left in place and venous anatomy should be respected. The use of balloon catheters to induce venous stasis, associated with local infusion of a coagulant drug, appears to us to be the most valuable method. This model will be suitable for making correlations between histology, biomechanics, and imaging features of the remodelling state, which are the cornerstone to developing and testing human sized therapeutic procedures and devices.

Conclusion

This systematic review shows advantages and weaknesses of the existing large animal models of central DVT occurring in the iliac veins and vena cava. Given the scope of the available literature, it is clear that there should be an effort to take a step beyond proof of concept and towards model consensus. Therefore, future model development models should insist on more rigour and consistency in reporting animal characteristics, as well as in evaluating the created thrombus and comparing its features to human ones. 
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