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Abstract: 

BACKGROUND 

Ischaemic stroke is often complicated with haemorrhage within the infarct zone or in a 

remote location especially when treated with intravenous thrombolysis and/or 

thrombectomy. While these early recanalisation treatments are highly effective, some of the 

benefit is lost because of haemorrhagic complications and consequential neurological 

deterioration of the patients. A number of mechanisms have been described that mediate 

the haemorrhagic changes and several agents have been tested in experimental models for 

inhibiting post-stroke haemorrhage.  

METHODS 

Here, we review and discuss the small animal models of focal cerebral ischaemia and 

post-ischaemic stroke haemorrhagic transformation and how these models can best be 

utilised for developing further insights as well as potential treatment approaches for this 

serious clinical complication. 

RESULTS 

The need to use appropriate animal models with relevant stroke risk factors to improve the 

clinical relevance and applicability of findings is becoming ever more apparent. Current focal 

ischaemia models can be adapted for the study of haemorrhagic transformation post-stroke. 

CONCLUSION 

A number of factors can be added to the animal model design to increase the incidence 

and/or severity of haemorrhagic transformation post ischaemic stroke, which can improve 

clinical relevance, aid the study of the pathophysiology and the future development of novel 

interventions. 

 

 

 

 

 

Key words: focal cerebral ischaemia, ischaemic stroke, haemorrhagic transformation, animal 
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Importance of Stroke Research  

Stroke is a serious and debilitating condition which is associated with high mortality and 

long-term disability. Stroke affects approx. 17 million people annually and results in over 

5 million deaths, accounting for 10% of all deaths worldwide [1]. The introduction of stroke 

prevention strategies and more effective treatments has reduced stroke incidence and 

mortality in high income countries in recent decades [1]. However, over a similar period 

there has been a corresponding increase stroke incidence in lower income countries where 

treatment options may be more limited. Given its devastating nature and high incidence [2], 

stroke still represents a significant social and economic burden. Stroke may be classified as 

haemorrhagic or ischaemic in nature. Ischaemic stroke accounts for over 80% of cases and 

occurs due to the blockage of a cerebral artery which reduces blood flow to specific regions 

of the brain below a critical threshold. Cerebral ischaemia initiates a complex injury cascade 

involving numerous pathological processes which ultimately results in cell death. The area at 

the centre of the ischaemic region is irreversibly injured and forms the infarct core. The 

surrounding tissue, which is still partially perfused, is compromised by the occlusion but can 

survive for several hours and may be spared by timely reperfusion of the ischaemic tissue [3, 

4]. Extent of infarct development is dependent on duration and severity of the ischaemic 

insult which can be minimised by timely restoration of blood flow. In stroke patients, tissue 

reperfusion may be performed by recanalisation of the occluded vessel using mechanical 

thrombectomy or thrombolytic agents.  

The only approved thrombolytic agent, tissue plasminogen activator (tPA), is currently only 

administered to patients within 4.5 h of stroke onset. The limited therapeutic window limits 

the number of patients who can be administered tPA. The introduction of newer generation 

of thrombectomy devices, known as stent retrievers, has greatly improved the options for 

stroke treatment. Mechanical thrombectomy allows for the direct removal of the thrombus 

to restore blood flow, this procedure has a longer therapeutic window and can be 

performed in addition to thrombolytic treatment. Several clinical trials have demonstrated 

high rates of successful recanalisation with improved functional outcome when clot retrieval 

is achieved [5]. However, these interventions have a short therapeutic window and may not 

be available to all patients, due to delayed diagnosis and risk of other complications, such as 

haemorrhagic transformation in some patients. Many patients will receive other therapeutic 

interventions, ideally in a specialist stroke unit, which will aim to minimise stroke severity, 

improve functional recovery and reduce the risk of further strokes. Stroke unit care is as 
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effective as thrombolysis but does not lead to haemorrhagic complications [6]. Additionally 

stroke unit care can be given to all patients, while thrombolysis is given to less than 10% of 

all ischemic strokes [7-9]. Decompressive craniectomy is highly effective in selected patients, 

typically under 60 years old, who experience large middle cerebral artery territory infarcts. 

Stroke research incorporates both in vivo animal models and in vitro techniques to 

investigate the study of the mechanisms of stroke injury and identify potential therapeutic 

interventions. Several animal models of stroke have been developed which reflect different 

aspects of clinical stroke [10-13]. Animal models have provided a useful insight into the 

pathophysiology of ischaemic injury and patterns of damage, such as penumbral 

development [14, 15] and were used to provide evidence supporting the benefit of timely 

tissue reperfusion using tPA prior to its introduction into the clinic [16]. Despite these 

welcome advances in stroke therapy, disappointingly, stroke research has so far not 

identified any novel central nervous system-acting neuroprotective drug treatments which 

have translated to the clinic. This failure emphasises the importance of fully elucidating the 

pathophysiology of stroke to understand the complex processes involved. Given the 

heterogeneous nature of human stroke and co-morbidities commonly present in patients, 

the need to use appropriate animal models with relevant stroke risk factors to improve the 

clinical relevance and applicability of findings is becoming ever more apparent. 

 

Animal Models of ischaemic stroke 

Throughout the years models of experimental stroke have been developed in many different 

species, both large (rabbit, dog, cat, pig, non-human primate) and small animals (rat, mouse, 

gerbil). While most experimental stroke models can be performed in a range of species, 

anatomical differences can create difficulties, for example the rete mirabile in swine [17]. In 

some cases larger animals may be preferred due to their anatomical similarities to humans, 

such as gyrencephalic brain structure and greater white matter, which may improve 

translational relevance [18, 19]. Currently rodents (rats and mice) are the most widely used 

animal model in stroke research. Rodents have several advantages as experimental models 

due to their small size, low cost, and the ability to introduce co-morbidities (hyperglycaemia, 

hypertension, etc.) [20]. Given the wide use of rodents in stroke research this review will 

focus on the commonly used rodent experimental models of ischaemic stroke and 

haemorrhagic transformation post-stroke. 
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Several models have been developed which mimic global and focal ischaemia. Global 

ischaemia models mimic clinical conditions such as cardiac arrest or profound systemic 

hypotension, while focal ischaemia models can be used to investigate localised ischaemic 

stroke. Several rodent focal ischaemia models have been developed which allow the study of 

ischaemic insults of varying severity, based on the site and duration of insult and potential 

interventions. The most commonly used are the intraluminal thread and thromboembolic 

models, although other models are also available. Animal models of experimental stroke 

allow the interrogation of the complex interconnecting biological systems; such as 

neurological, cardiovascular and immunological processes involved in injury and repair in a 

controlled environment, in the presence or absence of associated co-morbidities often 

present in the clinic. The choice of individual model will depend on the laboratory and the 

design and focus of the particular study. Each stroke model is associated with distinct 

advantages and disadvantages which should be taken into account when designing a stroke 

study, in addition to the expected protective mechanisms of the therapeutic interventions 

being studied.  

 

Intraluminal Thread Model 

1. Overview 

The intraluminal thread model was initially described by Koizumi et al. [21], and was later 

modified by Longa et al. [22]. This model involves the insertion of a filament, via the 

common carotid artery [21] (CCA) or external carotid artery (ECA) [22], which is advanced to 

the origin of the anterior cerebral artery (ACA) and occludes blood flow through the middle 

cerebral artery (MCA) resulting in either permanent or transient ischaemia. It is worth noting 

that this procedure also occludes the origin of the ACA but does not cause damage to the 

ACA territory as it receives compensatory circulation. The intraluminal thread model is a 

relatively non-invasive model which results in a relatively large infarct in striatal regions, 

particularly the basal ganglia and the cortex, although it can be associated with a high 

mortality rate [23, 24]. Given the location of the occlusion, this model may be considered a 

model of terminal internal carotid artery (ICA) occlusion, mimicking large vessel occlusion 

often observed in the clinic.  

To ensure reproducibility it is important to optimise the procedure and occluder properties 

to ensure successful occlusion of the MCA and reduce the likelihood of inadequate occlusion 

or complications, such as subarachnoid haemorrhage. Several techniques have been used to 
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give absolute or relative measurement of cerebral blood flow; including laser Doppler 

imaging/flowmetry [25, 26], near infra-red spectroscopy [27], perfusion-weighted magnetic 

resonance [28, 29] or speckle contrast imaging [30, 31]. Measurement of cerebral blood flow 

can be used to confirm reduction in cerebral blood flow in the territory of the MCA [26], 

which can dramatically improve reproducibility [25]. Most importantly for the surgical 

procedure, optimisation of the occluder diameter to match the weight of the animals has 

been shown to significantly increase the success and consistency of the model [32, 33]. 

Properties of the occluder such as tip shape, coating type and length and material flexibility 

influence the topography of infarct development. Several types of occluder have been used 

by different research groups, including heat blunted nylon [22] and silicon coated filaments 

[21]. Coating of the occluder, using materials such as silicon [24, 26, 32], has been shown to 

improve consistency in this model. Coated occluders may be more consistent due to 

increased adherence to the luminal surface and a reduction in blood flow reaching the 

ischaemic tissue via other carotid artery branches, such as the pterygopalatine and 

communicating arteries [32, 34]. In some studies poly-L-lysine coating was associated with 

lower success, more frequent subarachnoid haemorrhage and greater mortality in rats [32] 

and mice [35]. A longer coating will increase infarct by occluding other carotid branches, 

including the posterior cerebral artery, anterior choroidal artery and hypothalamic artery 

[34], whereas, a shorter coating will preserve blood flow to the hypothalamus and reduce 

the risk of post-operative hyperthermia [36-38]. Silicon coated filaments may be considered 

preferable due to greater consistency, reduced risk of subarachnoid haemorrhage and the 

availability of commercially sourced filaments which can improve reproducibility between 

animals.  

There are several possible modifications to the surgical protocol which can influence the 

outcome in this model. For example, the filament can be inserted by incision via the CCA or 

ECA to occlude the proximal branches of the ICA. The ECA approach will maintain integrity of 

the cerebral vasculature by allowing restoration of blood flow through the CCA and normal 

cerebral blood flow dynamics. In contrast, the CCA approach results in the loss of perfusion 

via this artery and relies instead on collateral blood supply via the circle of Willis to perfuse 

the ischaemic tissue after filament withdrawal. This is of particular consideration in 

circumstances where a full collateral blood supply may not be present. However, this has to 

be balanced against the benefits of greater speed of surgery and reduced anaesthetic 

exposure which may also impact stroke outcome. The ECA approach is most common, 
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however, the CCA approach may be easier when performing permanent occlusion as it will 

reduce surgical complexity. This approach may also be preferred in transient models if 

prolonged anaesthesia is considered to be more detrimental than the loss of tissue 

perfusion. Additional occlusion of the pterygopalatine artery for the duration of occlusion 

period can produce a larger infarction with reduced variation compared with MCA occlusion 

alone [39]. In addition, placement of a ligature or clip to occlude the CCA while the filament 

is in position can also increase the size of the infarct and improve consistency, especially 

where a smaller filament is being used [40]. These methods will limit some collateral blood 

flow from the common/internal carotid and pterygopalatine arteries but will not affect 

vessels proximal to the MCA, such as the posterior communicating artery or the 

leptomeningeal anastomoses.  

 

2. Advantages 

The primary advantage of this model is the relatively minimally invasive nature of the 

procedure as it does not require a craniectomy. A craniectomy can involve the dissection of 

temporal muscle in order to access the skull, and can damage surrounding nerves/small 

vessels, and produce changes in intracranial pressure [41]. Depending on the occlusion 

duration, this model can produce a small infarct confined to the striatum (observed after 30 

min occlusion) or a larger injury affecting both the cortex and striatum (60 min occlusion or 

longer) [42]. Additionally, the intraluminal thread model involves controlled and rapid 

reperfusion following removal of the occluder [26] compared with the gradual and variable 

reperfusion in clot based models [43]. Given the recent development of clot removal devices 

for use in reperfusion therapy, the intraluminal thread model may be considered to be most 

clinically relevant.  

 

3. Disadvantages 

The main limitation of this model is that it is not possible to directly observe the MCA in 

order to confirm the success of occlusion and reperfusion of ischaemic tissue. This model 

has been associated with higher inconsistency compared with other stroke models due to 

incomplete occlusion or premature reperfusion, and the potential for subarachnoid 

haemorrhage due to vessel rupture [26]. The surgical procedure required for this model is 

technically difficult and requires considerable experience with the rat vasculature and 

microsurgery to produce reproducible infarction with good post-operative survival [44]. As 
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previously mentioned, the success of the model, and the extent and topography of infarct 

development can be directly influenced by the properties of the occluder. Additionally, 

insertion of the occluder via the ICA can result in the partial occlusion of other smaller 

vessels and branches in the carotid vasculature, including the posterior communicating 

artery, anterior choroidal artery and hypothalamic artery [34]. The blockage of these arteries 

can result in ischaemic damage to areas outside of the MCA territory, such as the 

hypothalamus [45] which can induce detrimental spontaneous hyperthermia [46] and 

reduce collateral blood flow to the ischaemic tissue via the posterior circulation. 

Inconsistency in this model may be of particular concern when performing preclinical trials 

for therapeutic interventions.  

 

Tamura Model (Craniectomy) 

1. Overview 

The Tamura model, initially described by Tamura et al. [47], involves performing a 

craniectomy to directly access the MCA followed by occlusion of the vessel to induce focal 

ischaemia. This model may be used to induce permanent or transient cerebral ischaemia. 

Permanent occlusion of the MCA can be induced by electrocoagulation [48, 49] or double 

ligation and transection [50], while transient occlusion can be produced by arterial 

compression [51], aneurysm clip [52-54] or temporary ligation using a suture or snare 

ligature [55, 56] for a defined period. Another method of inducing distal MCA occlusion was 

reported by Orset et al. [57] who detailed a novel craniectomy model in mice in which the 

MCA was exposed and thrombin was injected directly into the vessel resulting in 

reproducible infarction. Administration of tPA in these animals will result in recanalisation of 

the MCA.  

The small infarct produced in this model can result in mild or inconsistent functional deficits 

[58, 59] limiting this model’s suitability for studying loss of function and recovery patterns. 

The consistency and extent of injury in the model may be improved by increasing the 

duration of MCA occlusion in transient models and addition of unilateral or bilateral 

temporary CCA occlusion (3 vessel occlusion (3-VO model)) [60] and/or systemic 

hypotension. The best infarct consistency in this model was observed with permanent MCA 

occlusion with temporary bilateral occlusion of both CCAs [59].  

 

1. Advantages 
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In the hands of an experienced surgeon this model is associated with an exceptionally high 

rate of success, with a reproducible infarct in a predictable location and low mortality [58]. 

Modifications to the original model have allowed the induction of both permanent and 

transient MCA occlusion using this technique. This model allows the surgeon direct control 

over both the site and extent of vessel occlusion which directly determines the severity and 

consistency of infarct volume and topography, and functional deficits. If the MCA is occluded 

close to the origin this will result in a combined infarction affecting the cortex and striatum, 

whereas, occlusion of the distal MCA, in combination with temporary occlusion of both 

CCAs, will result in only cortical injury [61].  

 

2. Disadvantages 

One of the main disadvantages of this model is the need to perform a craniectomy which can 

result in damage to small blood vessels and changes in intracranial pressure. Given that this 

technique involves exposure of the skull and direct contact with major blood vessels on the 

cortical surface, this model requires a high level of technical expertise to perform without 

complications. Reperfusion in this model requires a greater level of technical skill than the 

permanent model, particularly where aneurysm clips are used as it can be difficult to apply 

and remove the clip without damaging the artery. Temporary occlusion of the MCA using a 

clip may be easier in larger animals due to the greater size of the vessel. Despite the option 

of reperfusion the ischaemic tissue, this model may be considered a better option for 

investigating permanent cerebral ischaemia.  

Given the technical difficulties, the intraluminal thread model remains the most popular 

model for the study of transient cerebral ischaemia, however, the Tamura model may be 

useful to confirm results observed in other models. 

 

Thromboembolic Model 

1. Overview 

The thromboembolic model more closely mimics the situation in clinical stroke and can be 

used to study clot-related mechanisms of injury, including the influence of different clot 

preparation [62] and composition [63-65], and thrombolytic interventions, such as tPA [66-

68]. Several variations of this model have been performed using different methods of clot 

preparation; either injection of spontaneously formed or thrombin-induced clots into either 

the MCA or ICA via the ECA [62, 69], or direct injection of thrombin into the vasculature [70-
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73] or brain tissue [74, 75]. Reproducibility has been improved by injection of a single clot of 

a pre-defined diameter, most commonly fibrin-rich clots [76], and monitoring changes in 

cerebral blood flow to confirm successful occlusion and reperfusion of the tissue, and 

identify cases of spontaneous reperfusion [43]. The use of a single clot will result in occlusion 

of the proximal MCA and resulting in injury in the territory perfused by the MCA [76, 77] as 

opposed to smaller clots which may travel to distal branches of the MCA. 

 

2. Advantages 

The thromboembolic model provides useful information on the behaviour of clots in situ, 

such as providing evidence for spontaneous breakdown and subsequent distal microthrombi 

formation [78], and studying therapeutic interventions based on targeting the clot. 

Optimisation of this model to include a single larger clot of predefined size and composition 

(predominantly fibrin rich) has allowed development of a more reproducible model which 

results in reliable occlusion of the proximal MCA [76, 77]. The clot-based occlusion in this 

model is sensitive to current thrombolytic therapies such as tPA and, as such, can be used to 

study different aspects of this therapeutic intervention, for example haemorrhagic 

transformation following delayed thrombolysis and the influence of clot composition. Given 

these factors, this model represents the most clinically relevant model of experimental 

stroke for investigating new interventions and improving current thrombolysis based 

therapies. 

 

3. Disadvantages 

Depending on the thrombus specifications, this model can result in variable extent of tissue 

reperfusion and infarct development following tPA administration [62, 63]. The variation in 

this model has been reduced by modifying the clot characteristics, notably length, diameter 

and use of fibrin-rich clots, in order to better model the clinical situation [76]. In addition, 

there is the risk of spontaneous recanalisation due to the breakdown of the clot in situ 

during the occlusion period [78] which can increase infarct variation. As such, it is considered 

that this model is not suitable for testing and/or validating neuroprotective interventions. 

This model is normally reserved for the study of thrombolytic interventions and clot-related 

protective mechanisms. 

 

Other Models 
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Endothelin-1 Model 

1. Overview 

Endothelin-1 (ET-1) is a potent vasoconstrictor and topical administration [79] or injection 

into the brain tissue [80] or adjacent to the targeted artery [81, 82] can be used to produce 

ischaemic injury. Injection of ET-1 adjacent to the MCA produces a rapid, but not immediate, 

occlusion of the blood vessel followed by a slow restoration of blood flow which may not be 

uniform across the ischaemic area [81] but is dependent on the concentration of ET-1 [82]. 

The magnitude and duration of the occlusion can be affected by the species and strain used 

in this model, for example ET-1 is less potent at producing vasoconstriction in mice 

compared with rats [83]. The infarct topography can depend on the method/site of ET-1 

administration as intracerebral injection can produce combined infarct of the lateral 

striatum and cortex, while subdural administration topically to the target vessel produces 

localised cortical ischaemic injury, similar to that observed in the electrocoagulation model 

[80]. Reproducibility has been improved through the use of a stereotaxic frame to 

standardise the injection site [84], this has increased the success rate and reduced variability 

in this model. 

 

2. Advantages 

Administration of ET-1 on or adjacent to the MCA results in ischaemic injury which is directly 

localised to the MCA territory without involvement of the carotid vasculature.  

 

3. Disadvantages 

This model is associated with several disadvantages which may limit its usefulness. 

Administration of ET-1 adjacent to the MCA can be technically difficult to perform accurately 

with a lower success rate than topical administration or intracerebral injection of ET-1 [80] . 

Another source of variation in this model is the uncontrollable nature of tissue reperfusion 

which will vary based on proximity to the administration site [81]. ET-1 administration results 

in short-term ischaemia with variable spontaneous reperfusion which may not be 

particularly useful if a longer occlusion duration is required and is not as clinically relevant as 

other animal models which are available. 

 

Photothrombotic Model 

1. Overview 



12 
 

In this model, the experimental animal is systemically injected with a photosensitive dye, 

such as Rose Bengal or erythrosine B, which penetrates and damages the blood brain barrier 

[85, 86]. In this procedure, the skull is exposed and a laser or white light is directed at the 

target area to activate the dye, resulting in the release of free radicals, and subsequent 

endothelial injury and platelet-rich microthromboses which then occludes the target vessel 

[85, 86]. The area of the skull exposed to the laser/light will directly determine the ischaemic 

area [85, 86] localised to the adjacent cortical area. In one study, this procedure was 

performed using a ring shaped laser to produce an external infarct core surrounding an 

internal region, this area is proposed to subsequently undergo a similar injury process to that 

observed in the penumbral region in other models [87].  

 

2. Advantages 

The photothrombotic model involves a relatively non-invasive procedure and allows direct 

control of the site of occlusion. Craniectomy is performed by some groups to implant an 

optical fibre [85, 86, 88] although others shine light directly through the skull with no 

craniectomy [87]. The ischaemic injury will only affect the tissue perfused by the small 

vessels in the target area and does not affect blood flow in the carotid vasculature or other 

major vessels. This localised nature of this procedure results in a high rate of successful 

occlusion and a low mortality rate [88]. This model may be particularly useful for the study of 

interventions involving free radical scavenging mechanisms.  

 

3. Disadvantages 

In this model, the infarct is normally present in the cortical surface which is supplied by small 

terminal arteries and capillaries that are targeted by the laser. As such, the injury does not 

tend to extend far beyond the affected cortex and involves a limited penumbral region 

compared to other stroke models. The injury mechanism in this model involves cytotoxic 

oedema and direct damage to the blood brain barrier which will result in severe vasogenic 

oedema development [86, 88]. Given the important role played by free radicals in the 

initiation of ischaemic injury in this model, the injury process differs significantly from that 

observed in the clinic.  

 

 

Haemorrhagic Transformation in Animal Models of Stroke 
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Haemorrhagic transformation may occur spontaneously in the ischaemic tissue as part of 

natural infarct evolution following severe stroke occurring over several weeks, primarily in 

first 2 weeks after stroke onset [89], or as a complication of arterial recanalisation due to 

restoration of blood flow to the damaged vasculature following reperfusion therapy. 

Haemorrhagic transformation within the ischaemic tissue or in remote areas may exacerbate 

infarct development through compression of the surrounding tissue and the detrimental 

effects of some blood components. The clinical impact of these intracerebral bleeds may 

vary from relatively minor to potentially fatal based by the size, location and mass effect on 

the surrounding tissue [90]. It is generally agreed that larger intracerebral haemorrhages 

(parenchymal haematoma) in the infarcted tissue and extra-ischaemic haemorrhages are 

associated with poor clinical outcome and increased mortality in stroke patients [91]. While 

haemorrhagic transformation may occur spontaneously [92], reperfusion therapy, 

particularly if delayed beyond 3 h after onset of symptoms, is associated with greater 

incidence of severe haemorrhagic transformation development [93]. Symptomatic 

haemorrhage has been found in 0.6% of patients with supportive care and is higher in tPA 

treated patients (6.4%) [94, 95] and mechanical thrombectomy treated patients (8%) [96], 

although reperfusion therapy was still associated with an improved outcome [94, 95]. In 

animal models and patients, the incidence of haemorrhagic transformation following 

reperfusion has been found to be particularly associated with clinical and vascular risk 

factors, such as high blood glucose and hypertension, which are also related to stroke 

incidence and severity.  

Given that haemorrhagic transformation represents one of the most serious risks of 

reperfusion therapy, most clinical trials will monitor the incidence and clinical impact of this 

complication in patients. Initial observations of intracerebral haemorrhage were based upon 

post-mortem investigation which identified petechial haemorrhages in 50-70% of stroke 

patients [97]. In previous decades, increased availability of radiological data from computed 

tomography (CT) and magnetic resonance imaging (MRI) in stroke patients have 

demonstrated that the haemorrhages can vary and not all bleeds result in clinical 

deterioration. Classification of haemorrhagic transformation in stroke patients is commonly 

based upon assessment of radiological and clinical features, although the parameters 

measured have varied between studies. In the National Institute of Neurological Disorders 

and Stroke (NINDS) study, haemorrhagic transformation was categorised as haemorrhagic 

infarction and intracerebral haematoma based on CT imaging [95]. Haemorrhage with 
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clinical significance, known as “symptomatic haemorrhage”, was considered to be a bleed 

anywhere in the brain within 36 h, which is temporally related to clinical deterioration [95]. 

In contrast with other classification systems, NINDS did not assess the space occupying effect 

and is overly inclusive as it includes any deterioration and does not consider other potential 

causes of poorer clinical outcome. The European Cooperative Acute Stroke Study (ECASS) 

introduced standardised categorisation of radiological features of haemorrhages, including 

location and mass effect, which were classed as haemorrhagic infarction (HI) or parenchymal 

haematoma (PH) [93]. Haemorrhagic infarction was considered to be single (HI-1) or 

confluent petechiae (HI-2) within the infarcted tissue but without any mass effect. 

Parenchymal haematoma is categorised as a blood clot in either <30% (PH-1) or >30% of 

infarct or beyond infarct boundary (PH-2) with an observed space occupying effect [93] . 

ECASS considered a symptomatic haemorrhagic to be an intracerebral bleed resulting in 

clinical worsening, determined as an increase in NIHSS by 4 or more points [93]. The Safe 

Implementation of Thrombolysis in Stroke (SITS) risk score classified haemorrhages in a 

similar manner to ECASS but also included remote haemorrhages outside of the infarcted 

tissue, they defined symptomatic haemorrhages as a parenchymal haematoma (PH-2) with a 

decline in neurological outcome within 24 h after treatment [98]. Classification of the same 

patient groups using NINDS, SITS and ECASS II showed a small difference in incidence of 

symptomatic haemorrhage; 7.3%, 2.9% and 4.7%, respectively [99]. In 2015 a more precise 

and thorough anatomical classification of haemorrhagic transformation within the 36 h after 

stroke onset, known as the Heidelberg Bleeding Classification (HBC), was proposed by 

leading stroke researchers [100]. These researchers expanded on the definition of 

haemorrhagic infarction and parenchymal haematoma in ECASS, and included classification 

of other types of intracerebral haemorrhage; extra-ischaemic, subarachnoid, subdural and 

intraventricular. When compared with the ECASS III classification, the HBC system was more 

sensitive and allows for categorisation of every type of haemorrhage vs approx. two-thirds of 

haemorrhages with ECASS, although there was no difference in the rate of symptomatic 

haemorrhage (3.8% for HBC and 3.6% for ECASS III) [101].  

In most studies, only parenchymal haematoma associated with significant space occupying 

effect (PH-2) is associated with clinical deterioration and higher mortality at 3 months [92, 

102], in contrast haemorrhagic infarction has often been found to be asymptomatic [92]. 

Molina et al. [103] found that presence of petechial bleeding is more common following 

successful early reperfusion and is associated with improved patient outcome. All types of 
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haemorrhagic transformation, except for HI-1, were a predictor for poor outcome after 90 

days [104] with smaller “asymptomatic” haemorrhages also associated with worse functional 

recovery [105] and outcome at 1 year post-stroke [91]. 

Given the clinical importance of haemorrhagic transformation and potential impact on 

patient outcome it is important to understand the pathophysiology of this complication. As 

we learn more about the mechanisms of haemorrhagic transformation in the early and late 

injury phase, it is vital that, in parallel, appropriate models of haemorrhagic transformation 

are also developed. These animal models should be relatively easy to perform and result in 

reproducible haemorrhage development post-stroke. As with animal models of ischaemic 

stroke, these models should be a relatively simple model of complex pathological processes 

post-stroke while retaining the essential components of the clinical situation. Several animal 

models have been used to study haemorrhagic transformation, although to-date this 

research has not identified a single optimal model for the investigation of this complication. 

The ideal animal model should provide consistent and reliable haemorrhagic transformation 

which can be measured, and may be associated with neurological deterioration, similar to 

the clinical situation observed in patients post-stroke.  

Most studies that have investigated haemorrhagic transformation have utilised animal 

models which mimic known risk factors (see tables 1 and 2), such as delayed arterial 

recanalisation [43, 106-109], acute [110, 111] or chronic hyperglycaemia [112-114], 

hypertension [115, 116], or pre-treatment with common anticoagulants, for example 

warfarin [117, 118] or heparin [119, 120], or a combination of these factors [121-123]. These 

models are based on adaptations to common animal models of ischaemic stroke, the most 

commonly used models being the intraluminal thread or thromboembolic models. In the 

thromboembolic model, the most common adaptation for induction of haemorrhagic 

transformation is delayed recanalisation of the occluded artery by delayed administration of 

tPA [43, 66, 124]. Delayed recanalisation resulted in the development of macroscopic 

haemorrhage in 50-100% of animals [43, 106, 124, 125]. Some studies in this model have 

also included other adaptations such as using hypertensive animals [122, 123, 125-128] or 

warfarin pre-treatment [125] in addition to delayed tPA administration. 

In studies which utilised the intraluminal thread model, the most common adaptations were 

the inclusion of hyperglycaemic [111] or hypertensive [115, 129] animals, or warfarin pre-

treatment [117, 130]. These modifications to the stroke model allow the study of the 

processes involved in haemorrhagic transformation, notably involvement of the blood brain 
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barrier/neurovascular unit, in a model with a consistent rate of haemorrhage. It should be 

noted that while these models have been shown to produce a reliable increase in 

haemorrhagic transformation incidence, the extent of haemorrhagic transformation will vary 

between animals with differences in the site [111], severity [115] and progression [115] 

which can be difficult to predict or control. These models resulted in consistent and reliable 

induction of haemorrhagic transformation, although the extent of haemorrhage (petechial 

or parenchymal) did vary between animals. Notably hyperglycaemia, acute [131] or chronic 

[132], and warfarin [117, 130, 133] administration were shown to be reliable adaptations 

with 70-100% of animals showing signs of haemorrhage at 24h to 72h post-stroke. These 

models may be considered to represent the clinical situation with progressive development 

of haemorrhagic transformation over time, and severity of haemorrhage increased between 

24h and 7 days post-occlusion [115]. The presence of larger parenchymal bleeds which 

increase oedema, commonly referred to as PH-2, are associated with worse functional 

outcome post-stroke. The occurrence of parenchymal haemorrhage at a relatively early 

stage, 24h post-stroke [106, 117, 125], may be a cause for concern as the natural 

progression of haemorrhagic transformation development will continue. The link between 

parenchymal haemorrhages and worse neurological outcome and increased mortality will 

limit the ability to study the natural progression of haemorrhagic transformation 

development, as well as having important ethical considerations for the design and 

implementation of animal studies. Ideally potential interventions to reduce the risk of 

haemorrhagic complications would be effective in more than one model of haemorrhagic 

transformation, early and delayed haemorrhages, and different clinical risk factors.  

In 2008, Yang et al. [134] described a novel model to produce consistent and reproducible 

haemorrhagic transformation by including an additional intraparenchymal bleed. In this 

model, a small volume of blood (50 µl) was injected directly into the ischaemic tissue 30 min 

following occlusive stroke to model secondary haemorrhage. Using this model, it is possible 

to examine the influence of haemorrhage on injury development; such as the impact on 

oedema and the detrimental effects of blood components, including lysed red blood cells 

[135], on the surrounding tissue. In addition, this model allows direct comparison of 

haemorrhagic transformation (i.e. intraparenchymal blood injection) and non-haemorrhagic 

cerebral infarction in animals examined under similar experimental conditions. As such, it 

will be possible to elucidate the impact of bleeds of varying severity on the ischaemic injury 

and functional outcome. While this model includes both the “primary” ischaemic insult and 
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the “secondary” intraparenchymal bleed and may be of interest for some studies, the 

artificial nature of the bleed and the lack of any involvement of the blood brain barrier in the 

haemorrhage limits its usefulness for the study of the causes and mechanisms of 

haemorrhagic transformation following stroke. 

In animal studies haemorrhage development is most commonly assessed by histological 

assessment and, where available, measurement of haemoglobin content in tissue by 

spectrophotometric assay or other methods, including ELISA and western blot (see Table 1 

and 2). Histological assessment of haemorrhagic transformation varied between studies; 

investigators measured haemorrhage incidence [109, 112, 132]; volume [128, 136-138]; or 

type [106, 139], either haemorrhagic infarction and parenchymal haematoma, which may be 

further classified into 2 grades [43, 130] as in human trials. No animal studies fully replicate 

the criteria used for the classification of haemorrhagic transformation in human clinical 

trials. The difference in haemorrhage classification and lack of consistency between animal 

models can make it difficult to accurately compare studies. Direct measurement of 

haemoglobin in tissue allows objective quantification of intracerebral haemorrhage and has 

been widely used [118, 127, 140-143], however, this technique does not provide any 

information on the size and location of bleeds. Intracerebral haemorrhages can also be 

identified by iron stains such as Perl’s Prussian blue stain which will stain ferric iron, formed 

by the breakdown of haemoglobin during red blood cell lysis. Iron staining has only been 

used in a small number of studies assessing haemorrhagic transformation [66, 121, 129]. It 

has been suggested that the effectiveness of Prussian blue staining might be dependent on 

the age of the bleed being less sensitive in detecting fresh haemorrhage [144], although 

Prussian blue has been used successfully to identify intracerebral haemorrhages at 24 h after 

reperfusion [129]. 

A small number of animal studies have utilised imaging methods, such as MRI, which is 

commonly used in the clinic to assess haemorrhagic transformation in ischaemic tissue. 

While use of MRI allows haemorrhagic development to be assessed in a manner used in the 

clinic, which could potentially improve the relevance of experimental findings, this technique 

has most commonly been used to confirm the presence of haemorrhage [118, 125, 145]. 

Only one study used MR imaging to categorise haemorrhagic transformation using an 

accepted classification (ECASS) used in human trials. Blood brain barrier dysfunction and 

increased permeability has been associated with haemorrhagic transformation following 

stroke. In animal models, blood brain barrier permeability following stroke can be easily 
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assessed by examining extravasation of large molecular weight compounds, including Evans 

blue [130, 146, 147] and IgG [129, 137, 138, 148]. One of the main advantages of studying 

animal models is that multiple outcomes can be assessed in a single animal which allows 

comparison of the involvement of different mechanisms and the effect of intervention on 

clinically relevant end-points. As such, these models provide a wealth of information on 

different aspects of this condition which may be difficult to gain from patients due to 

technical limitations and ethical concerns. 

  

Assessment of functional deficits in models of haemorrhagic transformation 

Improvement in neurological function is the primary marker of a potentially successful 

intervention, as changes in histological markers, such as infarct, may not result in improved 

functional outcome [149-151]. As such, it is considered important that stroke studies in 

animal models involve the assessment of neurological deficits in addition to histological and 

in vitro analysis. Behavioural testing can vary from simple to relatively complex, depending 

on the stroke model and study design, and may assess different aspects of behaviour, such 

as sensorimotor and cognitive function (reviewed in Schallert et al. [152]). In most studies of 

animal models of haemorrhagic transformation functional deficits were assessed using a 

neurological scoring system, such as the Bederson [153] or modified neurological severity 

score (mNSS) [154, 155]. Bederson is simple assessment of global senisorimotor deficits 

which examines behaviours, such as forelimb flexion, resistance to lateral push and circling 

and scores animals on a scale of 0-3 [153]. The mNSS score is a more comprehensive scoring 

system which examines different aspects of neurological function, including sensorimotor, 

reflexes and balance, and gives each behaviour an individual score which is then combined 

to give a single score for each animal [154, 155]. These tests are relatively simple to perform 

and allow easy comparison between animals but the information they provide can be limited 

as the score does not describe the specific deficit observed [106, 112, 124, 140, 142, 156-

158]. Other tests have been used in these studies to provide more detailed information, 

notably beam walking [113, 132, 134, 159], grip strength [113, 160], foot fault [66, 114] and 

bilateral asymmetry tests [66, 114]. 

While many studies into haemorrhagic transformation include tests of neurological function 

most studies to-date have involved a short recovery period (24-72h) post-stroke [114, 121, 

145, 156, 161, 162], this will limit the extent of functional testing which can be performed. 

The short recovery period cannot give an indication of the effect of haemorrhagic 
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transformation on functional recovery or long-term outcome in animal models post-stroke. 

It should be noted that during this early period haemorrhagic transformation will still be 

developing as new bleeds may form and existing bleeds can increase in severity for several 

days after stroke [115]. Some studies have found that extent of haemorrhagic 

transformation corresponds to functional outcome [121, 159, 162], although other studies 

found no relationship between haemorrhagic transformation and function [114, 163]. 

Interpretation of these findings may be complicated by the different techniques used to 

measure haemorrhagic transformation (incidence [112, 161, 162], volume [161, 162], 

haemorrhage type [115, 130, 131, 162, 163], haemoglobin content [66, 142, 143, 159]). 

Henning et al. [115] examined the development of haemorrhagic transformation in the 7 

days after stroke and found that less severe bleeds (HI-1, HI-2 and PH-1) were associated 

with relatively minor functional deficits which remained stable [115]. In contrast, more 

severe bleeding (PH-2) was associated with neurological deterioration which is similar to the 

situation observed in the clinic [92, 102]. Given that much of the interest in haemorrhagic 

transformation post-stroke is related to its clinical impact it is important that consideration is 

given to the assessment of functional outcomes when designing studies investigating 

haemorrhagic transformation post-stroke.  

 

Summary 

The current focal ischaemia models can be easily adapted for the study of haemorrhagic 

transformation post-stroke with or without thrombolysis with tPA. A number of factors can 

be added to the animal model design to increase the incidence and/or severity of 

haemorrhagic transformation, which can better model “at risk” patient groups. These 

models will aid the study of the pathophysiology and the future development of novel 

interventions to limit the impact of haemorrhagic transformation which can improve the 

safety profile and patient eligibility for reperfusion therapy. 
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Table 1: In vivo models of stroke related intracerebral haemorrhage using the intraluminal thread model. 

 

tPA, tissue plasminogen activator; GK, Goto-Kakizaki diabetic rats; SHR, spontaneously hypertensive rats; Hb, haemoglobin.  

 

Adaptation for HT 
Reperfusion 

Duration 
HT Incidence HT Severity Outcomes Measured  

      

50% dextrose 24h or 72h 100% Not stated Spectrophotometric Hb assay 
[164, 
165] 

50% dextrose 24h 70% Macroscopic Histology; Spectrophotometric Hb assay [131] 
      

50% glucose 24h to 14d 100% Petechiae Histology; Spectrophotometric Hb assay 
[111, 

147, 166] 

50% glucose 24h Not stated Macroscopic Histology [167] 
      

GK diabetic rats 24h 87.5% Macroscopic Histology; Hb ELISA [132] 

GK diabetic rats 24h 100% Macroscopic Histology [112] 
      

SHR hypertensive rats 7d 100% Macroscopic (46.2%) Histology; MRI [115] 

SHR hypertensive rats 24h 33.3% Macroscopic Histology; Perl iron stain [129] 
      

Warfarin 24h 100% Macroscopic (70%) Histology; Giemsa staining; Spectrophotometric Hb assay 
[117, 
133] 

Warfarin 24h 100% Macroscopic (50%) Histology [130] 
      

Heparin 24h Not stated Scattered petechiae Spectrophotometric Hb assay [119] 
      

tPA (pre-reperfusion) 48h Not stated Petechiae Histology; MRI [145] 
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Table 2: In vivo models of stroke related intracerebral haemorrhage using thromboembolic, photothrombotic, or direct intraparenchymal injection   

               of blood.  
 

Basic Stroke 
Model 

Adaptation for HT 
Reperfusio
n Duration 

HT 
Incidence 

HT Severity Outcomes Measured  

Thromboembolic Model      

pMCAO SHR hypertensive rats 72h 66.7% Petechiae (83.3%) Histology; MRI [168] 
       

tMCAO SHR rats + tPA (2h) 24h 100% Macroscopic Histology; MRI; Spectrophotometric Hb assay 
[118, 
127] 

tMCAO SHR rats + tPA (3h) 24h 86.6% Macroscopic (60%) Histology; Hb Western blot [136] 

tMCAO SHR rats + tPA (6h) 24h Not stated Not stated Spectrophotometric Hb assay 
[122, 
123, 
126] 

tMCAO SHR rats + tPA (6h) 24h 75%  Haemorrhagic infarction Histology [128] 
       

tMCAO Warfarin + tPA (2h) 24h 100% Macroscopic MRI [118] 
       

tMCAO tPA (3h) 24h 100% 
Macroscopic (62.5% 

petechiae) 
Histology; Spectrophotometric Hb assay [43] 

tMCAO tPA (4h) 24h or 7d Not stated Not stated Histology; Iron staining; Spectrophotometric Hb assay [66] 

tMCAO tPA (4h) 24h 100% Macroscopic Histology; MRI; Spectrophotometric Hb assay [125] 

tMCAO tPA (6h) 24h 96% Macroscopic (36% petechiae) Histology; Spectrophotometric Hb assay [140] 

tMCAO tPA (6h) 24h 50% Haemorrhagic infarction  Histology [124] 
       

Photothrombotic Model      

pMCAO Heparin (post-MCAO) 48h Not stated Macroscopic Spectrophotometric Hb assay [120] 
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Haemorrhagic Transformation Model      

pMCAO + Injection of 
50µl blood post-MCAO 

Intraparenchymal 
injection of blood 

24h 100%  Histology [134] 
 

 

MCAO; middle cerebral artery occlusion; tPA, tissue plasminogen activator; Hb, haemoglobin.   
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