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Abstract 

Haemophilic arthropathy (HA) is a debilitating complication of the bleeding disorder haemophilia A, and is 

characterised by progressive joint deterioration. HA develops as a result of multiple joint bleeds 

(haemarthrosis). Once early arthropathic changes are diagnosed, the joint deterioration will likely 

continue to progress towards a completely degraded joint resulting in chronic pain and discomfort for the 

patient. 

The pathobiology of HA is difficult to investigate in human patients, as the bleeding phenotype prevents 

joint tissue biopsy sampling. Consequently, the mechanisms driving the progression from haemarthrosis 

to chronic arthropathy have only partially been resolved. Understanding disease development is, 

however, important as it can reveal new possible treatment targets, which in the future can help prevent 

joint destruction and improve quality of life for haemophilia patients. 

This thesis is aimed at characterising the early onset and development of HA following a single 

haemarthrosis. Since this is not possible to study in human haemophilia patients, an animal model of 

haemophilia, the factor VIII gene (F8) knock‐out (KO) rat, was employed and the possibility of using it as a 

model of human HA investigated. 

The first study in the thesis hypothesised that induction of a joint‐bleed in the knee‐joint of F8 knock‐out 

rats will cause arthropathic changes of the joint that resemble human HA and can be verified by 

histological assessment. Furthermore, the hypothesis that treatment with recombinant human factor VIII 

(rhFVIII) prior to the induction of haemarthrosis would reduce or abolish joint changes was tested. Both 

hypotheses were confirmed. 

The second study explored and successfully proved that in addition to the previously established 

histological assessment, ultrasonography (US) and micro‐computed tomography (μCT) can be utilised to 

assess arthropathic joint deterioration. 

The third study aimed at a detailed mapping of the progression from haemarthrosis to HA. To this end, 

100 F8 KO rats were subjected to a sham or joint‐bleed procedure and a group of each euthanised from 

day one to seven after the procedure. 

The combined studies in this thesis show that the F8 KO rat can be used as a model of HA with a high face 

and construct validity. Furthermore, the imaging modalities, US and μCT can be utilised to show pathology 

in the soft and bone tissue of the joint, respectively. 

Finally, the application of the F8 KO HA model and the assessment tools revealed a rapid development of 

HA following haemarthrosis with considerable joint damage developing within one week. Synovitis 

developed within 24 hours followed by both cartilage loss and bone pathology developing concurrently 
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and already from day two to three. This is in contrast to the general belief that the pathology develops 

sequentially with synovitis as the instigating mechanism, followed by gradual cartilage loss eventually 

resulting in bone deterioration. 

Future animal studies of HA onset and development should therefore consider implementing this short 

study timeline for disease assessment. Furthermore, the concurrent pathology in all joint structures 

warrants new intervention strategies, not only attempting to prevent synovitis as a means to prevent HA 

development. 
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Dansk resumé 

Hæmofil arthropathi (HA) er en følgesygdom, der udvikler sig i leddene hos patienter med 

blødersygdommen hæmofili A. Arthropathien er karakteriseret ved progressiv nedbrydning af leddet, som 

følge af ledblødninger (hæmarthroser). Når først der er tidlige tegn på ledforandringer vil tilstanden med 

stor sandsynlighed forværres, og slutresultatet er patienter med fuldstændig nedbrudte led. Et led, der er 

helt ødelagt af HA er både smertefuldt og invaliderende og kræver kirurgiske indgreb for at forbedre 

livskvaliteten for patienten. 

Den underliggende sygdomsbiologi, der forårsager udviklingen af HA er vanskelig at undersøge i patienter 

med hæmofili, da deres blødende fænotype forhindrer, at man kan udtage biopsier fra de påvirkede led. 

Derfor er mekanismerne, der medfører udviklingen fra ledblødningen til kronisk HA kun delvist belyst. 

Kendskab til sygdomsudviklingen er vigtig idet mekanismerne bag kan afsløre nye mulige 

behandlingsstrategier, som i fremtiden kan forhindre nedbrydningen af leddet og dermed forbedre 

livskvaliteten for hæmofili patienter. 

I denne afhandling var målet at karakterisere den tidlige sygdomsudvikling fra begyndelsen af leddets 

nedbrydning til tilstedeværelsen af kronisk HA efter en enkelt induceret ledblødning. Da dette ikke er 

muligt i hæmofili patienter, blev det først undersøgt om F8 KO rotten kunne bruges som model for HA. 

Det første studie i afhandlingen testede hypotesen, at en induceret ledblødning i knæleddet på F8 KO 

rotten vil føre til patologiske forandringer i leddet, der minder om human HA. Derudover blev det også 

testet hvorvidt behandling med rekombinant faktor VIII inden ledblødningen kan reducere eller forhindre 

forandringerne i leddet. Begge hypoteser blev bekræftet. 

Studie to undersøgte muligheden for at bruge ultralyd (US) og micro‐computed tomography (μCT) som 

redskaber til at undersøge nedbrydningen af leddet. Ligeledes blev korrelationen mellem de semi‐

kvantitative billedanalyser og de histologiske undersøgelser af leddet evalueret. 

Efter at have påvist at F8 KO rotten kan bruges som model for HA, og at US og  μCT kan benyttes til 

visualisering af ledforandringerne blev studie tre designet med det formål at lave en detaljeret 

kortlægning af progressionen fra hæmarthrose til HA. 

Til dette formål blev 100 F8 KO rotter udsat for en ledblødning eller en sham procedure, og en gruppe af 

hver blev aflivet dag et til syv efter proceduren. 

Sammenlagt viser studierne i denne afhandling, at F8 KO rotten kan bruges som model for HA med en høj 

face og construct validity. Ydermere blev US og  μCT bekræftet som modaliteter, der kan visualisere 

patologien i henholdsvis leddets bløddele og knoglevæv. 
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Endelig blev modellen og visualiseringsmetoderne benyttet til at vise, at der sker en meget hurtig 

udvikling af HA i F8 KO rotten med betragtelig skade i leddet allerede indenfor de første syv dage efter en 

induceret ledblødning. 

Synovitis var til stede allerede indenfor 24 timer hvorefter tab af brusk samt knoglepatologi blev påvist. 

Brusk og knogleforandringerne skete samtidig og udviklede sig allerede fra dag to til tre. Dette er i 

uoverensstemmelse med tidligere teorier om en sekventiel nedbrydning af leddet, der starter med 

synovitis, efterfulgt af gradvise bruskforandringer, der på sigt vil føre til knogle nedbrydning. 

Fremtidige studier af HA udvikling i dyremodeller bør derfor overveje at implementere det korte studie 

set‐up for karakterisering af sygdommen. Ydermere, bør man, set i lyset af den samtidige udvikling af 

sygdom i brusk, knogle og synovial membranen, genoverveje fremtidige behandlingsstrategier, som indtil 

nu har fokuseret primært på forhindring af synovitis og tidlig bruskskade. 
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1. Introduction 

1.1. Haemophilia A 
The disease haemophilia A is caused by the lack of coagulation factor VIII (FVIII), with patients suffering 

from prolonged bleeding or in severe cases also episodes of spontaneous bleeds. The disease is the most 

common bleeding disorder of the two haemophilia’s (haemophilia A and B), representing 80‐85% of the 

haemophilic population [1‐3]. Approximately 1 in 10.000 new‐borns are affected, and an additional 0.2‐1.0 

per million are believed to annually acquire the disease [1]. 

The gene coding for FVIII is located on the q arm of the X‐chromosome, which explains why the recessive 

disease primarily affects males whereas females most often present as carriers [4‐6]. 

Despite the knowledge of a hereditary pattern, it is now recognised that approximately 30% of the 

diagnosed cases of haemophilia A are due to a spontaneous mutation of the FVIII coding (F8) gene, with 

an inversion of intron 22 as the most common mutation in the F8 gene [4‐6]. Depending on the mutation 

of the F8 gene, different levels of FVIII activity can be measured in plasma. The severity of haemophilia A is 

determined by the amounts of circulating functionally active FVIII in plasma, and the disease is, therefore, 

divided into three phenotypes: mild (6‐40% FVIII activity), moderate (1‐5%), and severe (less than 1%). 

Patients with severe haemophilia A represent the majority as they constitute approximately half of the 

haemophilia A population [7‐9]. 

In a healthy subject, damage to the vessel wall will initiate the coagulation cascade and lead to activation 

of FVIII, which in turn will bind and form the tenase complex with activated coagulation factor IX (see 

Figure 1). This complex activates coagulation factor X, enabling the activated factor X to bind activated 

coagulation factor V [10, 11]. This complex, known as the pro‐thrombinase complex then cleaves large 

amounts of pro‐thrombin into thrombin (also known as FII and FIIa, respectively) in a process known as 

the thrombin burst. Finally, the activated thrombin is capable of cleaving fibrinogen into fibrin, a key 

component of a blood clot [10, 11]. 

In haemophilia, the lack of FVIII prevents formation of the tenase complex, and thereby also the 

subsequent pro‐thrombinase complex. Without these complexes there is no formation of large amounts 

of thrombin and thereby also fibrin, resulting in an inability to form a stable blood clot upon vascular 

injury. 
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Figure 1: TThe coagulation cascade 

Upon rupture of a vesseel, blood cells aand platelets wwill spill into the hole and thee surrounding ttissue. The dammaged 
endothelium at the rupttured site expooses sub endothelial cells thatt express the eextravascular tissue factor (TFF), the 
principal initiator of coaagulation which instigates the initiation phase of coagulaation. Circulatinng FVII binds tto the 
exposed TTF, which is then activated to FFVIIa. 
The FVIIa then activates FX to FXa and FFIX to FIXa. FXaa forms the proo‐thrombin commplex with FVa, and cleaves FII (pro‐
thrombin)) into FIIa (throombin). The smmall amounts oof FIIa formed, cleaves fibrinogen into fibrin, which stabilisse the 
initial plattelet plug formeed at the rupture site. Finally, the cleaved FIIa is also capable of cleaving FVVIII into FVIIIa. 
In the nexxt phase, knowwn as the amplification phasee, FVIIIa forms the tenase complex with FIXXa on the surfaace of 
activated platelets that aare adhered to the site of ruptture. 
The tenasse complex is caapable of cleavving large amouunts of FX to FXXa, which remain on the plateelet surface andd form 
the pro‐thhrombin complex with FVa. TThe numerous pro‐thrombin complexes aree then capablee of generating large 
amounts of FIIa (knownn as the thrommbin burst), whhich then cleavves multiple fibbrinogen moleccules into fibrin and 
ensures a stable clot is foormed. 
Source and permission: MModified from SServier Medical Art, http://servier.com/Powerpoint‐image‐‐bank. 

Severe hhaemophilia, has a seriouus diathesis with patients suffering mmultiple sponntaneous bleeeding 

episodess, usually appeearing first duuring the todddler years as the child learrns to crawl aand walk [12]]. The 

bleeding episodes conntinue to occuur throughout the patients’ lifetime with as many as 220‐35 episodees per 

year [2, 13, 14]. Thee most serioous bleeds arise intracrannially [4], and without trreatment, thee life 

expectanncy for patientts with severee haemophiliaa is short, withh many dying before reaching adulthoodd [15, 

16]. 

Today, thhe treatmentt of haemophhilia is focuseed on preventting spontaneeous or pro‐longed bleedss and 

maintaining a normal coagulative ppotential by trreating the paatients with faactor replacemment therapyy. The 

treatmennt is either given as regullar infusions (prophylaxis) or on‐demand when a spontaneous bbleed 
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occuurs. Prophylacctic treatmentt reduces thee severe bleeeding phenotyype; howeverr, despite an extensive 

and thorough proophylactic treaatment regimeen, spontaneoous bleeds aree not complettely preventedd [13, 17]. 

The majority (>900%) [18] of the spontaneouus bleeds occuur in the largee synovial joinnts with the aankle joint 

being the most afffected, followwed by the knnee and elboww [13, 19]. Why these jointts are more vvulnerable 

to sppontaneous bleeds are uncertain. Repetiitive intra‐artiicular bleeding, also knownn as haemarthhrosis, can 

causse development of a degenerative disordder of the joinnt known as hhaemophilic arthropathy (HHA) [7, 13, 

20]. 

1.2. Haemoophilic arthropathy 
Extraavasation of bblood into thee joint leads tto the progresssive and painnful disorder HA (see Figurre 2). This 

complication is chharacterised bby a loss of fuunction and limited range of motion off the joint as it stiffens 

due to degenerattive joint changes. The detteriorated annd painful joinnt diminishes the patients’ mobility 

and reduces theirr quality of liffe [13, 21‐23]]. Thus, 49% percent of severe haemopphilia A patiennts report 

that the most coommon comorbidity is bonne or skeletal problems suuch as arthrittis, with 38% suffering 

chroonic pain [13, 221, 22]. 

Figgure 2: The connsequences of hhaemophilic arrthropathy 

Thhe long‐term coonsequence off HA is destructtion of the 
joint. This resultss in joint narrowwing (as seen on the X‐ray 
immage) and pathhology in joint cartilage and bone. This 
caauses loss of joint function, limmited range of mmotion and 
joint stiffness. Combined thee joint deteriioration is 
paainful and debilitating for the ppatient. 
WWith permissionn from: Hemophilia in Pictuures, 2005, 
WWorld Federationn of Hemophiliaa. 
htttp://www1.wfh.org/en/indexx.html 

Althoough HA remmains a compplication for hhaemophilia patients propphylactic treaatment regimmens have 

greatly reduced tthe risk and slowed the pprocess of arthropathic deevelopment. However, proophylactic 
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treatment is expensive and many patients, in particular in developing countries, do not have access to 

prophylaxis [24], which is why HA remains a problem for many haemophilia patients. 

The disorder usually becomes evident already during childhood and adolescence [7, 25] and studies have 

shown that by the age of 30‐40 years, 90% of patients with severe haemophilia on prophylaxis already 

have degenerative joint disease [19, 26]. Many patients will eventually undergo orthopaedic surgery in an 

attempt to reduce the pain, allow for increased usage of the joint and thereby also increase the quality of 

life for the patient. 

Studies attempting to clarify the pathobiology of HA are therefore important, as the results can help 

improve treatment and joint outcome and thereby also the quality of life of the patients. However, studies 

of HA onset and development have been complicated by the bleeding phenotype of patients making 

biopsy sampling difficult. Therefore, studies of human HA pathogenesis have mostly been conducted on 

late‐stage tissue samples obtained during intervention surgery. However, together with in vitro analysis 

and animal studies, some insights to the pathogenesis of HA have been obtained, although many aspects 

of the biology behind disease progression remain unresolved. 

1.2.1. Pathogenesis 
Upon haemarthrosis, blood will enter the otherwise enclosed and encapsulated joint, causing swelling, 

warmth, and distention of the joint area [12]. If the bleed is minor, the blood will be resorbed by the thin 

synovial membrane covering the joint (see Figure 3) [20]. However, if repetitive bleeds or extensive 

haemarthrosis overwhelms the capacity of the synovial cells to remove the blood, then haemarthrosis can 

lead to chronic synovitis and possibly further joint damage, i.e. HA. 

1.2.2. Synovitis 

The healthy synovial joint is encapsulated by ligaments, lined on the inside with a thin membrane (two to 

three cell layer thick) composed of synovial cells (see Figure 3) [12]; the macrophage‐like A‐type cells and 

the fibroblast‐like B‐type cells. The role of the B‐type cells of the synovial membrane is to produce and 

secrete the synovial fluid composed of nutrients and lubricant for the intra‐articular cartilage, while also 

producing the extracellular matrix scaffold of the synovial membrane [27, 28]. The role of the A–type cells 

is to resorb and remove debris and extracellular fluid in the joint cavity [28]. 

Bleeding into the joint causes marked changes to the synovial membrane such as enlargement and 

inflammatory infiltration [29]. This can be seen macroscopically, as an overall joint swelling develops [7, 

15, 30]. This enlargement and swelling can be reversible if the bleed only has had a minor impact on the 

joint. If, however, the condition persists for more than six months, then early degenerative arthropathic 

changes are considered to be present [30, 31]. 
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Knee Knee-joint 

Anterior Posterior 

Coronal Sagittal 

Figurre 3: Overview of the knee joiint 

To thhe left is the annterior and possterior view of the encapsulated knee showwn. To the rightt the coronal aand sagittal 
view of the knee‐jooint is shown. AArticular cartilaage covers the femur and tibiaa bone ends inn the joint where the two 
bonees meet. The joiint is lined withh the synovial mmembrane, and filled with synoovial fluid. 
Sourcce and permission: Modified ffrom Servier Meedical Art, http://servier.com//Powerpoint‐immage‐bank. 

Humman tissue sammples from patients with ssynovitis havee shown a hyyper vascularissed, hypertroophic, and 

hypeerplastic synoovium [27, 32, 33], a patthology that is aggravated as the synnovitis progreesses and 

becoomes chronic.. The inflamed membraness also containn infiltrations of inflammattory cells, andd develop 

synoovial villi1 and in advanced synovitis, an iinvasive pannnus2 is often ppresent [29, 344‐37]. As the condition 

proggresses, the syynovial membbrane also gradually underggoes fibrosis bbecoming fraggile and brittlee, offering 

littlee support to thhe joint [27, 32‐34]. 

In deetail, the extrravasation of blood into thhe joint causes the A‐type synovial cells to resorb and remove 

the blood from thhe joint. As aa result of thee resorption, the A‐type ceells become aactivated and an acute 

inflammatory response arises [38]. This haas been demoonstrated by in vitro cultuuring of synovvial tissue 

fromm HA patientss, where increeased expresssion of pro‐innflammatory cytokines succh as Tumourr Necrosis 

Factoor‐alpha (TNFFα), Interleukin (IL)‐1β, and IL‐6 [33, 38, 339] was deteccted compareed to healthy ssynovium. 

Likewwise, increassed amountss of IL‐1β, IL‐6, keratinoocyte‐derivedd chemokine (KC) and mmonocyte 

chemmotactic prottein‐1 (MCP‐11) were foundd in the synoovial fluid of haemophilic mice subjectted to an 

1 Smaall projections from the surface of the synovial memmbrane stretchinng into the cavity of the joint 
2 A deestructive inflammmatory fibrovascuular front compoosed of synovial and infiltrated immmune cells 
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induced haemarthrosis when compared to synovial fluid of non‐haemophilic mice subjected to the same 

procedure [40]. 

Upon acute haemarthrosis, the released cytokines and chemokines from the synovium lead to recruitment 

and infiltration of inflammatory cells such as neutrophils and macrophages that expands the capacity of 

the joint to resorb the extravasated blood [41‐43]. The released cytokines cause activation of 

inflammatory cells and propagation of the inflammatory response, aggravating the developing synovitis 

[42‐44]. Studies using IL‐6 antagonists in combination with rhFVIII support the theory of an inflammatory 

driven response and degeneration of the synovial membrane as mice subjected to haemarthrosis 

receiving this treatment had reduced synovitis and cartilage damage compared to mice treated solely with 

rhFVIII [45]. 

The inflammatory response also leads to proliferation of the synovial membrane and the infiltrating cells, 

which explains why the synovial membrane becomes thickened and enlarged [46‐48]. 

In the process of erythrophagocytosis, the activated macrophages and the A‐type cells of the synovial 

membrane also degrade haem‐incorporated iron. During this process, reactive oxygen species (ROS) are 

released, which are also capable of inducing an inflammatory signal, further exacerbating the condition 

[49‐52]. 

The end‐product of iron degradation is haemosiderin, which is seen intracellularly in the phagocytic cells 

of the synovial membrane and sometimes also in chondrocytes, and is considered a hallmark of HA [29, 

34]. 

The changes to the synovial membrane are suspected to have wide‐ranging consequences causing 

damage to other parts of the joint, both as a result of the proliferative state of the synovial cells with 

increasing nutritious demands, but also as a result of the continuous inflammatory condition. 

1.2.3. Cartilage damage 

Articular cartilage provides a low friction surface of the bone and a biomechanical function allowing for 

load transmission and distribution in the joint. The articular hyaline cartilage is composed of an 

extracellular matrix primarily constituted of collagen type II, proteoglycans and glycosaminoglycans (GAG) 

embedded with chondrocytes [53]. The chondrocytes are responsible for maintaining cartilage 

homeostasis by production of cartilage extracellular matrix components such as collagen type II and 

aggregan, as well as secretion of enzymes degrading the extracellular matrix e.g. matrix 

metalloproteinases [53, 54]. 

The chondrocytes are cells of mesenchymal origin and in the adult they very rarely divide or proliferate 

[53], why the delicate homeostasis maintaining the articular cartilage is vulnerable to chondrocyte 

damage. Haemarthrosis not only influences the cells of the synovial membrane, but also affects the 

chondrocytes and cartilage of the joint. 
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HA patients present with damage to the cartilage in the form of apoptotic or lacking chondrocytes and a 

disappearance of extracellular cartilage matrix [34, 35, 55]. 

The apoptosis of chondrocytes leads to a gradual loss of the extracellular matrix particularly in the weight‐

bearing areas, which gradually leads to fibrillations and clefts in the cartilage [34, 35, 55]. Eventually a 

complete disappearance of the intra‐articular cartilage can be seen, with exposure of the underlying bone 

[34, 35, 56, 57]. 

The pathobiology behind the cartilage damage is incompletely understood, but is suggested to arise from 

an indirect and a direct mechanism [14, 39]. The direct mechanism is believed to be caused by the blood 

itself. This is supported by in vitro studies of human cartilage explants, where only two days of culturing 

with 50% whole blood (v/v) led to decreased proteoglycan synthesis, a major extracellular component of 

cartilage [54]. Furthermore, the damage from this short‐lived exposure was enough to cause persistent 

reduction in proteoglycan synthesis even after a 20 days recovery period of the cultures [54, 58‐60]. Short‐

term blood exposure in vivo has also been shown to reduce proteoglycan synthesis, supporting the theory 

of a direct effect of blood on cartilage [41]. 

The mechanism behind the direct effect of blood‐induced cartilage damage is believed to be caused by the 

phagocytosis of erythrocytes by macrophages and the concurrent breakdown of iron. This hypothesis is 

supported by studies that have shown erythrocytes and monocytes alone cause damage to the 

proteoglycan synthesis of human cartilage explants comparable to the damage caused by whole blood 

exposure [58, 60]. 

The process of iron degradation in the joint occurs according to the Fenton reaction where free iron 

obtained from degradation of haem in the form of Fe2+ reacts with hydrogen peroxide (H2O2) resulting in 

formation of hydroxyl radicals [50]. 

The hydroxyl radicals induce expression of matrix‐degrading enzymes from the chondrocytes such as 

collagenase, but perhaps more harmful is the apoptotic effect of these radicals on chondrocytes [49, 51, 

52, 61, 62]. Thereby, the degradation of iron has a dual effect on the cartilage, afflicting both the matrix 

and the cells, which combined lead to a detrimental loss of cartilage in the joint. In addition, iron has been 

shown to induce proliferation of synovial cells, propagating the synovitis of the joint [46, 48, 63, 64]. 

Besides the direct effect of blood, an indirect inflammatory mechanism causing progressive cartilage loss 

has been suggested. The initial synovitis developed in response to haemarthrosis leads to a pro‐

inflammatory environment in the joint, as described. In particular, the cytokine IL‐1β has been shown to 

have a pivotal role in cartilage degradation [61]. Firstly, IL‐1β induces hydrogen peroxide production from 

chondrocytes themselves as well as infiltrated monocytes, aggravating the production of hydroxyl radicals 

and the loss of cartilage in the joint [49, 61]. Secondly, studies of cartilage explants have shown that 

inhibition of IL‐1β signalling, by anti‐IL‐1β neutralising antibodies or IL‐1β receptor antagonists, prevents 

chondrocytes apoptosis and can rescue the proteoglycan synthesis otherwise compromised following 
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blood exposure [61]. Likewise, studies have shown a protective effect of the anti‐inflammatory cytokines 

IL‐4 and IL‐10 on the proteoglycan synthesis following blood exposure [39, 59, 65]. 

It remains uncertain whether the direct or indirect path to cartilage damage is equally responsible for 

cartilage degradation or if they have a synergistic effect, but combined they are responsible for the 

gradual destruction of intra‐articular cartilage. 

1.2.4. Pathological bone remodelling 

Where a joint is formed, two bone ends meet and extend into the joint space, with the epiphyseal bone‐

ends positioned beneath the articular cartilage (see Figure 3). The capsule surrounding the joint stretches 

across the joint space, cartilage and the subchondral bone and attaches caudal and distal to the 

epiphyseal bone‐ends [12]. 

Examinations using imaging or post‐mortem dissection have revealed the severity of HA related bone 

pathology in human patients, including joint space narrowing, widening of the intercondylar notch of the 

femur, bone erosions, subchondral cyst formation and osteophytosis [32, 35, 66]. Additionally, studies 

have shown a general osteoporotic tendency in patients with HA [67‐70]. 

Despite the very active tissue of the bone, the damage to the bone observed in HA patients following 

haemarthrosis are generally accepted to develop secondary to synovitis and cartilage degeneration [7, 31, 

71]. 

Both inflammatory responses and mechanistic damage due to imbalanced load‐bearing following cartilage 

loss have been suggested to be the underlying cause of the bone degeneration seen in HA patients, which 

is considered an end‐stage characteristic of chronic HA [66, 68]. 

The theory of mechanistically induced bone pathology poses that progressive loss of articular cartilage, 

leads to a reduced capacity of the cartilage to distribute and withstand weight‐loading [66, 68]. The 

absence of cartilage means the load is gradually displaced directly onto the bone surfaces. In 

osteoarthritis, this has been proposed to result in increased pressure on the marrow space, causing 

subchondral haemorrhages and development of subchondral cysts. The same mechanism has been 

suggested to occur in HA, perhaps even aggravated by the concomitant increase in intra‐articular pressure 

arising during acute haemarthrosis increasing the stress put on the bone marrow [31, 71]. 

Compelling evidence also suggests that an inflammatory process mediates the change in bone turnover, 

resulting in the observed bone pathology. The regulation of bone formation and resorption is controlled 

through complex intra‐ and inter‐cellular communication that has yet to be completely elucidated. Several 

of the mechanisms responsible do, however, involve the inflammatory cytokines found upregulated in 

synovia following haemarthrosis. 
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Both IL‐1β  and TNFα  have been shown to induce receptor activator of nuclear factor‐κappa B ligand 

(RANKL) production, a potent stimulator of osteoclast3 activation [72]. Concurrent to their induction of 

bone resorption by activating osteoclasts, IL‐1β  and TNFα  have also been shown to regulate bone 

formation by inhibiting the bone producing osteoblasts, further pushing the balance of bone homeostasis 

towards excessive resorption [73, 74]. 

Histological examination of synovia from HA patients’ support these studies, as RANKL expression is 

increased in HA patients compared to osteoarthritic patients [75]. Moreover, osteoprotegerin, a decoy 

receptor for RANKL and an important regulator that reduces bone resorption, is significantly reduced in 

HA synovial tissue [75]. 

In addition to the effects of IL‐1β and TNFα, IL‐6 which is also found in synovial fluid of HA patients is 

known to regulate osteoclast progenitor cells by inducing differentiation into mature osteoclasts, thereby 

increasing the pool of bone resorption cells [72, 74, 76]. 

These findings are in line with the positive correlation found between HA and osteopenia and 

osteoporosis [68‐70]. Furthermore, the increased magnitude of bone loss in HA patients are believed to 

arise from excessive bone resorption as a consequence of the disuse and immobilisation of the joint 

because of joint deformity, pain and restricted use following haemarthrosis [67, 68]. 

Despite detailed descriptions of HA related bone pathology, the pathobiology of the bone changes is not 

fully elucidated. The early mechanisms behind HA related pathobiology of the bone remains largely 

uncharacterised, due to the difficulty in studying the earliest changes to the bone in haemophilia patients. 

Studies of haemophilic animal models have only recently focused on the early response of the bone to 

haemarthrosis. 

Only three animals studies of HA development following blood‐induced joint‐damage have shed light on 

the earlier development of bone changes, and only one of these focused on disease characterisation [77‐

79]. Lau et al. studied HA development in F8 KO mice following an induced haemarthrosis in the knee‐joint 

and found that a single joint bleed led to an acute loss of trabecular bone and an overall loss of bone 

mineral density [78]. The loss of bone appeared concurrent to changes in the periosteum which developed 

a rough appearance. This study provided an insight to the initial events of haemarthrosis‐induced bone 

pathology; however, the molecular mechanisms remain unknown. It is likely due to a combination of both 

the mechanistically and inflammation induced deregulation of bone homeostasis. 

1.2.5. Angiogenesis 

A final process in HA that has received much attention in the recent years is the process of new vessel 

formation or angiogenesis [80]. The hypothesis of a potential angiogenic influence on HA development has 

been supported by both human and animal studies pointing to an increased angiogenic activity in synovitis 

and HA [47, 81‐83]. 

3 The cells responsible for bone resorption 
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Patients with HA have been shown to have hyper vascular synovial tissue [47, 81]. Furthermore, plasma 

from HA patients contains increased angiogenic factors such as the vascular endothelial growth factor 

(VEGF), and the VEGF receptor‐1 and ‐2, and is capable of inducing tube formation of endothelial cells in 

vitro [81]. Also, VEGF has been shown upregulated in the joint within the first 24 hours after 

haemarthrosis in an induced joint‐bleed mouse model of HA [84]. 

Similar studies using mouse models of HA have also shown an increased vascularity of the synovial tissue 

following a single induced haemarthrosis [47]. This vascularity was superior to the vascularity of synovial 

tissue from mouse models of induced osteoarthritis and rheumatoid arthritis. This indicates that 

angiogenesis is specifically related to HA and not other arthritic joint disorders [47, 85]. 

The path from extravasation of blood to increased angiogenesis is suggested to be instigated both by an 

inflammatory signal and by the joint tissues’ demand for oxygen. 

With larger haemarthroses, the pressure in the joint increases, and eventually can surpass the intra‐

capillary pressure, causing these to collapse, and the joint tissue to become oxygen deprived, i.e. hypoxic 

[18]. Hypoxia leads to expression and stabilisation of the transcription factor hypoxia inducible factor‐1α 

(HIF‐1α), which in turn leads to expression of growth factors and mitogens, of which VEGF is perhaps the 

most important in relation to angiogenesis [86‐88]. The expression of VEGF leads to the process of 

sprouting and formation of new vessels, which provides new routes of oxygen supply to the joint tissue 

[86‐88]. 

In addition to the hypoxic environment developing as a direct effect of haemarthrosis, synovitis is also 

believed to activate angiogenic pathways, as the tissue has an increased oxygen demand due to the 

proliferative and inflamed condition of the cells [55]. Thus, inflammatory signals such as the cytokines IL‐

1β and IL‐6 have been shown to increase angiogenesis in other disorders such as cancer [89, 90]. 

1.2.6. Vicious cycle 

The individual tissue responses and the overall inflammatory condition initiated by the haemarthrosis 

have been suggested to increase the risk of re‐bleeding, and thereby instigating a vicious cycle of 

progressive joint deterioration with a continuously increased risk of haemarthrosis (see Figure 4) [91]. 

The theory is based on the inflamed synovial tissue requiring more oxygen alongside the already hypoxic 

environment following haemarthrosis inducing angiogenesis. 

The angiogenic response causes formation of new immature vessels that could be prone to rupture, 

thereby increasing the risk of joint‐bleeds. This theory has, however, been challenged in a study by 

Zetterberg et al. who showed that vessels in the synovium of HA patients were covered in pericytes [92], 

considered a sign of vessel maturity and indicate the vessels are not at increased risk of rupture [93]. 
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In addition to thhe theory of an angiogennic driven risk of re‐bleedds, the continnued loss of cartilage 

extraacellular matrix and erosiions of cartillage and bonne cause misuse of the jooint, and cann lead to 

additional stress oon other strucctures of the joint, such ass ligaments annd subchondraal structures. The wear 

and tear of the misused jointt are also beelieved to increase the risk of haemartthrosis or subbchondral 

bleeds, adding furrther to the ellevated risk off haemarthrosis [32, 69]. 

Figurre 4: Initiated pprocesses in ressponse to haemmarthrosis in haaemophilic pattients 

When blood fills upp the joint caviity, the synoviaal cells secrete inflammatory cytokines suchh as IL‐1β, IL‐6, TNFα and 
MCP‐‐1. These cytokkines can recruuit and activatee immune cellss such as monoocytes/macrophhages and neuttrophils. In 
the jooint these cellss together withh the A‐type ceells of the synovial membranee will attempt tto resolve the bblood. This 
causees further release of cytookines and prropagation of the inflammmation. The ccytokines also increases 
osteooclastogenesis (differentiationn of prematuree osteoclasts into mature osteeoclasts) pushinng the bone hoomeostasis 
towaards resorption. In addition, tthe cytokines, the resorptionn of blood, andd iron degradattion cause prooduction of 
hydroogen peroxide (H2O2) and reactive oxygen sppecies (ROS). These in turn cause chondrocyyte damage andd apoptosis 
leading to reduced glycosaminoglyycan (GAG) synnthesis and releease from the cchondrocytes. TThe net result is a loss of 
cartillage. Finally, thhe blood in thhe joint increasses the pressuure, causing caapillary collapsee. This togetheer with an 
increeased oxygen demand due to the inflammatiion leads to HIF1α and VEGF expression andd an angiogenicc response. 
The newly formed vessels and the wear and tear of the joint are believeed to increasee the risk of ree‐bleeding, 
instiggating a vicious cycle of progreessive joint deteerioration. 
Sourcce and permission: Modified ffrom Servier Meedical Art, http://servier.com//Powerpoint‐immage‐bank. 

The continuous haemarthrosess and degeneeration of the joint will eveentually causee complete deestruction 

of thhe intra‐articuular structuress, resulting in a joint with an enlarged fibrotic synoviial membranee, without 
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supportinng cartilage, aand with bonee erosions andd possibly subbchondral cyssts (see Figuree 5). Such a jooint is 

painful and debilitating and requirees surgical inteervention, succh as replacemment or fusionn of the joint [[31]. 

Figure 5: PProgressive joint deterioratioon as a result off haemarthrosiis 

The bloodd in the joint fills up the joint ccavity and causses synovial thicckening and infflammation. Thhis will gradually lead 
to cartilagge thinning andd disappearancce. The bone iss also affected likely due to aan increased reesorption, leading to 
erosions aand osteopeniaa as the conditioon progresses. Eventually the patient walks oon a joint devooid of cartilage wwith a 
chronicallyy thickening aand inflamed synovial memmbrane with serious bone aabnormalities. The final stage of 
arthropathy requires surrgical interventiion to relief paiin and increase quality of life ffor the patient. 
Source and permission: JJournal of Appliied Hematologyy, http://jahjouurnal.org/ [94]. 

The vicioous cycle initiaated by haemmarthrosis withh subsequentt joint degeneeration and inncreased risk oof re‐

bleeding underscores the importannce of an earlyy diagnosis off synovitis andd HA, as the eearly diagnosiis can 

help aid the correct faactor supplemmentation andd use of the jjoint, leading hopefully to the preventioon or 

halting of the development of late‐sstage HA. 

1.3.. Diagnosis of haemopphilic arthroopathy 

The toolss for diagnosiss of HA are coontinuously beeing evaluatedd and improved in a desiree to obtain an early 

precise ddiagnosis of joint changes,, allowing forr individual trreatment adjuustment and thereby hopeefully 

preventinng further joinnt deterioratioon. 

When evvaluating thee joints of aa haemophiliic patient with possible joint diseasee, both a clinical 

investigation and imagging assessmeent are utilisedd to determinne the degree of arthropathhy. 

Radiographic imagingg (X‐ray) is thhe most desccribed and wwidespread immaging techniqque to deterrmine 

arthropathic changes, however, wwithin the reecent decadees magnetic resonance immaging (MRI)) and 

ultrasonoography (US) have becomee increasingly recognised foor their abilityy to show earllier changes to the 

joint. 

1.3.1. CClinical evaluuation of haeemophilic arrthropathy 

Differentt clinical evaluuation systems assessing accute haemarthrosis and joint status in reelation to HA have 

been devveloped withiin the last cenntury. The World Federatioon of Hemophilia (WFH) tooday recommmends 

28 

http://jahjouurnal.org


 

                               

       

                           

                           

                             

                             

                               

    

 

             

                                 

                                   

                           

                               

                                 

                               

                          

                       

                                   

                       

 

                               

                                 

                     

                         

                                 

 

 
   

either the Gilbert score (also known as the WFH Physical Examination Score) or the Hemophilia Joint 

Health Score (HJHS) [15]. 

Both scores are additive scores including parameters such as swelling, muscle atrophy, deformity, and 

range of motion to determine the presence of haemarthrosis, chronic synovitis, or more severe 

arthropathy [15, 95]. Studies have shown a high correlation between clinical evaluation and plain X‐ray 

imaging of affected joints [96‐98]; however, clinical examinations are unable to determine the extent of 

HA and osteochondral damage, which is why imaging remains an essential part of determining HA in 

haemophilia patients. 

1.3.2. Radiographic imaging and evaluation of haemophilic arthropathy 

The first imaging technique deployed for diagnosing and grading HA was X‐ray and the technique is still 

used today [15, 99]. The drawback of this imaging modality however, is the fact that X‐ray imaging of 

joints can only visualise more severe often irreversible disease complications. Thus, the technique does 

not allow for assessment of the earlier soft tissue changes following haemarthrosis, such as synovitis and 

damage to the cartilage [100]. Some of the earliest HA related changes identifiable by X‐ray are squaring 

of the patella and widening of the intercondylar notch [101‐103]. Later‐stage HA changes visible in X‐ray 

images include joint space narrowing, erosions, subchondral cysts, and bone deformity [101, 103]. 

Other radiographic techniques with higher resolution such as computed tomography (CT) provide cross‐

sectional images with a high level of detail [99], however, the level of radiation prevents the repetitive use 

of this technique as is required for continuous monitoring of joint health. 

To assess the degree of arthropathy in X‐ray images different scoring systems have been suggested [31, 

103], and today the most applied grading system is the Pettersson score (see Table 1), recommended by 

the World Federation of Hemophilia [15, 26, 98, 102, 103]. 

Soft‐tissue changes such as synovial thickening and initial cartilage disappearance are, however, difficult 

to assess using X‐ray, which is why MRI and US are increasingly employed [96, 99, 102, 103]. 
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Table 1: Overview of the Pettersson score applied to radiological images [103] 

Parameter Assessment Score 

Osteoporosis 
Absent 0 

Present 1 

Enlargement of epiphysis 
Absent 0 

Present 1 

Irregularity of subchondral surface 

Absent 0 

Slightly 1 

Pronounced 2 

Narrowing of joint space 

Absent 0 

<50% 1 

>50% 2 

Subchondral cyst formation 

Absent 0 

1 cyst 1 

>1 cyst 2 

Erosions at joint margins 
Absent 0 

Present 1 

Incongruence between joint surfaces 

Absent 0 

Slight 1 

Pronounced 2 

Deformity (angulation and/or displacement 

of articulating bones) 

Absent 0 

Slight 1 

Pronounced 2 

1.3.3. Magnetic resonance imaging and evaluation of haemophilic arthropathy 

The sensitivity of MRI to reveal soft tissue and osteochondral lesions are superior to both X‐ray and the 

clinical examination [99, 100, 104]. Studies have thus shown that patients who have suffered 

haemarthrosis with a normal appearance on X‐ray most often have considerable damage to the joint in 

the form of cartilage loss and minor erosion of bone visible on MRI. Likewise, clinically normal joints have 

on MRI been shown to suffer early signs of synovitis and HA [56, 97, 105, 106]. 

The findings of early HA pathology on MRI include joint effusions and thickening of the synovial 

membrane sometimes with an inflamed appearance [56, 97, 105]. Cartilage thinning or loss has also been 

demonstrated in MRI, as have bone deformations such as erosions and cystic lesions [105, 106]. In 

addition to the structural changes and pathology of the joint, MRI can also show deposition of 

haemosiderin, as an indication of previous haemarthrosis and the condition of the synovium [98, 105]. 

MRI is now considered the best imaging modality for assessing joint deterioration and evaluating 

progression of HA because it allows for visualisation of both soft tissue and bone structures [101, 107, 

108]. 
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Several scoring systems for assessing HA using MRI have been developed in order to grade the severity of 

arthropathic changes and aid in decision making of future treatment [99, 107, 109]. Recently, a new scale 

has been suggested, which is based on a combination of the previous X‐ray and MRI scores, and divided 

into sub scores, allowing for individual assessment of soft tissue and bone (see Table 2) [109]. 

Table 2: Overview of the IPSG scale for assessment of arthropathic changes on MRI [109] 

Score type Parameter Assessment Score 

Soft tissue Small 1 

changes Effusion/haemarthrosis Moderate 2 

Large 3 

Small 1 

Synovial hypertrophy Moderate 2 

Large 3 

Small 1 

Haemosiderin Moderate 2 

Large 3 

Soft tissue 
Maximum 9 

sub score 

Osteochondral Surface erosions Any surface erosion 1 

changes (involving subchondral ≥50% of the articular surface eroded in at least one 1 

cortex or joint margins) bone 

At least one 1 

Cysts in at least two bones, or cystic changes 1 
Subchondral cysts 

involving ≥1/3 of the articular surface in at least 

one bone 

Any loss of cartilage‐height 1 

Loss of ≥50% of the total cartilage volume in at 1 

least one bone 

Cartilage degradation Full‐thickness loss of joint cartilage in at least some 1 

area in at least one bone 

Full‐thickness loss of joint cartilage including ≥50% 1 

of joint surface in at least one bone 

Osteochondral 
Maximum 8 

sub score 

Despite the high level of sensitivity of MRI, the technique is both expensive and time consuming and many 

younger patients require sedation during the procedure [110]. Perhaps, therefore, studies of HA 
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visualisation and evaluation need to continue and other modalities such as US are also suggested as an 

alternative for evaluating soft tissue pathology of HA. 

1.3.4. Ultrasonographic assessment of haemophilic arthropathy 

The use of US in assessment of haemarthrosis and HA has been refined throughout the last four decades 

and is now routinely employed in some haemophilia clinics for regular evaluation of joint status [108, 

111]. The technique has received increasing attention and has become widely embraced due to the 

relatively easy and rapid procedure, requiring no sedation and with no radiation exposure [110, 112]. 

US can readily show the presence of intra‐articular fluid and thereby help verify an acute haemarthrosis 

and determine factor replacement treatment. Ceponis and colleagues recently highlighted the relevance 

of this capacity in a study, where they used US to examine patients with painful joints causing them to 

suspect a joint bleed [113]. The study showed that the majority of the assumed bleeds were in fact caused 

by arthritic degeneration of the joint and vice versa. Like MRI, the technique can, therefore, aid in 

treatment decision making in early stages of haemarthrosis and HA, as additional factor replacement 

therapy would not affect the patients who suffered due to arthritic changes and not haemarthrosis. 

US is user‐dependent, however, and evaluation of cartilage loss, erosions and subchondral cysts is more 

difficult to assess with US. The presence of such damage seems to be underestimated with US compared 

to MRI [110, 111, 114]. Likewise, haemosiderin has proven difficult to estimate, and is often not reported 

[110, 111, 113, 115, 116]. 

As in X‐ray and MRI, scores have been applied and developed in an attempt to stratify patients according 

to severity of joint damage. Protocols for US scanning procedures have also been designed in order to 

minimise operator‐dependent variance between scans [114, 117‐120]. These protocols provide 

information on joint positioning during US procedures and correct placement of the US transducer 

according to defined landmarks within the joints. 

Recently Martinoli and colleagues developed the Haemophilic Early Arthropathy Detection with 

Ultrasound (HEAD‐US) score (see Table 3), an additive score specifically designed for US of the most 

haemarthrosis affected joints [119]. 

So far no single score is recommended by the World Federation of Hemophilia for US images [15]. Likely, 

once sufficient evidence exists for validity and reliability of one or more scores, these will be employed 

more widely in US assessment of HA. 
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Table 3: Overview of the HEAD‐US score for assessment of arthropathy on US [119] 

Score type Parameter Assessment Score 

Disease activity 

(synovitis) 

Hypertrophic 
synovium 

Absent/minimal 

Mild/moderate 

Severe 

0 

1 

2 

Disease damage 

(articular surfaces) 

Cartilage Normal 

Echo‐texture abnormalities, focal partial/full‐thickness 

loss involving <25% of the target surface 

0 

1 

Partial/full‐thickness loss of articular 

involving at least ≤50% of the target surface 

cartilage 2 

Partial/full‐thickness loss of articular 

involving >50% of the target surface 

cartilage 3 

Complete cartilage destruction or absent visualisation 

of the articular cartilage on target bony surface 

4 

Bone Normal 0 

Mild irregularities of the subchondral bone 

with/without initial osteophytes around the joint 

1 

Deranged subchondral bone with/without erosions 

and presence of prominent osteophytes around the 

joint 

2 

Note: Target surface: Elbow: anterior aspect of the distal humerus epiphysis; Knee: femoral trochlea; Ankle: anterior 
aspect of the talar drome. 

Despite the improvements in imaging and diagnosis of the early phases of HA, the pathobiology of disease 

development in the progress of haemarthrosis to synovitis and onwards towards HA is still complicated by 

the inability to study very early joint changes in patients. To this end, studies employing animal models of 

haemophilia and HA have been employed. 

1.4. Animal models of haemophilia and haemophilic arthropathy 

Animal models have to date proven indispensable in pathobiological and pharmacological studies, and 

have been used to study haemophilia and HA throughout the last century, aiding in drug testing and 

disease understanding. 

Some of the earliest studies of haemophilia and HA in animals emerged after a haemophilic dog was 

discovered and from it a colony of haemophilic dogs was established [16, 57, 121, 122]. Since then, other 

animals with spontaneous haemophilia have been described, such as the sheep and pig [123, 124]. With 

the development of techniques allowing for gene editing, rodent models of haemophilia and HA have also 

33 



 

                                 

                 

 

     

                                 

                               

               

                             

                                   

                                 

                             

                              

                           

                                 

                           

                                   

                             

                             

                             

    

 

                                 

                             

                             

                                     

                                 

                                 

                                   

  

                               

                             

                       

 

been developed [125, 126]. To date, the most widely used animal models of haemophilia are the early 

established dog model and the genetically modified mouse models. 

1.4.1. The haemophilic dog 

The first described dog with haemophilia was an Irish setter, and from the kennel of this dog, 

heterozygous females were brought to the University of North Carolina, Chapel Hill, where a colony of 

haemophilic dogs was bred and characterised [121, 122]. 

The disease in dogs is X‐linked and recessive thereby resembling the human inheritance pattern. The 

mutation underlying the haemophilic disease of the Chapel Hill colony was recently shown to be due to an 

inversion in the F8 gene analogous to the common intron 22 inversion of human haemophilia A patients 

[121, 127]. Furthermore, the manifestations of the disease are similar to the human clinical phenotype, 

with variation in bleeding severity, although most dogs appear to have a severe phenotype [121]. 

The dogs also experience spontaneous and trauma‐related haemorrhages first appearing early in life, and 

the majority of these are situated in the joints [16, 121]. The result of multiple haemarthroses is 

development of a condition that clinically and physiologically resembles HA. Upon a haemarthrosis, the 

joint of the dog swells, appears painful and is flexed in an immobile position [121]. When examining the 

joints of haemophilic dogs post mortem, they are shown to contain an enlarged, fibrotic synovium 

discoloured due to haemosiderin depositions. The cartilage of the joint is sometimes eroded, resulting in 

joint space narrowing, which can be accompanied by bone changes such as osteophytes or subchondral 

cysts [57]. 

Due to the similarities between dog and human haemophilia and HA, the dog is considered a valuable 

model, and has been utilised in both pharmacological and pathophysiological research [16, 121]. The large 

size of the animal allows for repetitive blood sampling for pharmacokinetic studies, and the spontaneous 

bleeds have made it possible to study HA in an in vivo setting. However, despite the clear advantages of 

the dog, some difficulties also exist. First, compared to rodent animal models, the dog has a longer 

oestrous cycle, which is why a large colony of haemophilic dogs is difficult to maintain. Additionally, the 

price of maintaining such a colony is considerable, which to some extent can limit the dissemination of the 

model. 

In contrast, rodent animal models are often inexpensive compared to larger animal models, and have a 

very short oestrous cycle. The F8 knock‐out (KO) mouse models, therefore, have received much attention 

since they were developed, and have been quickly employed in haemophilia research. 
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1.4.2. The F8 knock‐out mouse models 

Two haemophilia A mouse models exist, however, unlike the dog model, the haemophilia A mouse models 

were genetically modified. The genetic disruption of the F8 gene has resulted in no measureable FVIII 

activity in both strains. 

Upon incision, the KO mice have prolonged bleeding, and studies of tail vein transection have shown the 

lethality of the F8 mutation in these mouse strains [125]. However, unlike the haemophilic dog and human 

patients, the F8 KO mouse models of haemophilia A do not suffer spontaneous bleeds [125, 128]. 

The lack of spontaneous bleeds have both been considered a flaw in the translational potential of the 

mouse models, but also an advantage as treatment is not necessary during breeding and housing. This 

ensures that animals involved in pre‐clinical drug testing have not previously been treated with plasma or 

recombinant human FVIII (rhFVIII) products, which otherwise could have resulted in anti‐FVIII antibodies 

already present at initiation of testing. Additionally, the joints of these mice are not naturally destroyed by 

spontaneous haemarthrosis. Therefore, the natural progression of HA has not been possible to study in 

vivo in this mouse model. However, the pristine joints of the mice have allowed for studies of the effect 

the first haemarthrosis have on the joint, as models of induced haemarthrosis have been developed (see 

the section entitled Models of haemophilic arthropathy). 

Another aspect of the mouse physiology considered an advantage, is the small blood volume of the 

mouse. Mouse studies require smaller dosages in drug testing, due to the smaller blood volume, which 

reduce study costs. Unfortunately, the smaller blood volume at the same time also limits the frequency 

and volume of blood sampling, which consequently can require the enrolment of more animals in the 

studies to cover several sampling time points [129]. 

In addition to the physiological aspects of the mouse models, practical advantages include lower space 

and cost requirements necessary to house and breed a colony. Finally, well‐established methods of 

genetic modifications also exist in the mouse, enabling insertion of human genes into the mouse genome, 

allowing for humanisation of the F8 KO mouse model for future pre‐clinical testing of drug 

immunogenicity. 

Although the mouse models present with relevant advantages for studies in HA development, the 

limitation due to the size of the mouse have recently lead to development of a new animal model of 

haemophilia, namely the F8 KO rat [126]. 

1.4.3. The F8 knock‐out rat model 

The rat as a laboratory animal has already been widely used and characterised, and it provides the same 

gestational frequency and relatively easy handling and housing as the mouse. The rat is also approximately 

10 times larger than the mouse, allowing for considerably larger and more frequent blood sampling [129]. 

Finally, like the mouse, genetic engineering is also possible in the rat. This allowed for development of a F8 
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KO rat, in the hope of creating a phenotypically translational rat model of haemophilia with spontaneous 

bleeds, but retaining the advantages of a minor laboratory animal such as the mouse [126]. 

The genetically modified F8 KO rat has no measurable FVIII activity, and overall the clinical manifestations 

are in accordance with the bleeding phenotype of the dog and also human haemophilia A patients. The F8 

KO rats suffer prolonged bleeding [126], but the rat also presents with spontaneous bleeds. The majority 

of the spontaneous bleeds are in the fore‐limbs, with the paws and hocks being the most affected places. 

Upon histological examination, evidence of both intra‐ and extra‐articular bleeds was found. Interestingly, 

the knee‐joint of the rat seem spared from spontaneous bleeding events [126]. The majority of the 

spontaneous bleeds in the rat occurred mostly between six to ten weeks of age, i.e. in immature rats [126, 

130], consistent with human haemophilia A patients. 

In addition to the genetically modified F8 KO rat model, another spontaneous haemophilic rat has been 

reported. This strain (WAG‐F8m1 Ycb) suffers a single point mutation causing disruption of the FVIII protein 

structure and below 1% FVIII activity. The result is prolonged bleeding and spontaneous bleeding events 

consistent with severe haemophilia in rats homozygous for the mutation [131, 132]. 

Both the F8 KO and the WAG‐F8m1 Ycb rat have potential translational value in haemophilia and HA. 

Additional beneficial properties of the larger rat versus the mouse model are the possibility of using the 

rat as its own historic control when blood sampling longitudinally and the relatively easier visualisation of 

joint structures. Combined, the properties of the rat make development of the haemophilic rat as a model 

of HA desirable. 

1.4.4. Models of haemophilic arthropathy 

The dog model of haemophilia allowed for studies in HA manifestations subsequent to spontaneous 

bleeding episodes, but studying specific time points following haemarthrosis is difficult in a spontaneous 

bleeding model. Furthermore, as the mouse model of haemophilia A does not suffer spontaneous bleeds, 

studies of HA onset and progressive pathology required development of a method for generating 

haemarthrosis. 

Traditionally, the knee‐joint has been the joint utilised for these models of HA, as this previously was the 

most affected joint in human haemophilic patients, and the large size of the joint is also favourable. 

Different approaches have been utilised to simulate or induce a joint bleed, with some developed 

specifically for haemophilic animal models and one allowing for studies of haemarthrosis in wild type 

animals. 

Injection of autologous blood from the same animal into the knee‐joint has been employed as a method 

for simulating joint bleeds (see Fejl! Henvisningskilde ikke fundet.). The advantage of this method is that 
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it can be applied in both haemmophilic and wwild type animmals, which haave enabled sstudies in otheer species 

thann the original hhaemophilic mmodels, e.g. raabbits [29]. 

The translational value of this method is, hhowever, debbatable, as thee injected bloood constitutees a fixed 

volume and does not resemblee a haemarthroosis with prolonged bleeding. 

To sstudy HA devvelopment in response too a haemarthhrosis with continuous bleeding into the joint, 

haemmophilic animmal models aree used. Two wwell‐establisheed models of induced haemmarthrosis in tthe F8 KO 

mouuse have been described. 

The first model developed is the so‐called bblunt trauma model, where a haemarthhrosis is inducced in the 

kneee‐joint of the mouse, by placing the moouse in dorsal recumbence, with a sprinng‐loaded devvice above 

the kknee (see Fejl! Henvisninggskilde ikke fuundet.B). When triggered, the device wwill impose a ttrauma to 

the kknee and induuce haemarthrosis which haave been showwn to cause synovitis and HHA [133, 134]. 

The advantage oof this modeel is that itt resembles the trauma‐induced haemarthrosis oof human 

haemmophilia patieents. The disaadvantage of tthis method is that the trauma can causse damage too the joint 

strucctures, makinng interpretation of the paathological efffect of haemarthrosis in tthe joint difficult upon 

histoological assesssment. 

Figure 6: Overvview of inducedd HA 
models 

A) Injeection of aautologous 
blood into the joint of a haemmophilic or 
wild type animal 
B) Bluunt force trauma model 
where a sprinng load devicee is placed 
above the kneee joint and wheen released 
imposes a trauma to the jointt 
C) Neeedle‐induced model, 
where a 30 ggauge needle is inserted 
into the knee joint through tthe patella 
ligament 
D) Thee knee joint shown in the 
sagittal view wwith the needdle placed 
through the ppatella ligamennt as it is 
performed in tthe needle‐indduced joint 
bleed model 

Source and peermission: Moddified from 
Servier Medicaal Art, 
http://servierr.com/Powerpooint‐image‐

bank. 
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In an attempt to refine the blunt trauma model of induced haemarthrosis and develop a method 

resembling more spontaneous bleeds, Hakobyan et al. developed the needle‐induced model [79]. In this 

model, a haemarthrosis is induced in the knee‐joint by shortly inserting a 30 gauge needle into the joint 

space through the patella ligament (see Fejl! Henvisningskilde ikke fundet.C and D). 

The advantage of this model is that the joint‐puncture can be performed without damage to the cartilage 

and bone structures of the joint, allowing for pathophysiological evaluation of these structures. The 

disadvantage of this model is the penetration of the joint capsule and the often relatively large bleeds 

induced, which can require euthanasia of the affected animal premature to study finalisation. 

To complete the characterisation of the needle‐induced arthropathy model, Valentino and Hakobyan also 

developed a histological assessment score. Histology remains the gold standard for evaluation of HA, and 

a score can help grade severity of joint damage in a similar manner as the employed imaging scores for 

human haemophilia patients. The score is developed as a method for assessing synovitis and is an additive 

score including parameters such as synovial hyperplasia and haemosiderin depositions (see Table 4) 

[135]. 

Table 4: The synovitis grading scheme developed by Valentino and Hakobyan [135] 

Parameter Assessment Score 

Synovial hyperplasia Normal, less than four cell layers 

Four to five layers 

Six to seven layers 

More than seven layers 

0 

1 

2 

3 

Vascularity 

(400x zoom) 

None 

<1/3 of the field of view 
1/3 ‐

2/3 of the field of view 

>2/3 of the field of view 

0 

1 

2 

3 

Discoloration by haemosiderin Absent 

Present 

0 

1 

Blood (erythrocytes) Absent 

Present 

0 

1 

Villus formation Absent 

Present 

0 

1 

Cartilage erosion Absent 

Present 

0 

1 

The animal models of induced haemarthrosis continue to be a valuable tool for studying HA pathobiology 

and for pharmacological drug testing. However, despite the improved knowledge of tissue response and 
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joint deterioration derived from animal studies, much remains unknown about the progression from a 

joint bleed to chronic HA. 

1.5. Remaining questions in the pathobiology of haemophilic arthropathy 

Although much attention and effort have been put into resolving the pathobiology of HA, several 

questions remain. In particularly the early onset and progression from synovitis to HA have not been 

determined, and the exact sequence of events driving the continuous deterioration of the joint has still 

not been established. 

Studies of human HA progression have been limited by the inability to obtain tissue samples due to the 

bleeding phenotype of the patients. Therefore, studies on human HA tissue samples have been performed 

on chronic end‐stage HA samples collected during surgical intervention. Recently, the improvement of 

imaging techniques has allowed for earlier diagnosis of arthropathic joint changes and some new insight 

into the onset of disease. However, the imaging is often first applied when changes are suspected or 

during annual evaluation of joint status. Thereby, the joint is not necessarily assessed in relation to an 

acute haemarthrosis, and the imaging is too infrequent to study details of HA development. 

Animal studies have been valuable in clarifying inflammatory responses and HA pathology. However, 

animal studies of HA have also often investigated late‐stage HA and focused on time points many days 

apart [79, 84, 133, 134, 136]. 

Contrary to these studies are the studies of the acute haemarthrosis, but these either focus mostly on the 

first 24 hours or a few mostly scattered time points in the days after haemarthrosis [40, 84, 137]. 

Additionally, many studies have focused on describing the degeneration of a single tissue, such as the 

synovial membrane or intra‐articular cartilage, and as mentioned, only one study has focused on the early 

response of the bone to haemarthrosis [78]. 

Therefore, despite the detailed knowledge of the processes initiated by blood exposure in individual tissue 

structures such as cartilage, the continuous progression from haemarthrosis to HA has not been fully 

characterised in vivo. 

Thorough characterisation and understanding of the tissues responses in the natural setting of the joint 

and the progressive deterioration from haemarthrosis to established HA could help determine future 

treatment targets or strategies in addition to the current clotting factor replacement. 

The newly characterised haemophilia A F8 KO rat would be an excellent animal to use for such studies. 

First of all, the rat has great face validity of haemophilia, as it suffers spontaneous bleeds, but it can also 

be used in studies with induced haemarthrosis, as the knee‐joint in the rat is not affected by spontaneous 

bleeds. The larger blood volume of the rat will also allow for multiple blood sampling, which consequently 

means that the systemic effect of haemarthrosis can be assessed over time. Finally, the size of the rat 

knee‐joint would also make it easier to assess joint damage using clinically relevant imaging techniques, 
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which means a temporal in vivo assessment of the joint damage in HA could be obtained. The clinically 

relevant imaging techniques have only sparsely been employed in animal studies of HA, but hold great 

potential as they can be used to investigate arthropathic progression, allowing for continuous evaluation 

and not just end‐point assessment. 
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2. Objectives 

The primary objective of this thesis was to substantiate the knowledge of early onset and progression 

from haemarthrosis to haemophilic arthropathy, by investigating the process in the F8 KO rat model of 

haemophilia A. The thesis aimed to test the hypothesis that an induced haemarthrosis will cause a 

temporal development of HA alongside inflammatory infiltrations in the knee‐joint of F8 KO rats. 

To this end, the hypothesis that the F8 KO rat can function as a translational model of HA first needed to 

be validated, as well as the hypothesis that the joint degeneration can be assessed using relevant imaging 

techniques. 

In accordance, the project was divided into three sub‐aims. 

2.1. Aims and hypotheses 

I) Establish the F8 KO rat as a model of HA using the needle‐induced joint bleed model 

Hypothesis: Induction of haemarthrosis in the F8 KO rat will lead to development of chronic 

degenerative joint changes, comparable to human HA, characterised by synovitis and 

haemosiderin deposition, along with damage to cartilage and bone 

II) Evaluate the feasibility of using clinically relevant imaging modalities such as ultrasonography 

and micro‐computed tomography for assessment of arthropathic joint deterioration 

Hypothesis: Bleeding into the joint of F8 KO rats causes changes to the individual joint 

components (e.g. ligaments, fat pad, bone) which can be visualised using clinically relevant 

imaging modalities (i.e. US and μCT) 

III) Characterise the early pathological changes of the tissues within the knee‐joint following 

haemarthrosis using the established methods of imaging, and histology 

Hypothesis: Haemarthrosis leads to temporal degeneration of joint structures alongside 

inflammatory infiltrations 
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3. Experimental Work 

The majority of the experimental work conducted in this thesis has been described in the two papers and 

the manuscript included in the thesis and will here be summarised. 

All animal experiments described and presented were performed in accordance with guidelines from, and 

approved by the Danish Animal Experiments Council, the Danish Ministry of Food, Agriculture and 

Fisheries, as well as the Novo Nordisk Ethical Research Committee. 

3.1.1. Validation of the F8 KO rat as a model of HA 

To study the pathogenesis of HA in the F8 KO rat model, the rat first needed to be validated as a model of 

HA; this was the focus of paper I. 

Paper I: “The F8‐/‐ rat as a model of haemophilic arthropathy” (Sørensen, KR. J. Thromb. Haemost. 

2016;14:1216‐25) 

The objective of this study was to establish whether the F8 KO rat develops HA with a pathology 

resembling human HA following an induced joint bleed and whether treatment with rhFVIII prior to 

induction can prevent arthropathic changes. 

The study was designed as a case‐control study, using the needle‐induced joint bleed model in F8 KO or 

wild type rats. The rats received either one (on day zero) or two (on day zero and fourteen) induced 

haemarthroses, respectively and were euthanised 14 days after the final haemarthrosis. Furthermore, to 

study the potential of the rat as a pharmacological model, two different treatment groups were included, 

one group where the F8 KO rats received rhFVIII prior to the induced haemarthrosis and the other 

receiving a vehicle solution. 

Histological evaluation of the joints revealed marked joint deterioration in vehicle treated F8 KO rats 

following one or two haemarthroses. The pathological findings included extensive synovial hyperplasia 

and inflammation, along with chondrocyte apoptosis with concurrent loss of proteoglycans. Haemosiderin 

depositions were evident both after one and two joint bleeds as were pathological bone changes in the 

form of osteophytosis and excessive periosteal bone formation. Wild type rats showed no sign of 

arthropathic changes in the joint. Treatment with rhFVIII prior to induction reduced or completely 

abolished the pathological conversion of the joint, returning the rats to a wild type phenotype. 

The histological sections were scored according to a new score, entitled the arthropathy score, including 

assessment of synovitis, chondrocyte and/or proteoglycan loss, haemosiderin depositions and bone 

pathology. When comparing mean arthropathy scores, both of the F8 KO vehicle treated groups had a 

significantly higher mean than the corresponding wild type groups. Additionally, the vehicle treated F8 KO 

group subjected to a single haemarthrosis also had a significantly higher mean compared to the rhFVIII 

treated F8 KO rats. For the two joint‐bleed groups, when excluding rats positive for anti‐rhFVIII antibodies 
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from the rhFVIII treated F8 KO group, a significant difference was found between vehicle and rhFVIII 

treated F8 KO groups. No difference was found between rhFVIII treated and wild type groups. 

Overall, the study confirmed the F8 KO rat as a translational model of HA with a concurrent potential as a 

pharmacological model for intervention therapy studies. 

3.1.2. Evaluation of ultrasonography and micro‐computed tomography as 

techniques for assessing joint pathology following haemarthrosis in F8 KO rats 

In addition to developing the F8 KO rat as a model of HA, in vivo methods for studying the HA progression 

were also desired. The capacity of US and  μCT and individually optimised scores to visualise and stratify 

joint pathology following induction of haemarthrosis in the F8 KO rat were investigated. 

Paper II: “Visualization of haemophilic arthropathy in F8‐/‐ rats by ultrasonography and micro‐computed 

tomography” (Christensen, KR. Haemophilia 2016, 1–11.) 

The aim of this study was to verify the application of ultrasonography and μCT for joint assessment in rats 

following induced joint bleeds, characterise the changes in the joint and to determine if the imaging 

modalities could discriminate between treatment groups. 

The imaging modalities were applied to the animals included in the study described in paper I. Thus 60 F8 

KO and 20 wild type rats subjected to one or two knee‐joint bleeds and treated with vehicle or rhFVIII 

were scanned using US and μCT. 

Baseline US scans showed joints without any signs of pathology in both F8 KO and wild type animals. 

Pathology in the joint of F8 KO vehicle treated rats was readily identified in US scans both after one and 

two joint bleeds. The major findings included subcutaneous oedema, swelling of the patella ligament, 

heterogeneous echogenicity and displacement of the fat pad, and in a few cases ruffling of the bone. 

To stratify severity, a US scoring system was developed. This was based on the Visual Analogue Scale 

(VAS). F8 KO vehicle treated rats had a significantly higher mean US score compared to wild type rats 

following both one and two joint bleeds. The same were true for vehicle treated compared to rhFVIII 

treated rats following one joint bleed. When excluding rats with anti‐rhFVIII antibodies from the rhFVIII 

treated group subjected to two joint bleeds, the F8 KO vehicle treated rats also had a significantly higher 

mean US score compared to rhFVIII treated F8 KO rats. Similarly, only when including anti‐rhFVIII positive 

animals, a difference between rhFVIII treated F8 KO and wild type rats were seen after two joint bleeds. 

The high‐resolution images obtained using  μCT revealed extensive pathology of the bone in the majority 

of vehicle treated F8 KO rats. Osteophytosis of femur, tibia, and patella was evident, as was excessive 

periosteal bone formation on both femur and tibia. In addition to these findings, subchondral cysts were 

also identified in several rats in  μCT images. The cysts were confirmed using histology, where a fibro‐

vascular structure was readily identified beneath the articular cartilage. 
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Similar to the US assessment, an additive score was developed in order to quantify the extent of 

pathology identified using μCT. Vehicle treated F8 KO rats had a significantly higher mean total μCT score 

compared to wild type rats after one or two joint bleeds. When comparing vehicle F8 KO rats to rhFVIII 

treated rats, after two haemarthroses significance was reached when excluding animals’ positive for anti‐

rhFVIII antibodies. 

To determine the feasibility of US and μCT imaging for visualising arthropathic joint changes a correlation 

analysis was conducted between the total arthropathy score (assigned to the groups in paper I) and the 

individual total imaging scores (US and μCT, respectively). A significant, and good correlation between the 

US and arthropathy score was found, but only after two haemarthroses. μCT had a significant and strong 

correlation with the arthropathy score, both after a single or two haemarthroses. 

Overall, the study verified the applicability of US and  μCT to show soft‐ and bone tissue changes in the 

knee‐joint of F8 KO rats following induced haemarthrosis. Additionally, the study confirmed the 

applicability of the two imaging scoring systems for stratification of treatment groups. 

3.1.3. Characterisation of the early onset of haemophilic arthropathy 

Having established the rat as a translational model of HA and the feasibility of employing US and μCT for in 

vivo soft tissue and ex vivo bone tissue assessment of joint pathology, characterisation of the progression 

from haemarthrosis to HA in the F8 KO rat was possible. 

Paper III: “Rapid inflammation and early degeneration of bone and cartilage revealed in a time‐course 

study of induced hemarthrosis in hemophilic rats” (Manuscript) 

To describe the progression from haemarthrosis to HA in detail, a study was designed including 100 F8 KO 

rats randomly assigned to groups subjected to a needle‐induced joint bleed or sham procedure and a 

group euthanised each day from day one to seven (with nine baseline rats euthanised directly). 

US confirmed haemarthrosis in 41 out of 51 rats subjected to needle puncture, as they had a positive VAS 

score. No sham rats scored positive for pathology in the US images, and there was an even distribution of 

severity between the haemarthrosis‐affected groups. 

Histological assessment revealed joint pathology consistent with haemarthrosis and synovitis which 

progressed to HA along the time‐course of the study. Scoring of histological stains using the semi‐

quantitative arthropathy score showed a fast and progressive synovitis apparent from day one and 

onwards. Cartilage and bone pathology appeared almost simultaneously on day two to three and rapidly 

progressed to severe joint damage within the seven days of the study. Finally, haemosiderin deposition 

was identified from day four and onwards in increasing amounts. 
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Immunohistochemical staining revealed marked inflammatory infiltrations present 24 hours after 

haemarthrosis. Quantification of the stains using digital image analysis revealed a sequential pattern of 

infiltrations, with neutrophils appearing first, closely followed by macrophages, and subsequently and to a 

much smaller degree, T‐ and B‐lymphocytes. 

Finally, to assess synovial hyperplasia, sections were stained for proliferation. Quantification of the stain 

showed a marked short‐lived proliferative response. 

The cartilage degradation was studied in detail and revealed an almost complete loss of proteoglycans and 

chondrocytes in the outer layer of the cartilage on day seven. 

Bone pathology was visualised using  μCT, which revealed excessive periosteal bone formation stretching 

along the shaft of the femur and tibia, and progressing rapidly, as shown by the total μCT score. Histology 

confirmed the pathologic periosteal bone formation. In addition, a Tartrate‐Resistant‐Acid‐Phosphatase 

(TRAP) stain was performed to show osteoclast activity. Increasing amounts of active osteoclasts were 

found, however not significantly different to baseline until severe bone pathology was already evident. 

Interestingly, subchondral cysts had intense osteoclast activity. In addition to the subchondral cystic TRAP 

activity, also synovial cells were stained positive for TRAP. These appeared to co‐localise with 

macrophages and were only found in areas with high concentrations of erythrocytes or haemosiderin 

depositions. 

On the basis of the results, a model of the early onset of HA was suggested. First a rapidly progressive 

synovitis develops, which is closely followed by both cartilage and bone pathology. The chondrocytes of 

the cartilage seem to undergo apoptosis, with progressive proteoglycan loss. The result is a gradual 

disappearance of proteoglycans and chondrocytes. Excessive periosteal bone formation is the first 

apparent bone pathology readily identified as calcifications on the surface of the cortical bone, extending 

from the bone ends along the shaft of the bones away from the joint. This is followed by subchondral cyst 

formation, possibly as a result of increasing osteoclast activity. 

When pathology in all three tissues of the joint is evident, haemosiderin depositions appear. 

Overall, the detailed mapping of HA onset and development in the F8 KO rat model of HA revealed that 

the pathology develops rapidly after haemarthrosis. Furthermore, the pathology of cartilage and bone 

develops simultaneously and appears shortly after synovitis onset with a rapid progression towards severe 

HA pathology. 
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3.2. Additional immunohistochemical stains and results 

In addition to the results presented in the three manuscripts, immunohistochemical stains were 

conducted in the study described in paper III, which were not included in the manuscript. 

3.2.1. Characterisation of joint vascularity following haemarthrosis 

The study characterising the early onset of HA described in paper III included additional 

immunohistochemical stains performed to assess vascularity of the joint. 

To evaluate joint vascularity in response to haemarthrosis, sections from the 100 rats included in the 

characterisation, euthanised day zero to seven, were stained for the vascular markers alfa‐smooth muscle 

actin (αSMA) and cluster of differentiation 31 (CD31). 

Heat‐induced antigen retrieval was performed at 59° C overnight, followed by washing, avidin‐biotin 

(004303, Vector laboratories, Burlingame, California, USA) incubation and blocking with 0.5% skimmed 

milk, 3% bovine serum albumin (Sigma‐Aldrich, St. Louis, Missouri, USA), 3% rat serum and 7% donkey 

serum (Jackson Immuno Research Labs, Suffolk, Great Britain) for one hour at room temperature. This was 

followed by incubation with primary antibodies in concentrations of 1 and 3  μg/mL for  αSMA (Ab5694, 

Abcam, Cambridge, Great Britain) and CD31 (Lifespan Biosciences, Seattle, Washington, USA), 

respectively. Sections incubated at 4° C overnight. Hereafter, the sections were washed, and incubated for 

one hour at room temperature with biotinylated secondary donkey‐anti‐rabbit antibodies (705‐065‐147, 

Jackson Immuno Research Labs), before development with 3,3´‐Diaminobenzidine (DAB, Sigma‐Aldrich). 

The stains were scanned using the Nanozoomer slide scanner 2.0 (Hamamatsu Photosonics K.K., 

Hamamatsu City, Japan) using a 20 times magnification whole slide scan and staining quantified using the 

Visiopharm Integrator System software (Visiopharm, Hoersholm, Denmark). The stains were quantified 

both in accordance with the percentage of stained area and the number of vessels in the stain. 

Quantification of stained area was performed by conducting an unsupervised K‐means clustering 

algorithm generating a region of interest (ROI) consisting of the entire section. Hereafter, ROIs excluding 

cortical bone and bone marrow were drawn, blinded towards the origin of the section. Finally, a threshold 

analysis in the DAB channel was performed with the threshold set to 160 for CD31 and 110 for  αSMA. 

Number of vessels were analysed by performing a threshold analysis only accepting stained pixels with a 

minimum size of 2.8x10‐6 mm2 capturing coherent pixels of vessels. 

The stains revealed a rapid increase in both percentage stained area and number of vessels for both the 

CD31 and αSMA stain (see 

Figure 7), although the quantification of the number of vessels for the  αSMA stain was first significantly 

different between sham and haemarthrosis rats on day seven. The increase in the stains persisted 

throughout the seven days, indicating a vascular response in the joint following haemarthrosis. 
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4. Discussion 

This thesis aimed to test the hypothesis that haemarthrosis leads to a temporal degeneration of joint 

structures and infiltrations of immune cells. Prior to this work, the validity of using a needle‐induced knee‐

joint bleed to study development of HA in the F8 KO rat and produce an outcome resembling that of 

patients with HA was studied. The utility of histology, US and  μCT for visualisation and assessment of 

disease severity was also explored. 

4.1.1. Development and validation of the F8 KO rat as a model of haemophilic 
arthropathy 

Employing the needle‐induced joint bleed model to the F8 KO rat led to development of severe 

arthropathic changes consistent with chronic HA in human patients. The rat exhibited a promising face 

validity of HA, as the vehicle treated F8 KO rats developed a pathology that resembles human HA (paper I). 

Severe synovitis, cartilage loss, and bone pathology developed in these rats within two weeks. The 

synovitis was characterised by hyperplasia, inflammatory infiltrations, and fibrosis along with 

haemosiderin depositions in the synovium. Cartilage damage was identified as chondrocyte apoptosis and 

proteoglycan loss, while bone pathology was composed of osteophytosis, periosteal bone formation and 

subchondral cysts. 

Although the cartilage damage was minor compared to late‐stage HA in human patients, it was similar to 

what is observed in the mouse models of HA [79, 133]. Furthermore, a pannus did not develop. Whether 

the pannus and severe cartilage damage, such as clefts and aberrations, did not develop due to the length 

of the study or the number of joint bleeds remains uncertain. Cartilage composition differs between 

humans and mice, and rats, with rodents having a higher density of chondrocytes in the cartilage [138]. 

The higher density of chondrocytes might to some extent rescue the cartilage from degradation, as the 

higher density of cells might counteract the damaging effect of haemarthrosis by an increased 

proteoglycan production compared to human intra‐articular cartilage. Consequently, it could be 

hypothesised that additional time or joint bleeds are necessary for HA development with complete 

cartilage loss in the F8 KO rats. This theory is in part supported by a recent study that employed the 

developed F8 KO rat model of HA in a longitudinal study of joint deterioration biomarkers [139]. Here it 

was shown that markers of cartilage degradation and formation are significantly elevated in serum of rats 

subjected to knee‐joint bleeds. However, the rise in serum concentrations did not become significant 

before the second injury, indicating that more joint bleeds are necessary to reach a level of cartilage 

damage severe enough for detection of biomarkers in serum. 

Despite the lack of pannus formation and only minor cartilage damage compared to the extensive synovial 

and bone pathology, the rat represents a promising future translational model of HA and was, 

consequently, applied in the present thesis work. Studies of HA pathology are focused on preventing joint 

49 



 

                               

            

                                     

                             

                                         

                                 

                       

          

 

                   
       

                                     

                                   

      

 

                               

                                 

                                 

                                 

                               

                               

                             

      

                               

                             

                             

                                 

                               

               

 

                             

                       

                                 

                                   

      

                                       

                             

                                 

deterioration in the early stages of HA development, which is why late stage cartilage and synovial 

pathology development perhaps is less important. 

The HA pathology in the rat model overall resembles that of mouse, dog, and human HA, and in addition 

to the already described pathology, the F8 KO rats also developed subchondral cysts. Subchondral cysts 

have not been reported in the mouse model of HA, which is another reason that the rat appears to have a 

superior face validity that is comparable to the spontaneous dog model of HA. In addition, treatment with 

clinically relevant replacement therapy reduces or abolishes the joint deterioration, confirming the 

predictive value of the model. 

4.1.2. Development and validation of imaging modalities and scoring systems for 
assessment of haemophilic arthropathy 

The verification of the F8 KO rat as a model of HA, also included establishment of the imaging modalities 

μCT and US as tools for HA visualisation as well as, individual scoring systems for histological, US and μCT 

HA severity assessment. 

Previously, the score of synovitis, developed by Hakobyan and Valentino has been the most widely used 

score for histological assessment in animal studies of HA [65, 140, 141]. However, this score is developed 

as a grading system of synovitis, and does not include or stratify several aspects of arthropathic joint 

changes. Thus, cartilage damage is reduced to absent or present, and bone pathology is not included (see 

Table 4). Considering the severe arthropathy the models of HA develop within two weeks, it seemed 

reasonable to develop a score encompassing both synovial, cartilage, and bone pathology. To this end, the 

arthropathy score was developed, and was shown capable of dividing animals according to treatment and 

genotype (paper I). 

When characterising the development of HA onset, the score was further validated (paper III). The sum 

score revealed a clear progression of pathology, and in addition, the detailed sub‐scores clearly described 

the individual disease parameters’ onset and progression. The synovitis sub‐score could appear to reach a 

ceiling effect since the majority of the rats reached the maximum score within few days. However, the 

sum score stratification of severity in a study with such narrow time‐points of assessment shows the 

capacity of the score for detailed disease stratification. 

Besides the histological assessment with the new arthropathy score, US and μCT were evaluated as tools 

for HA investigation in order to obtain additional methods of disease characterisation. 

Neither of the two imaging modalities has been widely applied in animal studies of HA [47, 77‐79]. 

Likewise, scales specific for US or μCT grading HA severity in a similar manner as human HA patients, have 

not been developed. 

Although US in rodent models is complicated by the small size of the joints, the study described in paper II 

showed that several joint structures were readily assessed in the rats knee‐joint, and that arthropathic 

pathology, similar to US findings of human HA, was detectable in the US images (paper II). Furthermore, 
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the US VAS score was capable of separating the rats into groups according to genotype and treatment, 

although only a moderate to good correlation was found between the US score and the histological 

arthropathy score. The US score includes both extra‐ and intra‐articular structures, whereas the 

arthropathy score only includes intra‐articular pathology. Furthermore, at the time of US and histological 

assessment, severe arthropathic changes were evident, which included severe bone and cartilage 

pathology. Such changes are not visualised using US, which is likely why the correlation between the US 

VAS score and arthropathy score was only moderate to good. 

Finally, utilising the strength of the US to show soft tissue changes, haemarthrosis was successfully verified 

in animals subjected to the needle‐induced joint bleed model (paper III). 

μCT revealed extensive bone pathology two weeks after haemarthrosis, beyond what was identified by 

histology (paper II), emphasising the efficacy of this imaging modality for evaluation of HA related bone 

pathology in rodent models. In addition, the developed μCT score successfully, and with high correlation 

to the histological score, separated groups according to treatment and genotype. 

Likewise, the μCT score proved capable of stratifying F8 KO rats across time‐points within the first seven 

days after haemarthrosis with a continuous increase in pathology (paper III). The many end‐points 

investigated in such a short time period provide a high resolution of disease progression, but also 

challenge stratification tools. However, the strength of the  μCT images and score were verified with the 

ability of the score to show detailed HA progression. 

The validation of US and μCT substantiate the methods for assessing HA, as well as disease stratifications, 

using the corresponding scoring systems. 

4.1.3. The early development of haemophilic arthropathy 
Applying the three modalities (histology, US and μCT) and their individual scoring methods revealed that 

severe joint damage develops much faster than previously shown in animal models of HA (paper III). Thus, 

severe cartilage damage, a manifestation of arthropathy, developed within seven days, concurrent with 

development of bone pathology. 

Previous studies in mouse models of HA have generally evaluated HA two or four weeks after 

haemarthrosis following one or two joint bleeds, respectively (as in paper I). Histological evaluation at 

these time‐points reveals a severe chronic HA, similar to the findings in the rat (paper I). Animal models of 

HA must in general be considered to have an accelerated disease development compared to human 

patients, as they develop such severe arthropathy much more rapidly than human HA patients. However, 

chronic arthropathy is well characterised in human patients, and the purpose of animal studies is generally 

to establish the pathobiology of progression from haemarthrosis to HA and prevention thereof. 

Looking at the early pathology in detail using histology, immunohistochemistry, and  μCT revealed that 

both cartilage and bone pathology develop shortly after synovitis is evident. This is in contrast to the 

general belief that synovitis develops first, followed by cartilage damage, and subsequent to this bone 
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pathology. Considering these findings, the focus of treating HA by preventing synovitis and cartilage 

damage seems insufficient, as bone damage possibly develops independent of cartilage damage. 

As mentioned, cartilage damage is believed to arise as a combination of inflammatory‐ and blood‐driven 

degradation. The very early cartilage damage suggests that a direct effect of blood is involved (paper III). 

However, the damage was present prior to any haemosiderin depositions in the joint, the formation of 

which is believed to drive the direct damage caused by blood. Whether the damaging effects from haem‐

degradation occurs prior to the end‐product haemosiderin, or if the damage seen in the study is due to 

inflammation that causes the chondrocytes to produce damaging reactive oxygen species is unresolved. 

The response of bone cells to blood in the joint has not been thoroughly investigated, although 

mechanisms of hypoxia and individual cytokines have shown an increase in osteoclast formation and 

activity in vitro [72, 74, 76, 142]. Contrary to this, the first pathology of the bone characterised was 

excessive periosteal bone formation stretching along the shafts of both femur and tibia (paper III). This 

pathology has recently also been described in the mouse model of HA two weeks after needle‐puncture 

with concurrent loss of trabecular bone structure [78]. Lau et al. hypothesised that the changes are due to 

calcification of adjacent ligament and attachment sites. However, considering the extent of the pathology, 

stretching far away from the joint (paper III), and the clear presence of developing bone on histological 

sections, it seems unlikely that the pathology is merely ligament calcifications. Rather, it seems that the 

initial response to haemarthrosis of the bone is augmented bone formation. This activity may subside for a 

later increased bone resorption response, eventually resulting in reduced bone mineral density and 

osteopenia or osteoporosis as seen in late‐stage HA patients [68, 69]. 

The rapid formation of bone following haemarthrosis indicates that the pathology is not just driven by the 

continuous synovitis with progressive cartilage loss, but perhaps blood also has a direct effect on bone, 

similar to the direct and indirect mechanisms of cartilage damage. 

In addition to the periosteal bone formation, subchondral cysts also developed rapidly after 

haemarthrosis. Again, the pathobiology of cyst formation is largely undescribed, but they have been 

suggested to develop secondary to subchondral haematomas. However, no sign of subchondral 

haematomas was evident in any of the cysts examined by histology. The late‐stage HA and subchondral 

cysts characterised on day 14 (paper II) is potentially too late in the progression to determine the 

presence of blood. However, the cysts identified within the first seven days (paper III) showed no signs of 

haematomas or residual erythrocytes, nor were there haemosiderin depositions in the cysts. Rather the 

cysts appeared to be of a fibrous nature with an excessive osteoclast activity, eating away the bone 

beneath the cartilage. The formation of subchondral cysts has also been suggested to be caused by an 

increased load put on the bone due to cartilage loss, possibly causing subchondral haematomas. However, 

in the study of the first seven days after haemarthrosis subchondral cysts developed in rats with residual 

cartilage and within such short time, that load‐bearing as the instigating mechanism seems unlikely. The 

results warrant new theories of subchondral cyst formation in HA and highlight the importance of 
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conducting further studies that examine the pathobiology behind the development of HA‐related bone 

pathology. 

The characterisation also included evaluation of the vascularity in the joint following haemarthrosis. 

Immunohistochemistry revealed a marked increase in the number of vessels in the joint already 24 hours 

after the joint bleed, which persisted throughout the study. Due to the fast response, the initial increase is 

likely also due to recruitment of dormant capillaries (without red blood cell flow). Whether the 

continuously increased number of vessels is due to persistent recruitment of these vessels or due to 

increased angiogenesis requires further investigation, such as staining for angiogenic markers. 

Finally, the characterisation of HA onset also revealed cells positive for osteoclastic markers in the 

synovium, co‐localised with macrophages (TRAP‐CD68 co‐localisation, paper III). The presence of these 

cells appeared to be dependent on the proximity to high concentrations of erythrocytes or, in later time‐

points, haemosiderin. Studies have previously shown the ability of macrophages to obtain an osteoclastic 

phenotype with the capacity of bone resorption [143]. Whether erythrophagocytosis can lead to such a 

transformation is unknown, as is the function of these intra‐articular TRAP‐positive macrophages in HA. 

The intriguing possibility of these cells’ involvement in the pathobiology of HA warrants further studies. 

Overall, the study in the early characterisation of HA also challenges the generally applied protocol for 

studying HA in animal models, i.e. one or two joint bleeds induced two weeks apart, with euthanasia two 

weeks after the final joint bleed. The rapid progression of HA suggests earlier time‐points should at least 

be included, if not be the general standard end‐points for studies of HA development in rodent models. 

Not only will reduction of study length align HA characterisation with actual disease onset as seen in paper 

III, it will also be an ethical improvement as the time the animals are in distress will be greatly reduced. 
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5. Conclusion 

The studies in this thesis demonstrate new knowledge of HA development through the careful mapping 

and characterisation of the progression from haemarthrosis to established HA. Furthermore, the initial 

studies and results provide not only a new animal model of HA, but also various new tools for assessing 

disease onset and severity in rodent models. 

In relation to the outlined hypotheses, the first part of the thesis was focused on validating the F8 KO rat 

as a model of HA using the needle‐induced joint bleed model. 

The data presented in this thesis confirm the usability of the F8 KO rat as a translational model of HA with 

high face validity, as haemarthrosis causes synovitis, cartilage loss, and bone pathology, including 

subchondral cysts, resembling HA in human patients. Likewise, replacement therapy in the form of rhFVIII 

can prevent joint deterioration in the F8 KO rat, indicating construct validity of the model, and evidence 

supporting use of the rat as a pharmacological model. 

The aim of establishing additional tools for HA assessment, specifically in the form of US and  μCT was 

addressed in the second part of the thesis, where the imaging modalities were tested in vivo and ex vivo 

respectively. The data presented show that both US and μCT can visualise joint deterioration in the form 

of soft and bone tissue, respectively. In addition, by applying specifically designed imaging HA scores, 

disease severity can be stratified and treatment groups and genotypes distinguished. 

The final part of the thesis provides characterisation of the early development of HA, and shows the 

temporal degeneration of individual tissue types of the joint. The investigation of the joint using both 

imaging modalities, and histological methods revealed a rapid deterioration of the joint with development 

of HA within seven days after the induced haemarthrosis. The temporal characterisation showed the 

recruitment of inflammatory cells, i.e. neutrophils and macrophages, within hours after haemarthrosis, 

which combined with the blood in the joint, caused severe synovitis already at 24 hours. The data also 

showed that the subsequent destruction of cartilage and pathological bone turnover, in contrast to 

previous suggestions, develop concurrently. Furthermore, the application of  μCT and histology showed 

the initial response of bone tissue to haemarthrosis is increased periosteal bone formation. Finally, the 

histological assessment also revealed macrophages co‐localising with cells positive for the osteoclastic 

marker TRAP in the inflamed synovium in areas with high density of erythrocytes or haemosiderin. 

Additional studies are, however, required to determine the potential capacity of bone resorption in these 

cells and their role in HA development. 

In addition to the characterisation of HA development, the application of the arthropathy and μCT scores 

in assessment of severity in the short study protocol also substantiated the validation of these scores, as 

they were capable of stratifying groups with such narrow time points. 
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In summary, the sub‐aims and hypotheses of this thesis were successfully addressed in the three studies. 

Thus, the hypothesis that induction of haemarthrosis in the F8 KO rat leads to development of 

degenerative joint changes resembling human HA was tested in paper I and validated. 

The second hypothesis stating that induced joint‐bleeds in F8 KO rats causes changes to the individual 

joint components, which can be visualised using US and μCT was tested and accepted, as shown in paper 

II. 

The final hypothesis that haemarthrosis leads to temporal degeneration of joint structures alongside 

inflammatory infiltrations was tested and confirmed in paper III. The degeneration did, however, develop 

almost simultaneously, in contrast to the previously suggested sequential joint deterioration. 
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6. Perspectives 

The validation of the F8 KO rat as a pharmacological model of HA provides a new animal model for 

preclinical drug‐testing within the field of HA intervention therapy. For such studies, the rat has the 

optimal smaller rodent size with a favourable blood volume for drug testing, while retaining the possibility 

of longitudinal blood sampling. In future studies, this can be utilised for multiple blood samples, using the 

rat as its own historic control, and thereby reduce animal numbers in the pharmacological studies. 

Furthermore, the assessment tools and corresponding scores developed provide the possibility of 

stratifying disease severity making it possible to distinguish treatment efficacy in future studies, rather 

than just confirm absence or presence of arthropathy. Although  μCT was only utilised ex vivo in the two 

studies (paper II and III), implementation of in vivo  μCT is possible, which is why it in future studies 

hopefully can be added to the available tools for in vivo investigation of HA development. 

Additionally, the ability of US to show intra‐articular bleeding in vivo can in future studies be utilised to 

study correlation between degree of haemarthrosis and severity of the subsequent arthropathy. This can 

allow for a deeper understanding of the influence that the volume of blood in the joint and duration of 

bleeding have on joint outcome. 

In addition to the tools for assessment of HA, the seven‐day protocol employed for characterisation of HA 

development could be valuable for future studies of HA pathobiology. By implementing the short study 

design, the ability of intervention therapies to protect joint structures from blood‐induced destruction can 

be viewed directly in the individual joint tissues, as the pathology develops and progresses in parallel 

during the seven‐day protocol. 

The results from paper III also warrant additional studies of intervention therapy. Previously, a direct 

mechanism of blood‐induced damage to cartilage caused by breakdown of iron into haemosiderin has 

been suggested. The difference in cartilage damage onset and haemosiderin appearance shown in paper 

III highlights that future treatment strategies of cartilage protection should likely include both an anti‐

inflammatory component and a component protecting against the blood‐induced damage. Suggestions of 

such could be IL‐1β antagonists and the iron‐chelator deferasirox. Both have individually been shown to 

have a protective effect on cartilage following haemarthrosis [61, 140]. 

Whether the anti‐inflammatory treatment or the iron‐chelator alone or in combination can affect the 

increased bone formation following haemarthrosis could also be investigated in the rat model. 

The usage of the iron chelator deferasirox may also be helpful in determining the origin of the TRAP‐

positive macrophages. Treatment with deferasirox prior to haemarthrosis may reveal the absence or 

presence of these TRAP‐positive cells in the synovium, providing the first clues of a potential iron‐induced 

transformation of macrophages. Whether the cells then have capacity for bone resorption, and if they are 

involved in HA related bone pathology will require additional in vitro and in vivo studies. 
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In conclusion, the F8 KO rat allows for intriguing future studies in both HA pathobiology and the treatment 

hereof. The studies should likely include the short study design, as HA develops much faster than 

previously described and with a simultaneous pathological onset between joint tissues. In addition, the 

rapid bone formation and subchondral cyst formation warrant further studies into the biological 

mechanisms behind these pathologies. 
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Essentials 

• Validating the F8 rat as a new intermediate-size animal 

model of hemophilic arthropathy. 

• Factor VIII (FVIII) treated F8˜/˜ rats suffered induced 

hemarthrosis analyzed by histopathology. 

• F8 ˜/˜ animals develop hemophilic arthropathy upon 

hemarthrosis, preventable by FVIII treatment. 

• The F8 ˜/˜ rat presents as a new pharmacologic model 

of hemophilic arthropathy. 

Summary. Background: Translational animal models of 

hemophilia are valuable for determining the pathobiology 

of the disease and its co-morbidities (e.g. hemophilic 

arthropathy, HA). The biologic mechanisms behind the 

development of HA, a painful and debilitating condition, 

are not completely understood. We recently characterized 

a F8˜/˜ rat, which could be a new preclinical model of 

HA. Objectives: To establish the F8˜/˜ rat as a model of 

HA by determining if the F8˜/˜ rat develops HA resem-

bling human HA after an induced joint bleed and 

whether a second joint bleed causes further disease pro-

gression. Methods: Wild-type and F8˜/˜ rats were treated 

with vehicle or recombinant human factor VIII (rhFVIII) 

prior to a needle-induced joint bleed. Joint swelling was 

measured prior to injury, the following 7 days and upon 

euthanasia. Histologic sections of the joint were stained, 

and athropathic changes identifed and scored with regard 

to synovitis, bone remodelling, cartilage degradation and 

hemosiderin deposition. Results: Vehicle-treated F8˜/˜ 
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rats experienced marked joint swelling and developed 

chronic degenerative joint changes (i.e. fbrosis of the sub-

synovial membrane, chondrocyte loss and excessive bone 

remodeling). Treatment with rhFVIII reduced or pre-

vented swelling and degenerative joint changes, returning 

the F8˜/˜ animals to a wild-type phenotype. Conclusion: 
The hemophilic phenotype of the F8˜/˜ rat resulted in a 

persistent hemarthrosis following an induced joint bleed. 

This caused development of HA resembling human HA, 

which was prevented by rhFVIII treatment, confrming 

the potential of the F8˜/˜ rat as a model of HA. 

Keywords: animal model; Factor VIII; hemarthrosis; 

hemophilia; rattus. 

Introduction 

Hemophilia A is a x-linked recessive disorder, caused by 

mutations in the F8 gene, codes for coagulation FVIII 

[1]. These mutations can lead to partial or complete fac-

tor defciency, causing failure in the coagulation cascade 

and a bleeding phenotype. Untreated patients with severe 

hemophilia (< 1% FVIII activity) suffer from recurrent 

spontaneous bleeding episodes, of which 80% occur in 

the synovial joints, particularly in the knees, ankles and 

elbows [2]. These bleeds cause progressive joint degenera-

tion, resulting in chronic pain, immobility and reduced 

quality of life. This debilitating condition, known as 

hemophilic arthropathy (HA), is the most frequent co-

morbidity of hemophilia. The treatment for hemophilia A 

is factor replacement therapy, either on-demand when 

bleeding occurs, or preferably as prophylaxis to prevent 

bleeding. However, despite prophylactic treatment, 

patients still suffer breakthrough bleeds and it has been 

shown that more than 90% of patients on prophylaxis 

have chronic joint changes in at least one joint by the age 

of 40 [3,4]. Therefore, the discovery of new, more effcient 

or longer acting therapeutics and optimized treatment 

regimens are still required in order to prevent 
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breakthrough bleeds, thereby improving long-term joint 

outcomes for patients. 

Various hemophilic dog and mouse models have been 

instrumental in determining the pharmacokinetic (PK) 

and pharmacodynamic (PD) properties of new or existing 

drugs in order to optimize treatment [5–9]. Mouse models 

of induced knee-joint bleeds were also developed to study 

the pathogenesis of HA and as a pharmacologic model 

for HA [6]. However, these mouse models are limited by 

the small size of the animals, which allows only smaller 

volumes and limited frequency of blood sampling. This 

limits the possibilities of repetitive and multiple sampling 

when designing studies. 

We have recently characterized a F8˜/˜ rat as a new 

animal model for severe hemophilia A [10]. The rat has 

the same breeding and housing advantages as the 

mouse, but with a body and blood volume approxi-

mately 10 times larger, permitting considerably larger 

and more frequent blood sampling [11]. According to 

guidelines [11] only 135 lL of blood can be sampled 

over a full week from a 25-g mouse, whereas a 250-g 

rat would allow weekly sampling of 1200 lL (e.g. 

> 135 lL on a daily basis, which is likely to enable 
individual monitoring that is not possible in mice). This 

facilitates the use of the animals as their own controls 

during longitudinal disease progression studies, thereby 

refning study design and probably reducing the required 

number of animals. Finally, the F8˜/˜ rats develop 

spontaneous bleeds comparable to human hemophilia 

patients [10], indicating a high translational potential of 

this animal model (although in the current study 10% 

experienced large spontaneous bleeds, causing exclusion 

of these animals). 

The aim of this study was to establish the F8˜/˜ rat as 

a model for HA in the knee-joint in hemophilia A. We 

hypothesized that a single induced joint bleed in the knee 

would lead to pathologic changes in the joint of untreated 

F8˜/˜ rats, resembling changes seen after hemathrosis in 

human hemophilia A, with further disease progression 

after a second induced joint bleed. Furthermore, we 

hypothesized that prophylactic treatment with recombi-

nant human FVIII (rhFVIII) would reduce or completely 

abolish pathologic changes, qualifying the F8˜/˜ rat as a 

model of HA. 

Material and methods 

Experimental randomized blinded case‒control study 

This experimental study was performed as a case‒control 
study, with animals treated with either vehicle or rhFVIII 

given as a single injection prior to an induced joint bleed. 

Animals were grouped according to genotype (into wild-

type or F8˜/˜ rats) and randomly assigned to treatment. 

The study was blinded during dosing, joint measurements 

and scoring of histologic images. 
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All animal studies were performed according to guideli-

nes from and approved by the Danish Animal Experi-

ments Council, the Danish Ministry of Justice. 

All invasive procedures were performed under inhala-

tion anesthesia using 5% isofourane/0.7 L min˜1 O2/ 

0.3 L min˜1 N2O for induction and 2% isofourane/ 

0.7 L min˜1 O2/0.3 L min˜1 N2O for anesthesia mainte-

nance. 

All animals were monitored daily and assessed for signs 

of spontaneous bleeding. Discoloration and macroscopi-

cally visible swelling of the injured joint was also noted 

on a daily basis. 

The rats were housed under standard conditions with a 

12-h/12-h light/dark cycle, at 20–23 °C and 30–60% rela-

tive humidity, with ad libitum food and water consump-

tion; food was placed in the bottom of the cage to ensure 

easy access for hemarthrosis-affected animals. 

Study population 

Sixty F8˜/˜ and 20 wild-type (WT) rats on a Sprague 

Dawley background [10], bred at Novo Nordisk A/S 

(Maaloev, Denmark), between 13 and 15 weeks of age, 

were used in the study. 

To examine the effect of both a single injury and two 

injuries, the animals were randomly assigned to two 

injury types, one group receiving a single needle-induced 

joint bleed of the left knee at day 0 and euthanized at 

day 14 (10 WT animals and 40 F8˜/˜ animals), and the 

other group (10 WT animals and 20 F8˜/˜ animals) 

receiving two separate needle-induced joint bleeds at day 

0 and 14, respectively, and euthanized at day 28. 

The F8˜/˜ animals were randomized to receive a single 

intravenous injection prior to each joint bleed of either 

300 IU/kg rhFVIII (4.8 mL/kg ReFacto AF˜ 250 IE/a.e.; 

Pfzer, Paris, France) or vehicle buffer solution (10 mM L-

Histidine, 8.8 mM sucrose, 30.8 mM NaCl, 1.7 mM CaCl2, 
0.01% Tween 80) at a volume equivalent to rhFVIII-

dosed animals. The rhFVIII dose was based on complete 

in vitro normalization of APTT in F8˜/˜ rat plasma [10], 

as well as experience in handling spontaneous bleeds in 

the F8˜/˜ rat population (unpublished data). WT rats 

received buffer solution. 

rhFVIII exposure in treated animals was confrmed by 

qualitative detection of rhFVIII activity in samples 

obtained 5 min after injection. 

Exclusion criteria 

Upon study initiation, animals with preexisting macro-

scopically evident bleeding in their legs were excluded 

from the study. Animals developing spontaneous bleed-

ing, after study initiation, unrelated to the induced 

hemarthrosis were euthanized at any sign of distress. Ani-

mals euthanized before the end of the study were 

excluded. 
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Hemarthrosis induction 

Following the intravenous injection of either rhFVIII or 

vehicle, a subcutaneous injection of buprenorphine (Tem-

gesic 0.3 mg/mL, Reckitt Benckiser Pharmaceuticals Ltd, 

Berkshire, Slough, UK) at 0.03 mg/kg was administered 

to all animals and after a 5-min distribution period, a 

joint bleed was induced in the left knee. Rats were anes-

thetized, hair on the left knee clipped and the skin 

cleaned using an alcohol swap. The animals were placed 

in dorsal recumbency with the left leg in a slightly fexed 

position, and hemarthrosis was induced by briefy insert-

ing a 30-gauge (g) needle once through the patella liga-

ment. On subsequent days (minimum 7 days) the animals 

were supplemented with buprenorphine (Temgesic) in the 

drinking water at a concentration of 6 mg/L. 

Clinical assessment of hemarthrosis as measured by joint 
swelling 

The relative swelling of the left knee-joint was determined 

prior to injury, on each of the following 7 days and upon 

euthanasia. Following the second joint bleed the joints 

were measured on days 15, 16, 20, 21 and 28. At each time-

point, the diameters of the injured knee and contralateral 

knee (control) were measured fve times using a digital Ver-

nier calliper gauge (Mitutoyo Corporation, Kawasaki, 

Kanagawa, Japan), and the mean diameter of each knee 

calculated, as well as the mean difference between the 

injured and control knees, designated the delta diameter. 

Blood sampling 

Carotid arterial blood was collected before euthanasia in 

fully anesthetized animals, through a 0.8-mm polyethylene 

catheter (PE90; Becton, Dickinson and Company, Frank-

lin Lakes, NJ, USA), as 3.2% citrated whole blood. The 

citrated blood was centrifuged immediately at 40009g for 
5 min, and platelet-poor plasma collected and stored at 

˜80°C until analysis. 
After blood sampling procedures the animals were 

euthanized by an injection of pentobarbital (Mebumal, 

SAD, Amgros I/S, Copenhagen, Denmark) administered 

through the carotid artery catheter. 

Antibody analysis 

The rhFVIII treatment could potentially result in devel-

opment of inhibitory anti-FVIII antibodies. Plasma sam-

ples from the day of termination were therefore analyzed 

for the presence of FVIII neutralizing antibodies (nAbs). 

In short, plasma samples were tested using a modifed 

chromogenic assay (Coamatic FVIII kit, Chromogenix, 

Instrumentation Laboratory, Bedford, MA, USA), as pre-

viously described [12]. A FVIII-activity calibration curve, 

as well as antibody-positive and negative control samples 

(QCs), was included in each assay. The FVIII activity of 

the antibody-negative control samples (QC neg) was set 

to 100%, and the signals of the study samples were com-

pared with this and expressed as FVIII remaining activity 

(IU/mL). The % remaining activity level was transformed 

into Bethesda Units (BU) [13] and values above 5 BU 

defned as high titers, as applied in clinical settings [14]. 

Histology 

Both hind legs were dissected at the femoral head, mildly 

stripped of muscle and skin and placed in 4% 

paraformaldehyde for 2 days, then decalcifed in a 12.5% 

EDTA decalcifying solution for 3 weeks, tissue processed 

and paraffn embedded. 

Following trimming, 3-lm-thick sagittal tissue sections 

were collected from all injured knees and from six con-

tralateral control knees and mounted on glass slides. 

Adjacent sections were stained with hematoxylin (Ampli-

qon, Odense, Denmark; VWR International Ltd, Radnor, 

PA, USA) and eosin (Sigma-Aldrich, St Louis, MO, USA), 

Safranin O (VWR International Ltd) or Perls’ Prussian 

Blue (Merck, Kenilworth, NJ, USA, and Sigma-Aldrich). 

All slides were scanned using the Nanozoomer 2.0 slide 

scanner (Hamamatsu Photonics K.K., Hamamatsu City, 

Japan) with a 209 magnifcation whole-slide scan, and 

scored according to the arthropathy score described below. 

Histologic assessment 

Hematoxylin and eosin (HE) stained sections were scored 

semi-quantitatively for the presence of synovitis and bone 

remodeling; Safranin O stains were scored for cartilage 

degradation and Perls’ Prussian blue stains scored for 

hemosiderin deposition. The assessments were performed 

blinded to treatment and genotype according to a scoring 

system (the arthropathy score) identifying chronic arthro-

pathic changes. The score was based on a modifcation of 

the Valentino and Hayokobyan score of hemophilic syn-

ovitis, taking more chronic changes into account [15], as 

seen in Table 1. Interobserver agreement on the arthropa-

thy score was tested (kappa) and assessed to be good to 

very good (data not shown). 

Statistics 

A longitudinal (days) delta diameter area-under-the-curve 

(AUC) score was generated for each animal. Within each 

type of injury (one or two) the delta diameter AUC and 

individual and total mean arthropathy scores were tested 

for signifcant differences between groups using the 

sequential Student0s t-test, in the following order to sepa-

rately test the relevant hypotheses: untreated vs. WT (pos-

itive and negative controls, respectively), hereafter 

untreated vs. treated, and untreated vs. treated animals 

without nAbs (positive controls vs. treated), and fnally, 
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Table 1 Overview of the histopathology scoring system (the arthropathy score) assessing severity of synovitis, bone remodeling, cartilage degra-

dation and hemosiderin deposition in the experimental F8 °/° rat model of hemophilic arthropathy. 

0 1 2 3 

Synovitis (HE) No changes 

Bone remodeling (HE) No bone 

remodeling 

Cartilage degradation No cartilage 

(Safranin O) degradation 

Hemosiderin No hemosiderin 

(Perls’ Prussian Blue) deposition 

Increased number of lining cell 

layers and/or slight 

proliferation of subsynovial 

tissue 

A single area of focal bone 

remodeling 

Loss of proteoglycan and/or 

chondrocytes in the 

superfcial cartilage layer 

(above the tidemark) without 

structural changes 

Minor hemosiderin deposition, 

with on average < 5% of 

FOV in the three most 

intensely stained areas 

Increased number of lining cell 

layers. Moderate proliferation 

of subsynovial tissue and/or 

infltration of few 

infammatory cells 

Moderate bone remodeling 

covering < 50% of the 

cortical bone surface, and/or 

formation of subchondral 

cysts 

Loss of proteoglycan and 

chondrocytes extending 

through the calcifed layer of 

cartilage, and/or fbrillations 

without loss of cartilage 

Moderate hemosiderin 

deposition, with on average 

between 5 and 25% of FOV 

in the three most intensely 

stained areas 

Increased number of lining cell 

layers. Massive proliferation 

of subsynovial tissue and/or 

infltration of large numbers 

of infammatory cells 

Severe bone remodeling 

covering > 50% of the 

cortical bone surface, with or 

without subchondral cysts 

Erosions extending to the 

calcifed cartilage 

Severe hemosiderin deposition, 

with on average > 25% of 

FOV in the three most 

intensely stained areas 

HE, hematoxylin and eosin; FOV, feld of view, 209 magnifcation. 

treated vs. WT, and treated without nAbs vs. WT (treated 

vs. negative controls). 

To test whether the second injury made HA fndings 

progress, the delta diameter AUC and total arthropathy 

scores of untreated animals across one or two injuries 

were compared. 

Data were expressed as mean ˜ standard deviation. A 

P-value < 0.05 was considered signifcant at each level of 
the testing sequence. Statistical analysis was performed 

using the GraphPad Prism (Version 6.05, GraphPad Soft-

ware, San Diego, CA, USA). 

Results 

Study population 

Out of the 80 rats, 79 were enrolled in the study, as one 

F8 °/° animal had developed spontaneous bleedings in the 

left leg on the day of study initiation. An additional nine 

F8 °/° animals were excluded during the study period; 

four because of massive bleeding following the induced 

joint bleed and the remaining fve because of new sponta-

neous bleeds requiring treatment during the study period. 

These bleeds were situated in the paw, shoulder, thigh 

and ankle. A total of 70 rats completed the study, 

distributed between study groups as shown in Table 2. 

FVIII inhibitor formation 

Of the 60 rhFVIII-treated animals, eight (four with one 

injury and four with two injuries) had developed high-titer 

neutralizing antibodies (> 5 BU) towards rhFVIII during 

the time-course of the study (range of BU for high-titer 
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Table 2 Overview of the fnal animal numbers and group distribu-

tion 

Rat genotype 

Treatment 

F8 °/° 

vehicle 

F8 °/° 

rhFVIII* 

Wild-type 

vehicle 

One joint bleed 16 20 10 

Excluded 

Two joint bleeds 

4 

3 because of new 

bleeds 

1 because of the 

size of the 

induced bleed 

6 

0 

8 

0 

10 

Excluded 4 

1 because of a new 

bleed 

3 because of the 

size of the 

induced bleed 

2 because of 

new bleeds 

0 

The treatment with rhFVIII or vehicle was given as a single injection 

prior to injury (i.e. one single bolus was injected for the one-joint-

bleed group and two boluses before each injury for the two-joint-

bleed group). *300 IU/kg. 

animals 13.9–601.3 BU). The data from the joint swelling 

and histologic scoring were therefore presented as ‘treated’, 

encompassing all rhFVIII animals, and as ‘treated without 

neutralizing antibodies (treated w/o nAbs),’ where only 

treated animals free of nAbs were included. 

Joint swelling following induced hemarthroses 

Visually evident swelling and discoloration of the knee 

were common sequelae of the induced hemarthrosis, as 
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observed during daily assessment of the animals. All but 

one (from the one joint-bleed group) of the 22 untreated 

F8˜/˜ rats presented with both symptoms during the 

study, seven of the 28 rhFVIII-treated F8˜/˜ rats had 

signs of swelling or discoloration (three only after the sec-

ond joint bleed), and WT animals did not develop any 

visual signs of bleeding. 

When swelling was measured objectively as joint diame-

ter using a caliper, untreated F8˜/˜ rats had a dramatic 

A Mean delta diameter 

joint swelling after both the frst and second injury. The 

swelling for untreated rats peaked at day two after the 

joint bleed and then slowly declined towards the pre-

injury delta diameter (see Fig. 1A). Treatment with 

rhFVIII signifcantly reduced the overall swelling, and 

excluding the rhFVIII-treated animals with high-titer 

nAbs against rhFVIII, completely abolished the apparent 

increase in swelling after the second joint bleed in this 

group (Fig. 1A). For the one-joint-bleed group, removing 

Untreated, n = 22 Day 0–14, n = 6 Day 15–28 
Treated, n = 28 Day 0–14, n = 8 Day 15–28 
Treated w/o nAbs, n = 20 Day 0–14, n = 4 Day 15–28 
Wild type, n = 20 Day 0–14, n = 10 Day 15–28 

m
m 4 

2 

0 

0 1 2 3 4 5 6 7 14 15 16 21 28 
Day 

B AUC delta diameter C AUC delta diameter 
1 joint bleed 2 joint bleeds 

**** **** 
80 **** 80 

** 
*** ** 

60 *** 60 * 

AU
C

 (m
m

 ×
 d

ay
) 

AU
C

 (m
m

 ×
 d

ay
) 

40 

20 20 

0 0 

Untreated Treated  Treated Wild type Untreated Treated Treated Wild type 
w/o nAbs w/o nAbs 

Fig. 1. Joint swelling according to genotype and treatment, shown as mean temporal and AUC delta diameter measurements. (A) Mean delta 

diameter ° SEM for each group from day 0–7 (encompassing all animals in the study, hence n = 22 for F8˜/˜ untreated, n = 28 for F8˜/˜ 

rhFVIII-treated and n = 20 for wild-type [WT] rats), day 14–16, day 21 and day 28 (encompassing only two-joint-bleed animals; n = 6 for 
untreated F8˜/˜ rats, n = 8 for rhFVIII-treated F8˜/˜ rats and n = 10 for WT animals). (B–C) AUC (delta diameter 9 days) for each individ-
ual animal from the one and two-joint-bleed groups, respectively. Line represents mean. *P < 0.05, **P < 0.005, ***P < 0.0005, 
****P < 0.0001 (Student0s t-test). Treated w/o nAbs refers to treated animals that did not develop neutralizing anti-FVIII antibodies during 

the study. AUC, area under the curve; nAbs, neutralizing antibodies against rhFVIII. 
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nAbs-free animals only slightly reduced the overall swel-

ling. The WT group only had a minor brief joint swelling 

after the frst joint bleed. The severity of the swelling over 

time (AUC) was signifcantly increased for untreated F8˜/ 

˜ compared with WT rats both after a single injury and 

after two injuries (P < 0.0001 for both comparisons, see 

Fig. 1B). Likewise, treated F8˜/˜ rats had a signifcantly 

lower AUC compared with untreated F8˜/˜ rats after a 

single joint bleed (P < 0.0001) and when comparing 

untreated F8˜/˜ rats with treated F8˜/˜ rats without 

nAbs after the second injury (P = 0.0096). 
No difference in swelling was observed when comparing 

a single injury or two injuries in the untreated animals. 

Histologic evaluation of arthropathic changes as a 
consequence of the induced hemarthrosis 

The histopathologic evaluation of sections from all 

untreated HA animals revealed pathology consistent with 

hemophilic arthropathy [15–17]. In Fig. 2, pictures repre-
senting the F8˜/˜ untreated, treated and WT groups are 

shown. An increased number of synovial lining cells, in 

some cases with massive subsynovial proliferation and 

infammatory infltrations, was identifed. These fndings 

were seen in 63% (10/16) of the F8˜/˜ untreated animals 

and 25% (5/20) of the treated animals, of which two had 

developed nAbs (Fig. 3) following a single joint bleed. 

After two joint bleeds 100% (6/6) of the untreated F8˜/˜ 

rats had pathologic fndings, whereas this was seen only 

in 50% (4/8) of treated rats with nAbs and 25% (1/4) of 

treated F8˜/˜ rats without nAbs. Generally the WT ani-

mals had no identifed pathology; however, a few pre-

sented with minor signs of hemosiderin deposition, 

chondrocyte loss or bone remodeling. This was true for 

50% of the one-joint-bleed group and for 10% (1/10) of 

the two-joint-bleed group. 

Chondrocyte and proteoglycan loss was seen in 31% 

(5/16) and 33% (2/6) of the untreated animals in the one-

and two-joint-bleed groups, respectively. No fbrillations 

or aberrations of the cartilage were observed. Only 15% 

(3/20) of treated animals showed signs of cartilage degra-

dation after a single joint bleed, of which one was posi-

tive for nAbs. For the F8˜/˜ treated rats subjected to two 

joint bleeds, 12.5% (1/8) had pathologic cartilage fndings 

and this animal was also positive for nAbs. 

Hemosiderin deposition was present in all groups, but 

more pronounced and frequent in the untreated groups, 

with an incidence of 75% (12/16) and 100% (6/6), for the 

one- and two-joint-bleed groups, respectively. Finally, 

bone remodeling in the form of periosteal bone formation 

was evident on the femoral shaft (see Fig. 2G). Again, 

this was primarily seen in untreated animals; 44% (7/16) 

and 67% (4/6) of the one- and two-joint-bleed groups 

had bone pathology, with only 10% (2/20) and 0% (0/4) 

of the corresponding nAbs-free rhFVIII-treated groups 

identifed as having abnormal bone remodeling. 
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Fig. 2. Histologic fndings of the joints according to genotype and 

treatment. (A) and (B) show the joint from an untreated F8˜/˜ rat 

from the one-joint-bleed group; (B) is a magnifcation of (A), show-

ing an enlarged and infamed synovial membrane; (C) and (D) show 

the joint of a treated F8˜/˜ rat from the one-joint-bleed group; (D) 

is a magnifcation of (C) showing a thin synovial membrane with 

subsynovial adipose tissue comparable to the wild-type animal; (E) 

and (F) are from a wild-type animal from the one-joint-bleed group; 

(F) is a magnifcation of (E), showing a normal synovial membrane 

with subsynovial adipose tissue; (G) shows excessive periosteal bone 

formation on the femoral shaft; (H) shows hemosiderin deposition in 

the subsynovial area of an untreated F8˜/˜ rat. Bars: 1000 lm in the 

left panels (A), (C) and (E). (G) 200 lm and 50 lm in the right pan-

els. (A) to (G) are stained with HE and (H) stained with Perls0 Prus-

sian Blue. 

The arthropathy score was applied to the histologic 

analysis (see Fig. 3). The majority, 81% (13/16) and 

100% (6/6), of the untreated F8˜/˜ animals from the one-

and two-joint-bleed groups, respectively, had a positive 

total score. Only 35% (7/20) of the treated animals from 

the one-joint-bleed group had a positive score, with three 

of these being positive for rhFVIII nAbs. Similarly, 50% 

(4/8) of the treated F8˜/˜ rats from the two-joint-bleed 

group had positive arthropathy scores, with three out of 
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Fig. 3. Histopathologic scoring according to genotype and treatment. Histologic images of injured knee-joints were scored according to the sever-

ity of synovitis, hemosiderin deposition, bone remodeling and cartilage degradation. (A) Total arthropathy score for the individual animals pre-

sented according to treatment and genotype for both the one- and two-joint-bleed groups. (B) Individual arthropathy scores of the four hemophilic 

arthropathy (HA) characteristics according to genotype and treatment. Dots represent scores of individual animals. Lines represent mean ° stan-
dard deviation. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001 (Student0s t-test). nAbs, rhFVIII-neutralizing antibodies. 

four animals with a positive score having developed of one and a single WT animal had a score of two). 

nAbs. A total of six WT animals (from both joint bleed When compared, the mean score in the single-joint-bleed 

groups) had a positive arthopathy score (fve had a score untreated F8˜/˜ group (3.25 ° 3.11) was signifcantly 
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higher than the mean of the WT animals (0.5 ˜ 0.53, 
P = 0.004) and the mean of the treated F8 °/° group 

(1.90 ˜ 3.55, see Fig. 3A). Importantly, no difference 

between treated and WT animals was found (Fig. 3A) 

after a single joint bleed. For the two-joint-bleed group a 

signifcant difference (P < 0.0001) in mean arthropathy 

score was found between the untreated F8 °/° rats 

(5 ˜ 2.53) and the WT animals (0.22 ˜ 0.67). Here no 

signifcant difference was found between untreated and all 

treated animals (2.5 ˜ 4.18); however, removing nAbs 

animals from the treated group led to a signifcant differ-

ence (P = 0.0007) between the untreated F8 °/° animals 

and the nAbs-free treated F8 °/° animals (0.25 ˜ 0.5). 
Again, no difference between WT and treated F8 °/° ani-

mals was found. 

For the individual parameters, a signifcant difference 

between untreated and WT animals from both the one-

and two-joint-bleed groups was observed for hemosiderin 

deposition (P = 0.0009 and 0.0001), synovitis (P = 0.002 
and 0.0001) and bone remodeling (P = 0.0136 and 

0.0103). For the one-joint-bleed group a signifcant differ-

ence between untreated rats and those treated without 

nAbs was also found (P = 0.04) for hemosiderin deposi-

tion (Fig. 3B). For the two-joint-bleed group a signifcant 

difference between untreated and treated (either with or 

without nAbs) F8 °/° rats was found for hemosiderin 

deposition (P = 0.034), synovitis (P = 0.0029) and bone 
remodeling (P = 0.0463). No difference in total arthropa-

thy score was observed when comparing a single injury or 

two injuries in the untreated animals. 

Discussion 

The present study showed that the newly characterized 

F8 °/° rat developed chronic degenerative joint changes 

following an induced joint bleed. HA was present after 

both a single injury and two injuries, with a higher aver-

age score, but with no statistically signifcant progression 

induced by the second injury. Prophylactic treatment with 

rhFVIII signifcantly reduced the pathology in the joints 

and demonstrated a reduction in the clinical signs of 

hemarthrosis, thereby confrming the potential of this 

F8 °/° rat as a relevant model of HA. 

Observation of the animals following the induced joint 

bleed revealed clinical signs of hemarthrosis, especially in 

untreated animals that developed moderate to large swel-

lings, which normalized towards pre-injury measurements 

during the time-course of the study. Signs of hemarthrosis 

were less pronounced for rhFVIII-treated animals and 

absent in WT animals. 

Hyperplasia of the synovial membrane, with concomi-

tant infammatory infltration and fbrous tissue formation 

in the subsynovial area, was identifed in the majority of 

untreated F8 °/° animals. This was often seen together with 

apoptotic or complete loss of chondrocytes in conjunction 

with proteoglycan reduction and thinning of articular 
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cartilage, along with abnormal bone remodeling, resulting 

in both excessive bone formation and degradation. Like-

wise, hemosiderin deposition was found in the majority of 

untreated animals. Already 2 weeks after an induced joint 

bleed, all of the above-mentioned pathology was identifed. 

Therefore, the rat is likely to develop chronic degenerative 

changes faster than humans, allowing studies of HA with a 

relatively short timeline. However, unlike the human disor-

der, the rats only presented with minor cartilage damage 

within this timespan, when compared with synovitis and 

bone damage. Combined, the identifed pathologies resem-

ble fndings in human HA [6,7,16,18], confrming the trans-

lational relevance of this F8 °/° rat. 

Assessment of the histologic images was performed 

according to a new composite arthropathy score, devel-

oped in order to identify and grade animals with chronic 

degenerative changes, covering the most important char-

acteristics seen in human HA patients [18], assessing 

severity of synovitis, bone remodeling, cartilage degrada-

tion and hemosiderin deposition. Whereas the arthropa-

thy score supported diagnosis of HA in all but three 

untreated animals, this was only the case for a minor sub-

set of the rhFVIII-treated (primarily nAbs-positive ani-

mals) and WT animals. This trend was true both for the 

total arthropathy score and for the individual parameters. 

Combined, we found a signifcantly more severe arthropa-

thy in untreated animals compared with both WT and 

rhFVIII-treated animals after a single joint bleed and 

compared with WT and nAbs-free rhFVIII-treated ani-

mals after two joint bleeds. Although a higher proportion 

of untreated F8 °/° animals presented with a positive 

arthropathy score, no signifcant increase in pathology 

between the one-joint-bleed and two-joint-bleed untreated 

F8 °/° groups was identifed. This could be a result of 

lack of power, as the two-joint-bleed untreated F8 °/° 

group has a mean arthropathy score almost twice as high 

as the corresponding one-joint-bleed group (5 vs. 3.25), 

but is composed of a low number of animals (n = 4). 
Importantly, despite some pathologic fndings in the trea-

ted F8 °/° groups, which could be the result of suboptimal 

dosing, no signifcant difference was found between WT 

and treated animals (with or without nAbs) for both joint 

bleed groups. The novel scoring system can thus success-

fully differentiate between animals receiving different 

treatment regimens (rhFVIII or vehicle solution). Further-

more, the fndings resemble previous models of 

hemarthrosis and synovitis, substantiating the use of the 

F8 °/° rat to evaluate therapeutic intervention [6,7,19–21] 
as a model of HA. 

The F8 °/° rat, unlike the F8 °/° mouse, develops sponta-

neous bleeds (though rarely observed in the knee-joint [10]) 

often requiring treatment. In this study a total of eight of 

the 19 treated animals (four from each joint bleed group) 

had suffered spontaneous bleeds prior to study inclusion 

and had previously been treated with rhFVIII on demand. 

Six of these are identical to the animals developing nAbs 
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during the time-course of the study. It is likely that the 

dosage of 300 IU/kg rhFVIII prior to the induced joint 

bleed led to a rapid and large antibody response in the pre-

viously treated animals, rendering the treatment ineffective 

in this study. This would explain why a few of the treated 

animals had both joint swelling and histopathologic fnd-

ings. This, however, does not explain why three nAbs-free 

rhFVIII-treated animals developed signs of hemarthosis 

and HA. It is possible that these animals simply resemble 

the clinical situation, where treatment with rhFVIII occa-

sionally fails to restore an adequate hemostatic potential, 

or the dosed amount of rhFVIII (based on in vitro normal-

ization of F8˜/˜ plasma APTT) could be too low or per-

haps should have been repeated, following the induced 

joint bleed, in order to completely prevent bleeding. The 

dose in this study was chosen to ensure complete coverage; 

however, in future studies the effcacy of additional doses 

should be investigated. 

Compared with the F8˜/˜ mouse, the F8˜/˜ rat has an 

advantageous size with a larger blood volume and joints. 

In future studies, this will allow for more frequent and 

larger blood sampling, enabling longitudinal studies using 

the rat as its own baseline control, which is likely to 

reduce the required number of animals. Moreover, the rat 

is a gregarious creature with little aggressive behavior, 

making it possible to house the animals together without 

the risk of fght-induced bleeding. This is not only more 

convenient, but also a more natural and ethical housing 

of the animals. Finally, the larger size of the rat also 

allows for clinically relevant imaging (e.g. ultrasonogra-

phy), with greater ease than in the mouse models. 

In conclusion, it was possible to establish a new model 

of HA for hemophilia A using the F8˜/˜ rat model. The 

bleeding phenotype of the F8˜/˜ rat led to development 

of clinically evident hemarthrosis following needle-punc-

ture of the knee-joint, causing chronic degenerative 

changes resembling human HA, as shown by histologic 

analysis. Treatment with rhFVIII prior to the joint bleed 

ameliorated arthropathic changes in the vast majority of 

the animals, returning them to a wild-type phenotype. 

The potential of the F8˜/˜ rat as an in vivo model of HA 

for preclinical PK and PD testing of drug candidates for 

replacement or bypassing therapy, as well as adjunctive 

therapy, therefore appears promising. 
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Introduction: A major complication of haemophilia is haemophilic arthropathy (HA), a debilitating disorder with
an incompletely defned pathobiology. High-resolution imaging may provide new knowledge about onset and
progression of HA, and thereby support identifcation of new treatment opportunities. Recently, a F8˜/˜ rat
model of HA was developed. The size of the rat allows for convenient and high resolution imaging of the joints,
which could enable in vivo studies of HA development. Aim: To determine whether HA in the F8˜/˜ rat can be
visualized using ultrasonography (US) and micro-computed tomography (lCT). Methods: Sixty F8˜/˜ and 20
wild-type rats were subjected to a single or two induced knee bleeds. F8˜/˜ rats were treated with either
recombinant human FVIII (rhFVIII) or vehicle before the induction of knee bleeds. Haemophilic arthropathy was
visualized using in vivo US and ex vivo lCT, and the observations correlated with histological evaluation.
Results: US and lCT detected pathologies in the knee related to HA. There was a strong correlation between
disease severity determined by lCT and histopathology. rhFVIII treatment reduced the pathology identifed with
both imaging techniques. Conclusion: US and lCT are suitable imaging techniques for detection of blood-
induced joint disease in F8˜/˜ rats and may be used for longitudinal studies of disease progression.

Keywords: animal model, arthropathy, haemarthrosis, rattus, ultrasonography, X-ray microcomputed tomography

Introduction

Patients with haemophilia A have an inherited or
spontaneous mutation in the gene coding for coagula-
tion factor VIII (FVIII), causing partial or complete
defciency in factor activity resulting in attenuation of
the coagulation cascade and incomplete coagulation
[1]. If untreated, patients with severe haemophilia suf-
fer from spontaneous bleeds, most often in the large
synovial joints such as the knees, ankles and elbows
[2]. Treatment of choice is FVIII replacement thera-
pies, given either on demand when bleeding occurs, or
as a prophylactic treatment. However, even patients

receiving intensive prophylaxis may endure break-
through bleeds. The repeated joint bleeds cause pro-
gressive joint deterioration, eventually leading to
haemophilic arthropathy (HA), a severely debilitating
condition. Consequently, 90% of severe haemophilia
A patients on intensive prophylaxis present with joint
disease by the age of 30–40 years [2,3].
Recently, a F8˜/˜ rat model for haemophilia A was

developed, which is phenotypically comparable to
human patients, with impaired haemostasis and suffer-
ing from spontaneous musculoskeletal bleeding [4].
We have previously reported that after a single
induced joint bleed, F8˜/˜ rats develop histopathologi-
cal changes in the knee resembling human HA, attenu-
able by recombinant human FVIII (rhFVIII) treatment
[5]. This model provides a valuable tool for investigat-
ing progression of HA. Histopathological evaluation is
the gold standard for assessing HA in small animal
models. However, it does not allow for repeated dis-
ease assessment in longitudinal studies. Therefore,
non-invasive imaging modalities may be useful for
mapping temporal progression of disease from joint
bleeds to established HA in the F8˜/˜ rat. This may
support identifcation of new and better therapeutic
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receiving intensive prophylaxis may endure break-
through bleeds. The repeated joint bleeds cause pro-
gressive joint deterioration, eventually leading to 
haemophilic arthropathy (HA), a severely debilitating 
condition. Consequently, 90% of severe haemophilia 
A patients on intensive prophylaxis present with joint 
disease by the age of 30–40 years [2,3]. 
Recently, a F8˜/˜ rat model for haemophilia A was 

developed, which is phenotypically comparable to 
human patients, with impaired haemostasis and suffer-
ing from spontaneous musculoskeletal bleeding [4]. 
We have previously reported that after a single 
induced joint bleed, F8˜/˜ rats develop histopathologi-
cal changes in the knee resembling human HA, attenu-
able by recombinant human FVIII (rhFVIII) treatment 
[5]. This model provides a valuable tool for investigat-
ing progression of HA. Histopathological evaluation is 
the gold standard for assessing HA in small animal 
models. However, it does not allow for repeated dis-
ease assessment in longitudinal studies. Therefore, 
non-invasive imaging modalities may be useful for 
mapping temporal progression of disease from joint 
bleeds to established HA in the F8˜/˜ rat. This may 
support identifcation of new and better therapeutic 
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strategies to prevent development of HA and reduce 
the number of animals needed for longitudinal studies. 
In patients, radiological evaluation of the joint, along 

with clinical assessment of joint mobility, are the stan-
dard clinical tools for diagnosis of HA [6]. However, 
standard radiography has poor resolution and primarily 
detects radiodense, late stage disease complications, 
such as signifcant bone related abnormalities including 
subchondral cysts. It is therefore primarily used for 
evaluation of established disease [7]. In contrast, com-
puted tomography (CT) provides high resolution and 
detailed images of bone tissue, allowing identifcation 
of even minor pathological changes [8,9]. CT is not fre-
quently applied in human haemophilia patients, due to 
radiation exposure. However, it could be a powerful 
tool for detailed visualization of bone pathology in the 
F8˜/˜ rat model. 
For visualization of the early, soft tissue pathologies 

that precede bone disease, magnetic resonance imaging 
(MRI) has been the imaging modality of choice. How-
ever, its use is limited by both access to scanners and 
the need for sedation in young children [10]. 
Ultrasonography (US) is increasingly recognized as a 

low-cost alternative to MRI [11]. US provides a non-
invasive, fast examination without radiation and no 
requirements for sedation in younger patients. It 
allows sensitive visualization of soft tissue changes, 
some of the earliest indicators of HA. US however, 
lacks the ability to clearly show bone structure [7]. 
The objectives of this study were to investigate 

whether US and micro-CT (lCT) can visualize devel-
opment of HA in the F8˜/˜ rat model, and assess how 
the pathological observations identifed using the two 
imaging tools correlate with the histopathological 
characterization of affected joints. 

Materials and methods 

Animal studies 

Animal studies were performed according to guidelines 
from, and approved by the Danish Animal Experiments 
Council, the Danish Ministry of Environment and Food. 
Invasive procedures were performed under anaesthe-

sia, as previously described [5]. 
The rats were housed under standard conditions 

with a 12-h/12-h light/dark cycle, 20–23°C, 30–60% 
relative humidity with ad libitum food and water con-
sumption and monitored daily for signs of bleeding. 
Data from these animals have previously been 

reported in a study validating the F8˜/˜ rat as a trans-
lational model of HA [5]. 

Exclusion criteria 

Upon study initiation, animals with evident bleeding 
in their legs were excluded. Animals developing 
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spontaneous bleeds unrelated to the induced 
haemarthrosis after study initiation were euthanized at 
any sign of distress and excluded from the study. 

Study population and groups 

(SD-F8tm1sage)Twenty wild-type and 60 F8˜/˜ rats 
[4], 13–15 weeks of age bred at Novo Nordisk A/S 
(Maaloev, Denmark) were included in the study. Ten 
wild-type and 40 F8˜/˜ rats were subjected to a single 
induced haemarthrosis (day 0 and euthanized on day 
14) and the remaining 10 wild-type and 20 F8˜/˜ rats 
had two haemarthroses induced (day 0 and 14 and 
euthanized on day 28). The F8˜/˜ animals were ran-
domized 1:1 to prophylactic treatment with either 
300 IU kg˜1 rhFVIII (4.8 mL kg˜1 ReFacto AF˜ 

250 IE/a.e., Pfzer, Paris, France) or vehicle buffer 
solution (10 mM L-Histidine, 8.8 mM sucrose, 
30.8 mM NaCl, 1.7 mM CaCl2, 0.01% Tween 80) in 
an equivalent volume to rhFVIII-dosed animals. All 
wild-type animals were dosed with vehicle. Treatment 
was given blinded as a bolus injection 5 min before 
injury. 

Needle-induced haemarthrosis 

Haemarthrosis was induced as previously described 
[5]. Briefy, the animals were anaesthetized and a sub-
cutaneous injection of 0.03 mg kg˜1 burprenorphine 
(Temgesic 0.3 mg mL˜1, Reckitt Benckiser Pharma-
ceuticals Ltd, Berkshire, UK) administered. Hereafter, 
the animals were dosed intravenously with vehicle or 
rhFVIII. The left leg was mildly fexed, and 
haemarthrosis induced by inserting a 30 g needle into 
the joint through the patella ligament. 
The animals received analgesia in the drinking water 

(0.06 mg L˜1 Temgesic) for a minimum of seven days 
after the induced joint bleed. 

Blood sampling and euthanasia 

A polyethylene 0.8 mm catheter (PE90. Becton, Dick-
inson and Company, Franklin Lakes, NJ, USA) was 
placed in the carotid artery, blood collected, and the 
animals euthanized by an injection of pentobarbital 
(Mebumal 50 mg mL˜1, SAD, Amgros I/S, Copen-
hagen, Denmark) through the catheter. 
Citrated whole blood (3.2%) was collected and pla-

telet-poor plasma obtained by centrifugation at 
4000 g for 5 min and stored at ˜80°C. 

Antibody analysis 

Plasma samples from the day of termination were 
analysed for the presence of rhFVIII neutralizing anti-
bodies (nAbs), using a modifed chromogenic assay 
from Chromogenix (Coamatic FVIII kit), as previously 

© 2016 John Wiley & Sons Ltd 



IMAGING OF  ARTHROPATHY IN  THE F8�/� RAT 3 

described [12,13]. Animals with BU ≥ 5 were consid-
ered high-titre animals equivalent to the clinical 
setting [14]. 

Ultrasonography 

US was performed at baseline and on day 14 (before 
euthanasia or the second induced knee bleed) and on 
day 28 before euthanasia. For the US procedure the 
rat was anaesthetized, placed on the back with the left 
leg mildly fexed, hair removed and the skin cleaned 
with an ethanol swap, before applying scanning gel 
(EKO GEL, Ekkomarine Medico A/S, Holstebro, Den-
mark). 
The US exam was performed using a VEVO2100 

(Visualsonics, Toronto, ON, Canada) and a MS-700 
transducer with a 30–70 MHz range, by a single 
observer blinded according to genotype and treatment. 
The knee was investigated in the sagittal and trans-

verse plane in B mode (with the transducer positioned 
as displayed in Fig. 1 [15]), and assessed for intra-
articular fuid, fat pad deviation, haematoma forma-
tion as well as bone and cartilage degeneration (see 
Fig. 1). 

Postmortem collection of knees and lCT 

Left hind-legs were dissected at the femoral head, 
mildly stripped of muscle and skin and placed in 4% 
paraformaldehyde. Injured formalin-fxated knees 
were scanned ex vivo, using a Perkin Elmer Quantum 
FX lCT scanner (Perkin Elmer, Waltham, MA, USA). 
Optimized scan settings were 90 kV, 160 lA with a 
feld of view of 20 mm. 

Fig. 1. Position of the transducer and ultrasonog-

raphy images showing the anatomical structures 

assessed (a) Schematic view of the transducer posi-

tion. Left; sagittal scan. Right; transverse scan. 

Figures modifed from http://servier.com/Power-

point-image-bank. (b) Left image is a sagittal B-

mode scan of a normal joint showing the skin (*), 
the hypoechoic patella ligament (arrowheads) 

above the fat pad (dashed lines) stretching from 

the femoral condyle down across the tibial pla-

teau. The hyperechoic cortex of the tibial plateau 

and the femoral condyles are visible below and 

extending from the fat pad. To the right an image 

of a transverse B-mode scan of a normal joint 

showing the skin (*), the hypoechoic patella liga-
ment (arrowhead) above the fat pad (dashed lines) 

lying in the patellofemoral groove (intercondylar 

notch), and the hyperechoic cortex of the femoral 

condyles (white arrow). 

Histology and histopathological evaluation 

Histological evaluation of the knees from this popula-
tion of rats has been reported previously [5]. In brief, 
histological sections from the sagittal plane were 
scored from 0 to 3 for four different disease character-
istics (synovitis, haemosiderin deposition, cartilage 
degradation and bone remodelling) and the sum score 
calculated (maximum score of 12). 

Assessment of US and lCT images 

A US scoring system was developed using a visual 
analogue scale (VAS), assessing four parameters; 
oedema, patella ligament changes, fat pad displace-
ment and bone/cartilage ruffing (see Fig. 1b). Briefy, 
a 10 cm line is drawn and a mark set for each of the 
four parameters between zero and ten according to 
the observer’s perception of severity of pathological 
changes. The assessments were made based on 
recorded US images. A sum score was calculated, with 
a maximum score of 40 (see Figures 1 and S1 for atlas 
of US scoring). The inter-observer integrity of the 
score was tested by analysis of agreement between 
two independent observers assessing a selected sample 
set (n = 13) representing full range of observed scores. 
Criteria for acceptable agreement was met (linear 
analysis, data not shown) with a narrow interval of 
observed differences (95% CI [�1.0; 1.9]). The US 
was performed in an optimized position where the 
clearest and most reproducible images were obtained 
with clear landmarks for the performer (in the sagittal 
view; the ligament (corresponding to the infrapatellar 
ligament in human), fat pad (corresponding to Hoffa0s 
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fat pad in human), the femoral and tibial bone sur-
faces and for the transverse view; the femoral condyles 
just distal to the patella). 
lCT scans were assessed in sagittal, coronal and 

transverse planes by evaluating 2D images. Scans were 
scored 0 or 1 (0 = normal, 1 = pathologic) according 
to the presence of periosteal bone formation on femur, 
tibia and patella, osteophytosis of femoral epi-
condyles, tibial epicondyles and patella as well as a 
score for the presence of subchondral cysts (maximum 
sum score of 7, see Figures S2 and S3 for atlas of lCT 
scoring). 
All assessments were performed blinded towards 

genotype, treatment and time point, by the same 
observer. 

Statistics 

To test whether US or lCT could reliably discriminate 
between the different groups, statistical analysis was 
performed on sum scores for each assessment tool (US 
and lCT) using Mann–Whitney tests. Single and two 
joint-bleed groups were tested separately using hierar-
chical hypothesis testing; frst, the untreated F8˜/˜ rats 
were compared to WT animals. In presence of the 
expected discrimination (i.e. a signifcant difference 
between untreated F8˜/˜ and WT animals in both 
injury groups), the F8˜/˜ untreated animals were com-
pared to rhFVIII treated animals. This was followed 
by a comparison of untreated and nAbs-free treated 
animals (animals without neutralising anti-FVIII anti-
bodies). Finally, the treated group (followed by the 
nAbs-free treated group) was compared to the WT 
group. 
Additionally, the correlation between the 

histopathology score reported in [5] and the US sum 
score and the lCT sum score was analysed (two-tailed 
Spearman ́ s correlation test). 
P-values < 0.05 were considered signifcant. Statisti-

cal analysis was performed using GraphPad Prism 
(Version 6.05, GraphPad Software, Inc. San Diego, 
CA, USA). 

Results 

HA development in F8˜/˜ rats 

Characterization of HA development following 
induced knee bleeds in this population of rats has pre-
viously been reported [5]. In summary, histopathologi-
cal evaluation showed synovitis, haemosiderin 
deposition, chondrocyte- and proteoglycan loss, as 
well as bone resorption and remodelling in untreated 
F8˜/˜ rats, whereas WT rats did not develop HA. Pro-
phylactic treatment with rhFVIII prevented HA devel-
opment in the majority of treated rats. A few rhFVIII 
treated animals showed pathology of the joint, 

Haemophilia (2016), 1--11 

however, these were primarily animals that had devel-
oped FVIII neutralizing antibodies (nAbs). When HA 
was scored using a semiquantitative scoring system, a 
signifcant difference in the histopathological score 
between untreated and treated animals was demon-
strated. In the present study we investigated whether 
US and lCT can be used for assessment of HA and 
determined the correlation between disease severity 
assessed by imaging and the gold standard 
histopathology reported in Sørensen et al. [5]. 

In vivo ultrasonography detected HA in untreated 
F8˜/˜ rats 

The US examination prior to injury showed normal 
joints with a clearly delineated patella ligament and 
fat pad, no oedema and well defned tibial and 
femoral heads (see Fig. 2a). Induced haemarthrosis in 
untreated F8˜/˜ rats lead to detectable subcutaneous 
oedema, patella ligament deformation, as well as dis-
placement, and in some instances a severe disruption, 
of the fat pad (see Fig. 2a). In a few transverse ultra-
sonography scans, ruffing of the bone were evident. 
When applying the US scoring system, there was a 

signifcant difference between WT and untreated F8˜/ 

˜ rats both after a single and two haemathroses 
(P < 0.0005 for both comparisons, see Fig. 3a, with 
one WT rat from each group having a score above 3). 
The total US score was signifcantly higher after a sin-
gle joint bleed in untreated F8˜/˜ animals compared 
to treated F8˜/˜ animals (P = 0.0004, 6/20 treated 
animals had a score above 3 after a single joint bleed) 
or both after a single and two joint bleeds in F8˜/˜ 

animals when compared to treated animals without 
nAbs (P = 0.0006 and P = 0.0095 after a single or 
two haemarthroses, respectively, with no animals hav-
ing a score above 3). Similarly, the WT animals were 
only signifcantly different from the rhFVIII treated 
animals when including animals that had developed 
nAbs, and only after two induced haemarthroses 
(P = 0.022, see Fig. 3a). 

Bone degeneration was clearly visualized by 
ex vivo lCT 

lCT detected HA-related pathology in untreated F8˜/ 

˜ animals (see Figs 3b and 4). Osteophytes and perios-
teal bone formation were present in 50% (8/16) and 
83% (5/6) of F8˜/˜ rats following a single or two hae-
marthroses, respectively. For rhFVIII treated animals 
(including nAbs positive animals), the percentages 
were 20% (4/20) and 25% (2/8) for one and two hae-
marthroses, respectively. No bone abnormalities were 
detected in WT rats (see Fig. 4). 
To quantify the degree of bone pathology, the 

images were assessed for osteophytosis and periosteal 
bone formation on patella, femur and tibia and given 
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Fig. 2. US scans show joint pathology in untreated F8˜/˜ animals. (a) Example of a sagittal US scan from day 0 (before injury), 14 and 28 after haemarthro-

sis, from an untreated F8˜/˜ rat (left), a rhFVIII treated F8˜/˜ rat (middle) and a wild-type rat (right). After injury, the untreated animal presents with a 

heterogeneous echogenicity in the subcutaneous area (soft tissue swelling/oedema) and enlarged patella ligament with loss of hypoechogenicity indicating 

intra-articular fuid. rhFVIII treated and WT animals show no sign of pathology. (b) Examples of US images of F8˜/˜ rat knees with pathology (1–4) and WT 

rat knees with no signs of pathology (5–6) following two joint bleeds. (b1) sagittal scan showing a swollen patella ligament (arrowhead) and disruption of the 

fat pad (white arrow). (b2) sagittal scan showing subcutaneous oedema (blue arrow), swollen patella ligament (arrowhead) with loss of hypoechogenicity 

(white asterisk), and disruption of the fat pad with heterogeneous echogenicity (red asterisks). (b3) transverse scan showing slight subcutaneous oedema (blue 

arrow) and signs of intra-articular effusion (arrowheads). (b4) transverse scan with slight subcutaneous oedema (blue arrow) and heterogeneous intra-articu-

lar echogenicity indicating effusion (black arrow) along with marked ruffing of the femoral condyles (arrowheads). (b5 and b6) sagittal and transverse scans 

from two different WT animals at day 28 with no signs of pathology. 

© 2016 John Wiley & Sons Ltd Haemophilia (2016), 1--11 
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a score of 0 (normal) or 1 (pathologic) for each com-
partment and pathology as well as a score for the 
presence of subchondral cysts on either femur or tibia. 
A signifcant difference in lCT sum score was present 
between untreated F8˜/˜ and WT animals after both 
one (P = 0.014) and two joint bleeds (P < 0.0014, see 
Fig. 3b). Effect of rhFVIII treatment could be demon-
strated by lCT after two injuries (difference between 
untreated and treated F8˜/˜ animals without nAbs, 
P = 0.033, see Fig. 3b). No signifcant difference 
between WT and treated F8˜/˜ animals was found. 
Interestingly, pathology resembling subchondral 

cysts was identifed in six animals (see Fig. 5). To ver-
ify the lCT based detection of subchondral cysts, two 
knees with each two lCT-visualized cysts were 
selected for full histological sectioning. All four cysts 
were identifed by histology (see Fig. 5) and impor-
tantly, no additional subchondral cysts were found. 

Strong correlation between lCT and the 
histological arthropathy score 

To test the feasibility of using US or lCT for studying 
HA severity, a correlation analysis between the disease 
severity determined by imaging (the sum US score or 
the sum lCT score) and histology (the arthropathy 
sum score) was performed. The analysis revealed sig-
nifcant and good correlation between the US- and his-
tological arthropathy score after two joint bleeds (see 
Fig. 6a, r = 0.79, P < 0.0001). 

Fig. 3. In vivo US and ex vivo lCT can discrimi-

nate between wild-type rats, rhFVIII treated F8˜/˜ 

rats and untreated F8˜/˜ rats following induced 

joint bleeds. (a) US sum score combining the four 

assessment parameters (subcutaneous oedema, 

ligament changes, fat pad displacement and bone 

ruffing). (b) lCT sum score combining the seven 

assessment parameters (periosteal bone formation 

on femur, patella and tibia, osteophytes on patella, 

femur and tibia and the presence of subchondral 

cysts). Lines represent mean *P < 0.05, 
**P < 0.005, ***P < 0.0005, ****P < 0.0001. 
P-values were calculated using sequential Mann-

Whitney tests comparing groups. Treated w/o 

nAbs refers to treated animals that did not develop 

neutralizing antibodies during the study. nAbs: 

neutralizing antibodies against rhFVIII. 

There was a signifcant and strong correlation 
between the lCT- and histological arthropathy score 
(see Fig. 6b) both following one (r = 0.80, 
P < 0.0001) and two (r = 0.84, P < 0.0001) joint 
bleeds. 

Discussion 
In this study, we establish US and lCT as imaging 
modalities for visualization of soft tissue and bone 
deformation, respectively, following induced knee 
bleeds in F8˜/˜ rats. 
Application of in vivo US in animal models of HA is a 

new area of investigation, with only few publications 
[15–17]. In the present study, US revealed joint pathol-
ogy 14 days after induction of one or two joint bleeds, 
including oedema (soft tissue swelling), ligament swel-
ling and disruption of the fat pad. As expected, bone 
changes were diffcult to clearly visualize with US. The 
pathology identifed in the present study mimics that 
found by US in human HA, i.e. loss of joint architecture 
with swelling of the ligaments [18], effusions and bone 
erosions [10,19,20], albeit the level of detail is consider-
ably higher in humans compared to rats due to the size 
of the joints. Hence, US can be used to study soft tissue 
pathology, as well as to monitor effect of treatment 
in vivo, in the F8˜/˜ rat. 
lCT detected extensive bone pathology (osteophyto-

sis and periosteal bone formation) in untreated F8˜/˜ 

rats following induced haemarthrosis, consistent with 
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Fig. 4. lCT scans show bone pathology in untreated F8˜/˜ animals. (a) Example of 3D surface rendering and coronal 2D images from ex vivo lCT scans on 
day 28, from an untreated F8˜/˜ rat (left), rhFVIII treated F8˜/˜ rat (middle) and a wild-type rat (right), showing extensive pathological bone remodelling in 

the untreated F8˜/˜ animal with osteophytes on both patella, femur and tibia and no pathological fndings on the rhFVIII treated F8˜/˜ rat and the WT rat. 

(b) Examples of pathological fndings on lCT scans from untreated F8˜/˜ animals (1–3, 7 and 9) compared to scans of WT animals without pathology (4–6, 
8, 10). Arrowheads show the presence of osteophytes (1–3) on femur, patella and tibia, brackets and lines indicate areas of periosteal bone formation (3, 7 

and 9) and the white arrow in image 9 indicates the presence of a subchondral cyst. 
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previous mouse studies [21] and observations in 
patients, where excessive bone formation and degrada-
tion as well as cyst formation are evident [22,23]. 
Interestingly, unlike the mouse models, but compara-
ble to human haemophilia A [6], we also identifed 
subchondral cysts in six F8˜/˜ rats confrmed by histo-
logical evaluation. If applied in vivo, lCT can be used 
to visualize temporal progression of bone deforma-
tion. Furthermore, lCT scans provide quantitative 
measures of bone density, volume and thickness, 
which may be used as endpoints in future studies 
[24]. 
Currently, the gold standard assessment tool for 

blood-induced joint disease in rodent knee bleeding 
models is histology. We therefore investigated how 
well disease severity measured by US or lCT corre-
lated to disease severity assessed by histology. The 
lCT score and the histological arthropathy score cor-
related strongly after both a single and two joint 
bleeds. The US score showed a signifcant though 
somewhat weaker correlation to the histological 
arthropathy score. It should be noted that these three 
tools measure different disease characteristics and 
focus on different anatomical structures within the 
knee: US visualizes primarily soft tissues in the infrap-
atellar region, lCT captures bone pathology of the 
entire knee, whereas histology assess both soft tissues, 
cartilage and bone, but is limited to a single anatomi-
cal plane of the knee. In addition, the US score 

Fig. 5. Ex vivo lCT can detect subchondral cysts 
as confrmed by histology. (a) 2D lCT images in 

the coronal and sagittal plane from three different 

joints subjected to a single joint bleed. Top and 

middle rows show F8˜/˜ joints with extensive 

bone pathology including the presence of two sub-

chondral cysts in each joint. The bottom row 

shows a WT control rat subjected to a single joint 

bleed with no subchondral cysts or bone pathol-

ogy. (b) Histological section of the corresponding 

joint from (a) confrming subchondral cyst forma-

tion in the F8˜/˜ rats (top and middle rows) with 

no pathological changes in the WT control rat 

(bottom row). Blue arrowheads indicate cysts. 

Bars in (b) are 100 lm in size. 

measures not only the pathology of the intra-articular 
space but also the skin and subcutaneous tissues. 
However, the moderate-to-strong correlation of US 
and lCT scores to the gold standard histopathological 
evaluation confrms the feasibility of using these two 
imaging modalities as reliable tools for quantifcation 
of HA, enabling in vivo assessement of disease 
severity. 

Conclusion 
In the present study, both in vivo US and ex vivo lCT 
consistently detected HA in F8˜/˜ rats following 
induced knee bleeds. When disease severity was 
assessed using semiquantitative scoring systems, in 
particular the lCT score correlated strongly with the 
histopathology score. Both imaging modalities could 
differentiate between treated and untreated F8˜/˜ rats, 
making them suitable endpoints for therapeutic studies 
in this animal model. Future longitudinal studies 
where both modalities are applied in vivo may further 
establish the sensitivity of these techniques for detect-
ing early and subtle pathological changes following 
joint bleeds. 
In conclusion, combining US and lCT imaging 

allows for visualization of both soft tissue and bone 
pathology following induced knee-joint bleeds in this 
model, enabling future longitudinal in vivo studies of 
the development and progression of HA. 
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Fig. 6. Correlation between histological assessment and US or lCT. Correlation between in vivo US (a) or ex vivo lCT (b) sum scores and the corresponding 

arthropathy score for all animals is shown. The grey dots represent animals subjected to a single joint bleed, while the blue dots represent animals subjected to 

two joint bleeds. The asterisk marks a total of 34 overlaying scores, the square marks an overlay of 9 scores, the downward facing arrowhead an overlay of 6  

points and the upward facing arrowhead an overlay of 2 points. R is shown for animals of the single and double joint bleed groups. The correlation coeffcient 

r was calculated using a two-tailed Spearman’s correlation test. N = 46 for the 1 joint bleed analyses and n = 24 for the 2 joint bleeds analyses. 

Addendum 
K. R. Christensen, L. N. Nielsen, K. Roepstorff, A. K. 
Hansen and B. Wiinberg designed the study. K. R. 
Christensen performed the experimental part and all 
scoring with help from L. N. Nielsen, K. Roepstorff 
and M. Petersen, who developed the US VAS, 
arthropathy and lCT, score, respectively. M. Kjel-
gaard-Hansen and K. R. Christensen performed the 
statistical analyses. K. R. Christensen prepared the 
manuscript. All authors reviewed the manuscript and 
approved the fnal version. 

Acknowledgements 

The study was sponsored by Novo Nordisk A/S and the University of 

Copenhagen. H. F. Kierkegaard is acknowledged for her assistance 

regarding the animal experiments. J. Juul, M. N. Nielsen and J. Mandel-

baum for sectioning of the tissue, and J. Juul for staining. K. N. Weldingh 

and B. Klitgaard for blood sample analyses. S. Skov, P. H. Kvist and H. 

E. Jensen for scientifc input. K. R. Christensen, A. K. Hansen, L. N. 

Nielsen is employed by the University of Copenhagen. M. Kjelgaard-Han-

sen, B. Wiinberg, K. Roepstorff and M. Petersen are minor shareholders 

of and employed by Novo Nordisk A/S. During the time of the study L. 

N. Nielsen was employed by Novo Nordisk A/S. 

Disclosures 
K. R. Christensen, A. K. Hansen and L. N. Nielsen are employed by the 

University of Copenhagen and K. Roepstorff, M. Petersen, B. Wiinberg 

and M. Kjelgaard-Hansen are employed by Novo Nordisk A/S. The 

authors stated that they had no interests which might be perceived as pos-

ing a confict or bias. 

References Study Group. J Intern Med 1994; 236: human hemophilia A. J Thromb Haemost 
391–9. 2014; 12: 1274–82. 

1 Bolton-Maggs PH, Pasi KJ. Haemophilias 3 Oldenburg J. Optimal treatment strategies 5 Sorensen KR, Roepstorff K, Wiinberg B 

A and B. Lancet 2003; 361: 1801–9. for hemophilia: achievements and limitations et al. The F8 rat as a model of hemophilic 

2 Aledort LM, Haschmeyer RH, Pettersson of current prophylactic regimens. Blood arthropathy. J Thromb Haemost 2016; 14: 
H. A longitudinal study of orthopaedic out- 2015; 125: 2038–44. 1216–25. 

comes for severe factor-VIII-defcient 4 Nielsen LN, Wiinberg B, Hager M et al. A 6 Dunn AL. Pathophysiology, diagnosis and 

haemophiliacs. The Orthopaedic Outcome novel F8˜/˜ rat as a translational model of prevention of arthropathy in patients with 

© 2016 John Wiley & Sons Ltd Haemophilia (2016), 1--11 



10  K.  R.  CHRISTENSEN et al. 

haemophilia. Haemophilia 2011; 17: 

571–8. 
7 Doria AS. State-of-the-art imaging tech-

niques for the evaluation of haemophilic 

arthropathy: present and future. Hae-

mophilia 2010; 16(Suppl 5): 107–14. 
8 Lau AG, Sun J, Hannah WB et al. Joint 

bleeding in factor VIII defcient mice causes 

an acute loss of trabecular bone and calcif-

cation of joint soft tissues which is pre-

vented with aggressive factor replacement. 

Haemophilia 2014; 20: 716–22. 
9 Yu W, Lin Q, Guermazi A et al. Compar-

ison of radiography, CT and MR imaging 

in detection of arthropathies in patients 

with haemophilia. Haemophilia 2009; 15: 
1090–6. 

10 Sierra Aisa C, Lucia Cuesta JF, Rubio Mar-

tinez A et al. Comparison of ultrasound 

and magnetic resonance imaging for diag-

nosis and follow-up of joint lesions in 

patients with haemophilia. Haemophilia 
2014; 20: e51–7. 

11 Monahan PE, Doria AS, Ljung R, Jime-

nez-Yuste V. Optimizing joint function: 

new knowledge and novel tools and treat-

ments. Haemophilia 2012; 18(Suppl 5): 

17–26. 
12 Lovgren KM, Sondergaard H, Skov S, 

Weldingh KN, Tranholm M, Wiinberg B. 

Antibody response to recombinant human 

coagulation factor VIII in a new rat model 

of severe hemophilia A. J Thromb Haemost 
2016; 14: 747–56. 

13 Duncan E, Collecutt M, Street A. Nijme-

gen-Bethesda assay to measure factor VIII 

inhibitors. Methods Mol Biol 2013; 992: 
321–33. 

14 Srivastava A, Brewer AK, Mauser-Bunscho-

ten EP et al. Guidelines for the manage-

ment of hemophilia. Haemophilia 2013; 

19: e1–47. 
15 Clavel G, Marchiol-Fournigault C, Renault 

G, Boissier MC, Fradelizi D, Bessis N. 

Ultrasound and Doppler micro-imaging in 

a model of rheumatoid arthritis in mice. 

Ann Rheum Dis 2008; 67: 1765–72. 
16 Bhat V, Olmer M, Joshi S et al. Vascular 

remodeling underlies rebleeding in hemo-

philic arthropathy. Am J Hematol 2015; 
90: 1027–35. 

17 Wang KC, Amirabadi A, Wang KC et al. 
Longitudinal assessment of bone loss using 

quantitative ultrasound in a blood-induced 

arthritis rabbit model. Haemophilia 2015; 
21: e402–10. 

18 Kidder W, Nguyen S, Larios J, Bergstrom J, 

Ceponis A, von Drygalski A. Point-of-care 

musculoskeletal ultrasound is critical for the 

diagnosis of hemarthroses, infammation 

and soft tissue abnormalities in adult 

patients with painful haemophilic arthropa-

thy. Haemophilia 2015; 21: 530–37. 
19 Ceponis A, Wong-Sefdan I, Glass CS, von 

Drygalski A. Rapid musculoskeletal ultra-

sound for painful episodes in adult haemo-

philia patients. Haemophilia 2013; 19: 

790–8. 
20 Muca-Perja M, Riva S, Grochowska B, 

Mangiafco L, Mago D, Gringeri A. Ultra-

sonography of haemophilic arthropathy. 

Haemophilia 2012; 18: 364–8. 

21 Hakobyan N, Enockson C, Cole AA, Sum-

ner DR, Valentino LA. Experimental hae-

mophilic arthropathy in a mouse model of 

a massive haemarthrosis: gross, radiological 

and histological changes. Haemophilia 
2008; 14: 804–9. 

22 Cross S, Vaidya S, Fotiadis N. Hemophilic 

arthropathy: a review of imaging and stag-

ing. Semin Ultrasound CT MR 2013; 34: 
516–24. 

23 Solimeno L, Luck J, Fondanesche C et al. 
Knee arthropathy: when things go wrong. 

Haemophilia 2012; 18(Suppl 4): 105–11. 
24 Lee A, Boyd SK, Kline G, Poon MC. Pre-

mature changes in trabecular and cortical 

microarchitecture result in decreased bone 

strength in hemophilia. Blood 2015; 125: 
2160–3. 

Supporting Information 
Additional Supporting Information may be 

found in the online version of this article: 

Figure S1. US atlas showing transverse (left 

column) and sagittal (right column) scans 

from nine individual animals with their corre-

sponding VAS score. (a–a’) B-mode scan of a 

normal joint day 0 before induction of a joint 

bleed. (a) Transverse scan showing the skin 

(asterisk), the hypoechoic patella ligament (ar-

rowhead) above the fat pad (dashed lines) 

lying within the intercondylar notch (white 

arrow). Total VAS score: 0. (a’) Sagittal scan 

showing the skin, the hypoechoic patella liga-

ment above the fat pad stretching from the 

femoral condyle down across the tibial pla-

teau. The hyperechoic cortex of the tibial pla-

teau and the femoral condyles are visible 

below and extending from the fat pad. Total 

VAS score: 0. (b–b’) B-mode scan of a joint 

day 14 after an induced joint bleed. (b) Trans-

verse scan indicating displacement of the fat 

pad (white arrow). (b’) Sagittal scan showing 

a swollen patella ligament (arrowhead) and 

displacement of the fat pad (white arrow). No 

signs of oedema or bone pathology. Total 

VAS score: 17.80. Oedema: 2.8, ligament: 7, 

fat pad: 7.8, ruffing of the bone: 0.2. (c–c’) B-
mode scan of a joint day 14 after an induced 

joint bleed. (c) Transverse scan showing slight 

subcutaneous oedema (white arrow) along 

with intra-articular effusion (arrowhead). No 

signs of bone pathology. (c’) Sagittal scan 

showing loss of echogenicity of the fat pad 

(red asterisks) Total VAS score: 9.55. 

Oedema: 4.7, ligament: 1.8, fat pad: 2.35, 

bone ruffing: 0.7. (d–d’) B-mode scan day 28 

after two induced joint bleeds. (d) Transverse 

scan showing slight subcutaneous oedema 

(white arrow) and signs of intra-articular effu-

sions around the patella ligament and the fat 

pad (arrowheads). (d’) Sagittal scan showing 

subcutaneous oedema across the joint (white 

arrow), loss of hypogenicity of the patella 

ligament (arrowhead) as well as disruption of 

the fat pad (red asterisks). Total VAS score: 

8.2. Oedema: 4, ligament: 0.4, fat pad: 3.7, 

ruffing of the bone: 0.1. (e–e’) B-mode scan 

on day 28 after two induced joint bleeds. (e) 

Transverse scan showing slight irregularity 

(ruffing, arrowheads) of the femoral condyles 

as well as extensive subcutaneous oedema 

(blue arrow) and intra-articular effusion 

(white arrows). (e’) Sagittal scan showing sub-

cutaneous oedema (blue arrow), enlargement/ 

swollen patella ligament (arrowhead) with 

loss of hypogenicity (white asterisk), disrup-

tion and loss of echogenicity of the fat pad 

(red asterisks). Total VAS score: 23.7. 

Oedema: 7.75, ligament: 6.3, fat pad: 8, bone 

ruffing: 1.65. (f–f’) B-mode scan on day 14 

after a single induced joint bleed. (f) Trans-

verse scan showing slight subcutaneous 

oedema (blue arrow) effusions (white arrow) 

along with clear/marked ruffing of the 

femoral condyles (arrowheads). (f’) Sagittal 

scan showing slight swelling of the patella 

ligament (arrowhead), as well as a heteroge-

neously echoic fat pad (white asterisk). Total 

VAS score: 20.9. Oedema: 5.5, Ligament: 5.2, 

fat pad: 5.75, ruffing of the bone: 4.45. (g–g’) 
B-mode scan on day 28 after two induced 

joint bleeds. (g) Transverse scan showing loss 

of echogenicity of the fat pad (white arrow). 

g’) Sagittal scan showing swelling of the 

patella ligament with slight loss of echogenic-

ity (arrowhead), as well as a heterogeneously 

echoic fat pad (red asterisk) with displacement 

(white asterisks). Total VAS score: 8.15. 

Oedema: 0.9, ligament: 2.5, fat pad: 3.75, ruf-

fing of the bone: 1. (h–h’) B-mode scan at day 

14 after a single induced joint bleed. (h) 

Transverse scan showing loss of echogenicity 

of the fat pad (red asterisk). (h’) Sagittal scan 

showing swelling of the patella ligament (ar-

rowhead) with displacement of the fat pad 

(red asterisks). No signs of subcutaneous 

oedema. Total VAS score: 11.75. Oedema: 

0,15, ligament: 4.6, fat pad: 4.85, ruffing of 

the bone: 2.15. (i–i’) B-mode scan day 28 after 

two induced joint bleeds. (i) Transverse scan 

with signs of effusion in the joint (white 

arrow) and slight irregularity of the bone 

(white arrowheads). (i’) Sagittal scan showing 

swelling of the patella ligament with slight 

loss of hypoechogenicity (arrowhead), dis-

placement of the fat pad (red asterisks) and 

loss of echogenicity (white asterisks). No signs 

of subcutaneous oedema. Total VAS score: 

11.85. Oedema: 2.95, ligament: 3,1, fat pad: 

3,95, Ruffing of the bone: 1,85. 

Figure S2. Atlas of the lCT scoring system. 

Examples of the individual parameters scored 

in the lCT scoring system. (a–g) show images 

of F8-/- rat knees with examples of the indi-

vidual parameters scored in the lCT scoring 
system. (a’-g’) show images in the same 

anatomical planes obtained from wild-type 

rats without pathology. (a) Periosteal bone 

formation on tibia shown in the axial and 

coronal plane, respectively. (b) Periosteal 

bone formation on patella shown in the coro-

nal and sagittal plane, respectively. (c) Perios-

teal bone formation on femur seen in the axial 

and sagittal view, respectively. (d) Osteophy-

tosis on femur seen in the coronal and axial 

Haemophilia (2016), 1--11 © 2016 John Wiley & Sons Ltd 
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view, respectively. (e) Osteophytosis on tibia 

as seen in the axial and coronal view, respec-

tively. (f) Osteophytosis on patella as seen in 

the coronal and sagittal view, respectively. (g) 

Subchondral cysts as seen in the sagittal and 

coronal view. White arrowheads point to 

areas of periosteal bone formation, blue 

arrowheads point towards areas of osteophy-

tosis, while red arrowheads point towards 

subchondral cysts. 

Figure S3. lCT images of rat knees show-

ing examples of different degrees of arthropa-

thy and the corresponding lCT coronal, 

sagittal and axial 2D images, as well as a 3D 

rendering of the joint from 3 untreated 

F8˜/˜ rats and a single wild-type rat. (a) Knee 

from an untreated F8-/- rat following a single 

joint bleed. Osteophytosis on femur and tibia 

is visible in the coronal view, while periosteal 

bone formation and osteophytosis of patella is 

visible on the sagittal and axial view respec-

tively. Likewise, periosteal bone formation on 

femur is visible in the axial view. The 3D ren-

dering shows irregular bone surfaces caused 

by extensive bone remodelling. Total score for 

this animal was 7 (positive score for periosteal 

bone formation on tibia, femur and patella as 

well as osteophytosis on femur, tibia and 

patella and the presence of a subchondral cyst, 

not visible at this magnifcation). (b) Knee 

from an untreated F8-/- rat following two 

joint bleeds. Osteophytosis on femur and tibia 

as well as patella is visible in the coronal and 

axial plane, respectively, while periosteal bone 

formation on femur is visible in the sagittal 

and axial view. The 3D rendering shows 

uneven surfaces and outgrowths on patella. 

Total score for this animal was 4 (scored 

positive for periosteal bone formation on 

femur and osteophytosis on femur, tibia and 

patella). (c) Knee from an untreated F8-/- rat 

after two joint bleeds with minor bone 

changes. Osteophytosis on femur and patella 

is visible in the coronal and axial view respec-

tively. The 3D rendering shows minor ruffing 

of the bone surface of the tibial plateau, 

femoral condyles and on patella. Total score 

for this animal was 3 (scored positive for 

osteophytosis on femur, tibia and patella). (d) 

Knee from a wild-type rat after a single joint 

bleed. No signs of periosteal bone formation 

or osteophytosis. The 3D rendering shows 

smooth bone surfaces. The total score for this 

animal was 0. White arrowheads point to 

areas of periosteal bone formation, while blue 

arrowheads point towards areas of osteophy-

tosis. 
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Summary: 

Background: Detailed knowledge of the sequential cell and tissue responses following 

hemarthrosis is important for a deep understanding of the pathological process initiated upon 

extensive bleeding into the joint causing hemophilic arthropathy (HA). The underlying 

pathobiology driving hemarthrosis towards HA has been difficult to establish in detail, although 

animal models have shed light on some processes of HA. Previous studies have focused on a 

single or few distant time points and often only characterising one tissue type of the joint. 

Objectives: The objective of this study was to carefully map early onset of synovitis and HA 

following induced hemarthrosis. Methods: One hundred and thirty hemophilia A rats were 

subjected to induced hemarthrosis or a sham procedure in full anesthesia and euthanized from 

30 min to seven days after the procedure. Pathological changes of the joints were visualized 

using micro-computed tomography, histology and immunohistochemistry. Results: Synovitis 

developed within 24 h and was dominated by myeloid cell infiltrations, identified as early as 2 h 

after hemarthrosis. Cartilage and bone pathology were evident as early as 48-96 h after 

hemarthrosis, and the pathology rapidly progressed with extensive periosteal bone formation 

and formation of subchondral cysts. Conclusion: Fast, extensive and simultaneous cartilage and 

bone degeneration developed shortly after hemarthrosis, as shown by the detailed mapping of 

the early pathogenesis of HA. The almost immediate loss of cartilage and the pathological bone 

turnover suggest a direct influence of blood on these processes and are unlikely to be attributed 

simply to an indirect effect of inflammation. 
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Introduction: 

Hemophilia A is caused by a lack of coagulation factor VIII (FVIII) resulting in impaired 

coagulation1. Severity of the disease is inversely related to the activity of FVIII in plasma, with 

severe hemophilia A patients having less than one percent FVIII activity and a severe bleeding 

phenotype resulting in multiple spontaneous bleeds throughout their lifetime1-4 . 

Hemophilic arthropathy (HA) develops as a result of spontaneous or trauma-induced 

hemarthroses which cause progressive joint deterioration, and is recognised as a major 

complication of hemophilia5-8 . The overall development of blood-induced arthropathy is 

characterised by changes in the synovial membrane in the form of hyperplasia, inflammation and 

fibrosis9,10 . Synovial membrane deposition of the iron breakdown product hemosiderin is also a 

characteristic of HA, as is cartilage damage with chondrocyte apoptosis and proteoglycan 

loss9,11,12 . Finally, pathological bone remodelling such as bone erosions and subchondral cysts are 

often identified as a result of HA5,6,13,14. Combined, these changes in the joint cause pain, reduced 

mobility and loss in quality of life for affected patients, many of whom eventually require surgical 

intervention1,15 . 

Studies on the pathobiology of HA have been complicated by the inability to study the early 

development of HA as hemophilia patients are vulnerable to tissue sampling. Therefore, human 

tissue samples of HA are often late-stage joint disease biopsies obtained during surgery14 . 

Studies using animal models of hemophilia have clarified some of the early processes responsible 

for the blood-induced breakdown of the joint, but several aspects remain unclear. Human 

explant and hemophilic mouse studies have successfully shown that synovial cells respond to 

blood in the joint by producing pro-inflammatory signals and proliferate in order to remove the 

blood5,12,16-18 . Furthermore, lysis and erythrophagocytosis release heme-incorporated iron, which 

is degraded by macrophages thereby releasing reactive oxygen species10,11,19,20 . The process of 

iron-degradation together with the released pro-apoptotic inflammatory cytokines, have been 

shown to cause apoptosis of the chondrocytes12,16 . Loss of chondrocytes causes disruption of 

cartilage extracellular matrix homeostasis and an overall loss of cartilage in the joint11,19,21 . The 
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combination of cartilage damage, inflammation and reactive oxygen species also cause damage 

to the bone, well-known from hemophilia patients and from HA animal studies22-29 . 

These detailed studies in specific mechanisms of HA development often concentrate on a single 

tissue type of the joint and single or few distant time points following hemarthrosis. Although 

synovitis and cartilage damage are generally believed to occur before pathological changes to the 

bone7,10,30, the exact sequence of events remains unknown. 

With this study, our objectives were to carefully map the early progression from hemarthrosis to 

HA in a hemophilia A (F8 KO) rat model of induced hemarthrosis and HA. 

One hundred F8 KO rats were subjected to an induced hemarthrosis or sham procedure in full 

anesthesia and euthanized day one to seven after the induction. Hereafter, micro-computed 

tomography (μCT) was performed to study bone pathology and the joints examined by histology 

for general pathology and by immunohistochemistry to study the cellular inflammatory response. 

A second post hoc study was performed, investigating the cellular infiltration of the synovial 

membrane in the initial hours (h) after hemarthrosis using immunohistochemistry. Results 

showed a sequential pathobiology initiated by synovitis, closely followed by progressive cartilage 

and bone degeneration, indicating a direct pathological effect of blood on these tissues. 

Methods: 

Animal studies 

Animal studies were performed according to guidelines from, and approved by the Danish Animal 

Experiments Council, the Danish Ministry of Environment and Food as well as the Novo Nordisk 

Ethical Research Committee. 

The animals were 11-24 weeks (with the majority being 11-16 weeks, n=84) at study initiation 

and housed under standard conditions31,32. Invasive procedures were performed under inhalation 

anesthesia (Isoflourane 2-5 vol%, N2O 0.7L/min, O2 0.3L/min), as previously described31,32 . 
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Study design 

In study one, a total of 100 F8 KO rats (Sage: SD-F8tm1sage)33 were included in the study, with rats 

blocked for age and randomly assigned to either induced hemarthrosis or sham procedure 

(shaving of the joint area). Four sham rats and nine rats subjected to hemarthrosis were 

euthanized each day from day one to seven after the procedure (group 1-7) with nine sham rats 

acting as baseline controls (group 0). 

In study two, 30 F8 KO rats were subjected to an induced hemarthrosis, and euthanized in equal 

numbered groups (n=5) at 0 h (sham controls) and 0.5 h, 2 h, 4 h, 6 h, 24 h after induction. Group 

sizes were based on power calculations and previous studies. 

Rats showing signs of distress due to the induced hemarthrosis or as a result of new spontaneous 

bleeds were euthanized and excluded from the study. 

Induction of hemarthrosis 

Rats were anesthetized and 5 min prior to the procedure received a subcutaneous injection of 

buprenorphine (0.3 mg/mL, Reckitt Benckiser Pharmaceuticals Ltd, Berkshire, UK) of 0.03 mg/kg 

to ensure analgesia, whereafter hemarthrosis was induced in the left knee, as previously 

described31,32 . After the sham or hemarthrosis procedure the rats were supplemented with 

buprenorphine in the drinking water (6 mg/L)31. 

Ultrasonography (US) 

To confirm the presence or absence of hemarthrosis, an ultrasonography scan was performed 24 

hours after the sham or joint bleed procedure. Briefly, the animals were anesthetized, placed in 

dorsal recumbence, the left leg mildly flexed and scanned in the sagittal and transverse view, as 

previously described32. 

μCT 

Following euthanasia the left hind-leg was dissected at the femoral head and ex vivo micro-

computed tomography (μCT) scans were performed immediately after, using a Perkin Elmer 
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Quantum FX µCT scanner (Perkin Elmer, Waltham, MA, USA). The scans were performed at 90 kV, 

160 µA with a field of view (FOV) of 20 mm, as previously described32. 

Histology and immunohistochemistry 

Immediately after the μCT procedure (within 10 min), skin and muscle were carefully dissected 

from the left hind-leg and the legs fixated and decalcified as previously described31. The legs were 

then tissue processed, paraffin embedded and 3 μm sections in the coronal plane were collected 

and mounted on glass slides. Adjacent sections were stained with hematoxylin and eosin (HE, for 

bone and synovitis), Perl´s Prussian Blue (hemosiderin), and Safranin O (proteoglycan and 

chondrocyte loss), as previously described31 or Tartrate-Resistant Acid Phosphatase (TRAP). 

For immunohistochemistry, heat induced antigen retrieval was performed at 59°C overnight, 

followed by washing, avidin-biotin incubation and blocking with 0.5% skimmed milk, 3% bovine 

serum albumin (Sigma-Aldrich, St. Louis, Missouri, USA), and 7% rat/donkey serum (Jackson 

Immuno Research Labs). Hereafter, the sections were incubated for 1 h at room temperature 

with primary antibodies followed by 1 h with secondary antibodies at room temperature before 

development using 3,3’-Diaminobenzidine (DAB, Sigma-Aldrich). Stained slides were scanned 

using the Nanozoomer 2.0 slide scanner (Hamamatsu Photonics K.K., Hamamatsu City, Japan) 

using a 20x magnification whole-slide scan. 

Antibodies 

Primary antibodies were mouse-anti-rat CD68 (0.5 μg/mL, Ab31630, Abcam, Cambridge, Great 

Britain), Rabbit-anti-rat CD3 (1.3 μg/mL, Ab5690, Abcam), Goat-anti-Mouse myeloperoxidase 

(MPO, 0.25 μg/mL, AF3667, RnD Systems, Minneapolis, Minnesota, USA), Rabbit-anti-mouse Pax5 

(0.5 μg/mL, Ab109443, Abcam), rabbit-anti-human Ki67 (Ab16667, Abcam). Secondary antibodies 

were obtained from Jackson Immuno Research Labs, or Immunologic (Duiven, the Netherlands). 
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Assessment of ultrasonography, μCT and histological images 

Ultrasonography images were assessed according to the presence of patella ligament swelling, 

fat pad deviation, hematoma formation as well as bone and cartilage degeneration and scored 

according to a visual analogue scale (VAS), as previously described32. 

μCT images were assessed for osteophytosis, periosteal bone formation and subchondral cysts 

according to the μCT score described previously32. 

Histological sections were scored according to an arthropathy score, including scoring for the 

presence and degree of synovitis, hemosiderin deposition, bone remodelling and cartilage or 

chondrocyte loss as previously described31,32 . All scorings were performed randomized and 

blinded by the same observer. 

Digital image analysis of histological sections was performed using Visiopharm Integrator System 

software (Visiopharm, Hoersholm, Denmark): An unsupervised K-means clustering algorithm was 

run generating a region of interest (ROI) corresponding to total tissue section, followed by 

manual blinded exclusion of the spongious bone and bone marrow. Within the obtained ROI, the 

stained area was quantified using threshold analysis in the DAB, hematoxylin or contrast red-

green channel, with the threshold set to 100 (CD3, MPO, Pax5), 120 (CD68), 130 (Ki67) 80-120 

(TRAP) and 80 (hemosiderin). Data are reported as percentage of positively stained tissue area 

(except TRAP where total TRAP stain is shown). 

Statistics 

For all parameters investigated, an ordinary one-way ANOVA between sham animals (including 

group 0) was performed to test for differences between groups, with no group of sham animals 

of any tested parameter being significant different from baseline. Likewise, the groups of animals 

subjected to hemarthrosis were tested for significant difference from baseline using an ordinary 

one-way ANOVA, followed by sequential Students´ t-tests between baseline and individual 

hemarthrosis groups to determine the first day with significant difference to baseline (data from 

study two covering the first 24 h after hemarthrosis was log10 transformed to obtain Gaussian 

distribution). 
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Finally, a regression analysis was performed on the total arthropathy score, to test for disease 

progression across all time points. 

P-values<0.05 were considered significant. Statistical analyses were performed using GraphPad 

Prism (Version 6.05, GraphPad Software, Inc. San Diego, CA, USA). 

Results: 

Group distribution 

Of the 100 F8 KO rats included in study one, 90 completed the study. Six were euthanized due to 

anemia as a result of the size of the hemarthrosis, and four due to new spontaneous bleeds. The 

final group sizes are shown in Table I. 

Ultrasonography confirmed hemarthrosis following knee puncture 

Hemarthrosis was assessed using US examination 24 h after the hemarthrosis or sham 

procedure. Of the 54 rats subjected to hemarthrosis, 41 showed varying degree of intra-articular 

and subcutaneous bleeding (see example in Fig.1B). Overall, the rats subjected to hemarthrosis 

had moderate to large subcutaneous edema, swelling of the patella ligament with loss of 

hypogenicity as well as a heterogeneous signal of the fat pad. No sham rats (n = 36) showed signs 

of intra-articular bleeding or pathology when examined by US (see example in Fig.1A). 

When VAS scoring the US images32, there was an overall significant difference between sham rats 

and rats subjected to an induced hemarthrosis (P<0.0001, ordinary one-way ANOVA), whereas no 

difference was found between sham groups or between groups of rats subjected to hemarthrosis 

(see Fig.1C). This indicates the success of the induced hemarthrosis, and an even distribution of 

damage between the hemarthrosis groups. 

Histological assessment shows progression from synovitis to HA 

Histological assessment revealed that animals subjected to an induced hemarthrosis had 

hyperplasia and immune cell infiltration of the synovial tissue (synovitis) alongside proteoglycan 

loss in cartilage primarily in the lateral tibial plateau as well as excessive bone remodelling in 
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particularly at the surface of the cortical bone covering the femoral growth plate. Examples of HE 

and Safranin O stains from an induced hemarthrosis and sham animal (with no pathology) are 

shown in Fig.2A and B. 

When applying the histological arthropathy score 31 no pathology was detected in sham rats 

across all time points (see Fig.2C. No difference from 0 in a linear regression analysis and no 

difference between groups). In the rats subjected to hemarthrosis, a significant increase in the 

total arthropathy score was evident already on day one (P=0.0006) with a subsequent increase in 

the total score of approximately one per day (linear regression analysis with a slope of 

1.175±0.1196, P<0.0001). 

The first affected structure was the synovial membrane as shown by studying the individual 

parameters of the arthropathy score (see Fig.2D). A fast and progressive pattern of synovitis and 

hyperplasia/hypertrophy was evident already 24 h after hemarthrosis with a significant 

difference to baseline (P<0.0001, see Fig.2A and 2D). Significant hemosiderin deposition was 

apparent four days after hemarthrosis and increased over time. As early as two days after 

hemarthrosis, signs of chondrocyte and proteoglycan loss were seen (see Fig.2D). This was 

exacerbated over time with the first significant difference from baseline on day three (P<0.05). 

Interestingly, bone remodelling, in the form of excessive periosteal bone formation, was clearly 

evident within the timeframe of the study. As early as day two to three, the first minor signs of 

pathological bone remodelling were identified. As for the cartilage score, there was a significant 

difference between the baseline group and the hemarthrosis group on day four (P<0.05, see 

Fig.2D), with a continued increase in pathological bone remodelling throughout the study. On day 

five, all rats subjected to hemarthrosis had a positive score for pathological bone remodelling. 

Inflammation of the synovial membrane follows a sequential pattern of cellular infiltration 

Immunohistochemical stains for neutrophils (MPO), macrophages (CD68), T- (CD3) and B-

lymphocytes (Pax5) as well as proliferation (Ki67) were performed. 

Overall, the stains showed a massive infiltration of inflammatory cells present within the joint 

shortly after induction of hemarthrosis (see Fig.3) with a clear sequential infiltration by specific 

immune cells. Few to no inflammatory cells were observed in the knees of the sham rats. 
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The inflammatory response was dominated by myeloid cells (i.e. neutrophils and macrophages), 

with an early significant synovial infiltration of neutrophils 24 h after induction (P=0.001, see Fig. 

3A), followed by a slow decline towards day seven. 

The macrophages were the most abundant infiltrating cell type, infiltrating all areas of the joints, 

in particular in the subsynovial area, around ligament attachments on the bone surfaces (femur 

and tibia) and in the intercondylar notch. Quantification of the CD68 stain by digital image 

analysis confirmed the histological assessment and showed a large significant macrophage 

infiltration from 24 h after induction (P<0.0001) with elevated amounts of CD68 positive cells 

persisting throughout the study (see Fig.3B). 

Staining of T- and B-lymphocytes revealed a markedly smaller degree of infiltration by these cell 

types compared to neutrophils and macrophages. However, a significant increase in the presence 

of these cells was found for T- and B-lymphocytes after 24 h (P=0.002) and 48 h (P=0.006), 

respectively. Furthermore, the observed increase in T- and B- lymphocytes for rats subjected to 

induced hemarthrosis remained until the final day of the study (see Fig.3C-D). 

The extent of proliferation of the synovial membrane was assessed by staining for the 

proliferation marker Ki67. Proliferating cells were observed throughout the subsynovial tissue of 

the joint and within 24 h a strong significant signal appeared (P<0.0001) which remained elevated 

until day five and then dropped towards day seven (see Fig.3E). 

Myeloid cell infiltration is evident within hours after hemarthrosis 

Since the two dominating infiltrating cell types, neutrophils and macrophages were identified 24 

h after the induced hemarthrosis at the first time point of observation, a second study with an 

additional 30 F8 KO rats was performed to determine the time of infiltration for these cells more 

accurately. 

A significant increase was found after 2 h for neutrophils (P=0.016, see Fig.4A), however most of 

these were found in the blood vessels of the joint. The peak infiltration was at 24 h, at which time 

point the neutrophils had clearly extravasated into the joint tissue (see Fig.4B). The earliest 

significant increase of macrophage infiltration was at 6 h (P=0.011) with a continuous increase 

throughout the 24 h (see Fig.4B). 
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Hemarthrosis induces proteoglycan loss and chondrocyte apoptosis within days and before 

appearance of hemosiderin deposition 

Loss of intensity in the Safranin O stain indicating proteoglycan loss in the uncalcified articular 

cartilage was evident in several rats with hemarthrosis; along with chondrocyte apoptosis (see 

Fig.5A-C). No cartilage fissures were identified. 

The semi-quantitative arthropathy score revealed indications of apoptotic chondrocytes along 

with a slight loss of proteoglycans two days after the induced joint bleed (see Fig.2C). 

Pronounced proteoglycan loss was evident from day three with significance reached on day four 

(P<0.05, see Fig.2C) and a continuous increase in the loss of proteoglycans with a concurrent 

increase in apoptotic chondrocytes throughout the study. 

Hemosiderin deposits first appeared as discrete spots, but gradually increased their presence and 

at later time points were readily identified intracellularly in areas with CD68 positive cells (see 

Fig.5D-F’). 

The semi-quantitative arthropathy score for hemosiderin deposition of rats with an induced 

hemarthrosis, showed a significant increase compared to baseline on day five (P<0.01, see 

Fig.2C), with the earliest detection of hemosiderin on day four. Additionally, quantification of the 

hemosiderin stain by digital image analysis showed a significant increase in the level of 

hemosiderin on day six, (see Fig.5G, P<0.05), slightly later than when applying the semi-

quantitative hemosiderin score (see Fig.1D). 

Early and extensive pathological bone formation and degradation were identified 

In addition to the evaluation by histology, bone remodelling was assessed by ex vivo μCT imaging 

of the entire joint. Surprisingly, rats subjected to hemarthrosis presented with bone pathology 

appearing shortly after the induced hemarthrosis. Hemarthrosis-affected rats developed 

extensive bone pathology during the time-course of the study, with no sham rats having signs of 

bone pathology (see Fig.2C and 6A-C’ and F). 

Grading pathological changes using the μCT score revealed subtle changes in the form of 

periosteal bone formation evident already three days after induction although significance was 

not reached until day five (μCT score P<0.0001, see Fig.6F, day four when applying the HA score 
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P<0.05, see Fig.2C). For a few rats the bone pathology was so extensive that even within this 

short time period they received the maximum score of seven (see Fig.6A-D and Fig.7A-C). 

Subchondral cysts were identified in eight rats subjected to hemarthrosis and euthanized days 

four to seven (with one rat day four, two day five, one day six and four day seven). Figure seven 

shows μCT images and histological sections of one of these subchondral cysts. Beneath the 

proteoglycan-deficient articular cartilage, fibrovascular tissue is seen on the Safranin O stained 

section (see Fig.7B) and when inspecting the identical area on a TRAP stain, a very intense 

positive signal of bright red osteoclasts is seen in the bone-cartilage interface (see Fig.7C). 

The TRAP stain also showed an increase in osteoclast activity on the cortical bone surface starting 

early after the hemarthrosis reaching significance on day five (see Fig.6D, E and G, P<0.01) with a 

continuous increase in osteoclast activity throughout the study. 

TRAP positive cells were not only identified along the bone surface, but also in the inflamed 

synovial membrane where they co-localized with CD68 positive cells (see Fig.7D-D”). Additionally, 

the TRAP positive cells of the synovial membrane appeared exclusively within areas either heavily 

loaded with erythrocytes or areas positive for hemosiderin (see Fig.7D-D”). 

Discussion 

In this study we present a detailed characterisation of the pathological events following induced 

hemarthrosis until onset of HA in the F8 KO rat using histology, immunohistochemistry and μCT. 

The study confirms previous findings of the early consequences of hemarthrosis29,34,35 as rats 

subjected to induced hemarthroses had hyperplastic and inflamed synovial membranes already 

from day one. Hyperplasia was confirmed by Ki67 staining showing a transient increase in 

proliferating cells starting 24 h after hemarthrosis and gradually declining towards day seven. 

This stain captures the overall proliferative signal as it includes both resident and infiltrating cells. 

The early proliferative response is thus in line with the infiltration of immune cells and expansion 

of the synovial membrane in response to blood, as previously reported in synovial tissue exposed 

to ferric citrate36,37 . 
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Despite only a very early temporary proliferative response, the inflammation of the synovial 

membrane exacerbated over time and was dominated by myeloid cells. The initial infiltrating 

cells were neutrophils which were significantly increased in number 2 h after hemarthrosis, but 

were only present temporarily. The dominating cell type, CD68 positive cells (representing both 

A-type macrophage-like cells of the synovial membrane and infiltrating monocytes/macrophages) 

were significantly increased as early as 6 h after hemarthrosis induction and persisted over the 

time-span of the study, consistent with findings of macrophages in synovia of hemophilia 

patients with HA9,38 . 

Although a significant and continued presence of T- and B-lymphocytes was demonstrated, the 

infiltration of these cells following hemarthrosis was subtle compared to that of the myeloid cells 

indicating only a minor role of lymphocytes in the acute immune response following 

hemarthrosis. 

Cartilage was the second structure to be affected by hemarthrosis, with the earliest observations 

of pathology registered one to two days after hemarthrosis induction. The initial events causing 

cartilage damage remain uncertain, but both direct (blood) and indirect (inflammatory) damage 

7,39,40 of cartilage following hemarthrosis have been identified as potential causes . Iron and 

monocytes alone have thus been shown to cause cartilage damage as a result of iron degradation 

by the monocytes leading to formation of damaging reactive oxygen species as well as 

hemosiderin deposition19. Interestingly, cartilage damage in this study appeared early and days 

before the first signs of hemosiderin in the joint. This strongly suggests that the direct effect of 

blood on cartilage is an important driver of cartilage degradation. 

Concurrently and with a similar progression as the cartilage damage, we found early and 

extensive pathological bone remodelling already on day three to four, primarily in the form of 

periosteal bone formation, confirmed by both μCT and histological evaluation. Only few imaging 

studies have been conducted in human hemophilia patients and none focusing on bone changes 

following the first experiences of hemarthrosis or with such high resolution of bone as in the 

present study. This is likely due to the general belief that bone pathology develops secondary to 

synovitis and severe cartilage damage as well as the difficulty in obtaining images of such early 

bone pathology41-43 . Bone deformation is, however, a well-known consequence of HA with 
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erosions, subchondral cysts, and osteoporosis being some of the complications identified by 

imaging in human HA patients24,44,45 . Likewise, studies of F8 KO mice and rats subjected to 

induced hemarthrosis have shown extensive bone pathology two weeks after induction25,29,31,32 

including both excessive formation of bone and increased bone resorption, as seen by 

osteophytosis and subchondral cyst formation. 

The early pathological bone degeneration identified in this study has to our knowledge never 

been described. The striking findings of very early bone pathology could be due to a direct effect 

of blood on bone homeostasis. Further studies are needed to identify the molecular mechanisms 

causing the early cartilage and bone pathology. 

As expected, a great amount of TRAP activity was identified in areas where considerable bone 

remodelling had occurred, e.g. in areas where excessive cortical bone had developed and in areas 

with subchondral cysts (from day four/five and onwards). These findings confirm the great extent 

of pathological bone conversion occurring within the first days after hemarthrosis in this model. 

Finally, we also identified TRAP positive cells in the subsynovial area and these co-localised with 

CD68 positive cells, which are known to be capable of expressing TRAP46. Interestingly, however, 

in this study the co-localization of TRAP-activity with CD68-positive cells was only identified in 

areas heavily loaded with erythrocytes or hemosiderin. Whether the degradation of iron into 

hemosiderin influences macrophages, converting them into an osteoclastic phenotype has to our 

knowledge not been described previously. Such a mechanism could play a role in the 

development of bone pathology in hemophilia and HA. 

On the basis of our findings we propose a model of onset and progression of pathology in the 

individual tissue types following hemarthrosis as depicted in Figure 8. 

In conclusion, we successfully mapped the development from hemarthrosis to synovitis and HA. 

The results reveal a proliferative synovitis dominated by neutrophil and macrophage infiltration 

that develops within hours after hemarthrosis, in line with previous animal studies of synovitis. 

Strikingly, both bone and cartilage degradation were early parallel events, suggesting that these 

processes are caused by a direct effect of blood exposure, and not simply as a secondary 

consequence of inflammation. Thus, even a very short exposure to blood may be sufficient to 

cause damage to tissues not easily regenerated such as cartilage and bone. This is in agreement 
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with HA disease observations in patients treated with on-demand therapy, which does not 

completely protect against joint deterioration. 
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Figure 1: Examples of ultrasonography observations and VAS scoring 

Ultrasonography was performed 24 h after the sham or hemarthrosis procedure and used to 

assess  hemarthrosis in SD-F8tm1sage rats. Ultrasonography images were also VAS scored for 

severity of joint changes, scoring zero to ten for severity of edema, patella ligament or fat pad 

changes and bone ruffling with a maximum sum score of 40. A-A’) Sagittal and transverse images 

of a sham rat with no detectable pathology. B-B’) Sagittal and transverse images of a rat 

subjected to hemarthrosis. Arrows point to hematoma/subcutaneous edema. Asterisk marks 

disturbance in the hypoechoic signal of the ligament indicating intra-articular cellular-rich fluid. 

Arrowheads point to dislocation of the fat pad. C) Graphic representation of the total VAS score, 

with no sham rats having a positive score for pathology, whereas almost all animals subjected to 

hemarthrosis have a positive score. 
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Figure 2: Verification of disease development following induced hemarthrosis 

Histological sections were stained to assess the degree of synovitis and HA and scored according 

to the arthropathy score, assessing for synovitis (0-3), chondrocyte and cartilage loss (0-3), bone 

pathology (0-3) and hemosiderin deposition (0-3) with a maximum sum score of 12. A-B) HE and 

Safranin O stained sections from the joint of a rat subjected to hemarthrosis and sham 

procedure, respectively. Magnifications show signs of synovitis, proteoglycan loss and 
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pathological bone formation in the rat subjected to hemarthrosis. C) Total arthropathy score, 

shows an overall increase in pathology in the hemarthrosis affected rats starting on day one and 

exacerbating over time. D) The individual parameters scored for in the total arthropathy score. 

Synovitis appears first and reaches a plateau at the maximum score within the first days after 

hemarthrosis. Hemosiderin does not appear until day four, but then increases in amount. 

Cartilage damage in the form of chondrocyte and proteoglycan loss appears 24-48 h after 

hemarthrosis and the pathology progresses over time. Pathological bone remodelling is evident 

around 48 h after hemarthrosis and also progresses over time. Bars are 250 μm in the left and 

right panel and 100 μm in the central panel. The first time of significant difference to baseline 

was established using sequential Students t-test and the first significant difference is thus the 

only significance reported for all scores.  * P<0.05 ** P<0.01 *** P< 0.001 **** P<0.0001. 
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Figure 3: Infiltration of inflammatory cells and proliferation of the synovia 

The three left panels are immunohistochemical stains showing the presence of inflammatory 

cells i.e. A) neutrophils (MPO), B) macrophages (CD68), C) T-lymphocytes (CD3), D) B-

lymphocytes (Pax5) in the joint as well as E) the synovial membranes proliferative response after 

hemarthrosis (Ki67). To the right are graphs showing quantification of the immunohistochemical 

stains by digital image analysis. A) Neutrophils, which were present in large amounts 24 h after 

hemarthrosis, quickly declining towards baseline. B) Macrophages, which appeared 24 h after 
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induction and remained elevated throughout the seven days. C) T-lymphocytes, which were only 

sparsely identified. Quantification, however, confirms their presence from 24 h after induction of 

hemarthrosis until day seven. D) B-lymphocytes with magnifications from day one and seven. The 

quantification also confirms their significant presence from 48 h after hemarthrosis until day 

seven. E) Proliferating cells in the synovial membrane, with a significant increased signal at 24 h, 

which remains until day six. Bars are 100 μm. The first time of significant difference to baseline 

was established using sequential Students t-test and the first significant difference is thus the 

only significance reported for all scores.  ** P<0.01 **** P<0.0001. 
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Figure 4: Earliest infiltration of neutrophils and macrophages 

The earliest infiltration of the two major infiltrating cell types, neutrophils (MPO) and 

macrophages (CD68), were identified in an additional 30 SD-F8tm1sage rats euthanized 0.5-24 h 

after an induced hemarthrosis. 

Top row shows the presence of neutrophils, as well as the graphic presentation of the digital 

image analysis quantification of neutrophils in the joint. The quantification shows a significant 

increase of neutrophils in the joint at 2 h. At this time point, however, most neutrophils were still 

in the blood vessels, as indicated by arrowheads in the image of the stain. The peak infiltration in 

this study was at 24 h after hemarthrosis. The bottom row shows the presence of macrophages, 

as well as the quantification of the stain. The quantification shows a significant increase at 6 h 

with a continuously elevated percentage of stained area of macrophages in the joint throughout 

the 24 h. Bars are 100 μm, arrowheads point to vessels containing neutrophils. Y-axis log10 scale, 

to obtain gaussity. The first time of significant difference to baseline was established using 

sequential Students t-test and the first significant difference is thus the only significance reported 

for both scores. * P<0.05. 
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Figure 5: Cartilage damage and hemosiderin deposition 

Safranin O staining was performed to show proteoglycan loss and chondrocyte apoptosis. 

Perls´Prussian Blue was used to verify the presence of hemosiderin in the joint. 

A-C) Safranin O stained sections from day 0, 4 and 7 following hemarthrosis. On day four (B) the 

proteoglycan loss is evident in the tibial plateau, and on day seven (C) the cartilage is almost 

completely deprived of proteoglycans and the chondrocytes appear pycnotic. D-F) Hemosiderin 

22 of 30 



 

   

 

    

     

 

            

       

  

 

staining of rats subjected to hemarthrosis. On day four hemosiderin depositions are identified 

and on day seven intense hemosiderin staining is evident. D’-F’) CD68 stained sections from the 

same rat and in the corresponding area as D-F, respectively. Particularly in F’ the hemosiderin co-

localizes with the CD68 positive cells. G) Quantification of hemosiderin in the joint using digital 

image analysis. The quantification shows the first appearing hemosiderin on day five, with 

significant difference to baseline on day six. Bars are 250 μm (A-C) and 100 μm (D-F’). The first 

time of significant difference to baseline was established using sequential Students t-test and the 

first significant difference is thus the only significance reported for all scores. * P<0.05. 
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Figure 6: Pathological bone changes verified by μCT and histology 

μCT, HE and TRAP stains were performed to assess bone changes following hemarthrosis. 

A-C’) 2D images and a 3D rendering of μCT scans in the coronal (A-C) and axial (A’-C’) plane. On 

day four minor outgrowths appear on the surface of the bone, and in particular in the axial plane 

large amounts of periosteal bone are visible. This is exacerbated on day seven, where the 

periosteal bone stretches far along the tibial (coronal plane) and femoral (axial plane) shaft. A”-

C”) Corresponding HE stains of the joints in A-C. Here the periosteal bone formation is evident on 

the surface of the cortical bone. D-E) Positive TRAP stains showing the TRAP activity on the 

cortical bone of the femoral head (D) and an increased TRAP activity in the trabecular-cortical 

bone interface of the femoral condyle (E). F) Total μCT score, assessing for osteophytosis and 

periosteal bone formation on femur, tibia and patella, respectively as well as subchondral cysts, 

giving a maximum sum score of seven. A positive score from day three for rats subjected to 

hemarthrosis are seen and progresses over time. G) Quantification of the TRAP stain in the joint 

by digital image analysis, showing an increase in TRAP staining starting on day four and persisting 

throughout the study, with a significant difference to baseline from day five. Bars are 500 μm (A”-

C”) and 100, and 150 μm in D-E, respectively. The first time of significant difference to baseline 

was established using sequential Students t-test and the first significant difference is thus the 

only significance reported for all scores. ** P<0.01 **** P<0.0001. 
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Figure 7: Early subchondral cyst formation and synovial TRAP activity 

A-A’) Identification of a subchondral cyst using μCT in a rat subjected to hemarthrosis. B-C) 

Safranin O and TRAP stains of the corresponding area in A-A´, showing the fibrovascular tissue of 

the cyst, and an intense TRAP activity, respectively. D-D”) Co-localization of hemosiderin, CD68 

and TRAP positive cells in the synovial membrane, respectively. Bars are 250 μm (B and C) and 

200 μm (D-D”). 
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Figure 8: Suggested model of development of synovitis and early stages of hemophilic 

arthropathy 

Based on the observations in this study, we suggest a model of disease onset and progression as 

shown schematically in this figure. Initially, the hemarthrosis leads to a proliferative and 

inflammatory synovitis that quickly reaches a plateau of continuous severe synovitis. Eventually, 

a thickened and fibrous synovial membrane embedded with macrophages will develop as a result 

of this inflammatory condition. 

Shortly after development of synovitis, damage to the cartilage develops in the form of 

chondrocyte apoptosis and proteoglycan loss. This exacerbates and continues to progress over 

time, resulting in an almost complete disappearance of proteoglycans and chondrocytes in the 

outer layer of the intra-articular cartilage. Almost simultaneously to the onset of cartilage 

damage, pathological bone turnover is initiated. This is first apparent as increased periosteal 

bone formation resulting in large calcifications on the bone surface followed by subchondral cyst 

formation, possibly as a result of a gradual increase in osteoclast activity. 

Finally, after the onset of synovitis, cartilage damage and pathological bone turnover, 

hemosiderin depositions appear in the joint. 
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