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Summary

Haemophilia A is a congenital bleeding disorder characterised by recurrent haemorrhages into the 

major joints. Haemophilic arthropathy is a well-established outcome of recurrent joint bleeding; 

however, it is clear that multiple factors determine the extent and severity of its occurrence. We 

sought to identify genetic factors related to abnormalities in range of motion (ROM) in the knees, 

ankles and elbows in a cohort of children and adolescents with haemophilia A not treated 

primarily with regular prophylaxis. Using data from the Haemophilia Growth and Development 

Study, we examined associations between 13,342 genetic markers and ROM scores measured at 

six-month intervals for up to seven years. As a first step, ordered logistic regression models were 

fit for each joint separately. A subset of SNP markers showing significant effects (p<0.01) on the 

right and left sides for at least two joints were included in a full model fit using a multivariate 

generalised linear mixed model assuming an ordinal response. The models contained all ROM 

scores obtained at all visits. Twenty-five markers analysed in the full model showed either 

increased or decreased risk of ROM abnormalities at the p<0.001 level. Several genes identified at 
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either the first or second stage of the analysis have been associated with arthritis in a variety of 

large studies. Our results support the likelihood that risk for haemophilic arthropathy is associated 

with genetic factors, the identification of which holds promise for further advancing the 

individualisation of treatment.
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Introduction

The moderate and severe forms of both haemophilia A and B demonstrate frequent 

haemorrhages into the major joints of the limbs, specifically the knees, ankles and elbows 

(1–3). While there is a broad variation in age at onset, these are seen to occur prior to 24 

months of age, when the child initially becomes actively mobile (4–6). The pathophysiologic 

changes arising from these recurrent bleeds result in the clinical hallmark of the disease, 

specifically haemophilic arthropathy, which is responsible for the significant morbidity, pain 

and decreased quality of life that is so well documented in these individuals (7).

Research has shown that blood within a joint produces a cascade of events that results in 

joint inflammation which continues until blood is no longer present within the impacted 

joint (8–12). The observed clinical changes and tissue inflammatory pathology show 

similarities to those seen in other degenerative joint diseases such as rheumatoid arthritis 

(13, 14). All anatomic structures in and around the joint are affected, including the joint 

synovium, cartilage, epiphyseal structures as well as the bones around the impacted joint. 

Although the specific pathophysiologic processes underlying this arthropathy have not been 

elucidated, documented changes include the degradation of heme with deposition of iron, 

infiltration of neutrophils, macrophages and lymphoid cells, swelling of the joint tissues 

with fluid deposition, angiogenesis and proliferation of soft tissue structures including the 

synovium (11, 12).

There is insufficient knowledge regarding the pathogenesis of haemophilic arthropathy. In 
vitro and animal research has identified two major processes associated with the 

development of this complication. The first is the sequence of events mediated by biologic 

response modifiers that lead to soft tissue and synovial proliferation (15, 16). The second is 

the degenerative changes that impact the articular cartilage (17). The role of iron, derived 

from red cells as a consequence of the intra-articular haemorrhages, has received focus (11).

While research has demonstrated that blood in the joint is the key event in triggering the 

pathophysiology of haemophilic arthropathy, it is apparent that other factors underlie the 

extent and severity of the processes that produce the ultimate outcomes. Clearly, the amount 

of blood within the joint as well as the frequency of subsequent bleeding into the same joint 

are major underlying events for the development of haemophilic arthropathy. On this basis, 

the current major therapeutic target is to prevent bleeding into the major joints of children 

and adults with haemophilia and this approach has resulted in considerable forward 

movement in limiting joint damage (18–20). Even under careful preventative treatment 
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schedules, however, both clinical and radiologic pathologic joint changes have been noted 

during the first few years of life. This research has also shown that there is clinically 

significant variability in the phenotypic expression of joint pathology (18, 21, 22). 

Consequently, it is clear that further knowledge is needed to understand the basic molecular 

changes within the joints that are set in motion by a bleeding event and this knowledge will 

be extended by elucidating the mechanisms that underpin the observed phenotypic 

variability.

We used clinical data collected from participants in the multicentre Haemophilia Growth and 

Development Study (HGDS) to explore genetic factors associated with the development of 

joint disease in children and adolescents with haemophilia A. Genetics data were generated 

as part of the Haemophilia Inhibitor Genetics Study Combined Cohort (23) (HIGS), in 

which the HGDS participated.

Methods

Study population

The HGDS is a longitudinal cohort investigation conducted in 14 US haemophilia treatment 

centres (HTC). Details of recruitment of the HGDS cohort have been reported by Hilgartner 

(24). In summary, a census was completed at participating centres for every individual 

receiving care in that centre. Eligibility criteria included age between 6 and 19 years, at least 

one visit to the HTC within the two years prior to the census, use of 100 U of clotting factor 

or more per kilogram of body weight or receipt of nine or more clotting factor infusions 

during that period. Between 1989 and 1990, a total of 333 children and adolescents, 274 of 

whom had haemophilia A, were enrolled and followed prospectively at six-month intervals 

for up to seven years. The enrolled cohort was representative of the total population 

identified in the census with regard to type and severity of haemophilia, number of infusions 

in the two years prior to enrolment, prevalence of human immunodeficiency virus (HIV) 

infection, and racial and ethnic origin. At entry, and throughout the period of study, subjects 

were predominantly treated on demand with treatment given episodically at the onset of 

bleeding. During follow-up, some participants were reported to have received prophylaxis 

for surgical coverage, during periods of increased activity, during involvement in sports, or if 

they were having increased bleeding in a joint. Some were likely on prophylaxis for longer 

periods. The collection of information on regimen was not sufficiently systematic, however, 

to permit classification of type of treatment prior to enrolment or at each study visit. Those 

members of the HGDS cohort with haemophilia A and DNA samples available (N=265, 

97%) were included in the current analysis. Of these, 231, 87%, were unrelated. The human-

subjects committees of collaborating institutions approved the HGDS, informed consent was 

obtained from parents or legal guardians, and informed consent or assent was obtained from 

all participants, in compliance with the human-experimentation guidelines of the US 

Department of Health and Human Services.

Clinical and laboratory data

Demographic data including date of birth, race and ethnicity were collected. Severe 

haemophilia was defined as FVIII activity <0.01 IU/ml, moderate as 0.01–0.05 IU/ml, and 
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mild as >0.05–0.40 IU/ ml. For this analysis, an inhibitor was defined as a current or history 

of a titre ≥ 1 BU measured at the local laboratory.

Joint dysfunction was assessed by measurement of range-of-motion (ROM) for elbows, 

knees, and ankles at entry and six-month intervals throughout follow-up by study personnel 

centrally trained in the administration of an evaluation using a goniometer to measure joint 

ROM. Normal values for the study were established by consensus prior to the initiation of 

the research. A five-point scale was used with 1=normal, and 2–5 indicating degrees of 

abnormality. A 5 degree extension defect at the elbow, for example, would receive a score of 

2; whereas a score of 5 would indicate virtual loss of range of motion at the elbow, or virtual 

loss of dorsiflexion and plantar flexion of the ankle. Quality assurance was maintained for 

joint assessment throughout the study. Personnel were newly trained or participated in 

refresher activities, as appropriate, to ensure consistent outcomes.

F8 mutation typing

The presence or absence of a F8 inversion mutation on intron 1 or 22 (inversion/no 

inversion) had been determined for 58% of the HGDS cohort during regular follow-up (25). 

The remaining HGDS samples were mutation typed using the methods of Oldenburg (26).

Genotyping

An Illumina iSelect array was used to genotype 14,626 single nucleotide polymorphisms 

(SNPs) from a set of 1,081 genes. The genes — chiefly immune response and immune 

modifier genes, and cytokines, cytokine receptors, chemokines, chemokine receptors, 

immune and inflammatory pathway genes, and HLA genes were selected from a literature 

review of inflammatory and immune genes and pathway public databases. SNPs were 

selected from a region spanning 5 kb upstream and 1 kp downstream of the target genes 

using data from the International HapMap Project. We first selected all known or putative 

functional coding region (nonsynonymous, insertion, deletions, frameshift) and regulatory 

SNPs. Functional status was vetted using information from NCBI, PupaSuite (http: //

pupasuite.bioinfo.cipf.es/) and SNPEffect (http: //snpeffect.vib.be/index.php). SNPs that are 

reported to affect amino acid composition, or occurred in splice sites, exonic splicing 

enhancer or exonic splicing silencer, or regulatory regions were selected as long as they met 

minimum Illumina design requirements. Using these as the first seeds, we added tagging 

SNPs (r2>0.8) equally spaced across the targeted gene region. Because of the paucity of 

exomic SNPs, most of the SNPs were located on introns or non-coding regions. Genotypes 

that exhibited significant deviation from Hardy-Weinberg equilibrium (p<0.001) or that 

exhibited missingness greater than 20% were removed.

Statistical analysis

The genetics analysis was conducted in two steps.

Independent, single joint models (Step 1)—Due to the complexity of the data — both 

longitudinal and containing multiple observations per subject at each time point — the first 

set of analyses were conducted in separate models by specific joint — the independent or 

single joint models. These were fit using the ROM data for the knee, elbow and ankle joints 
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on both the left and right sides. As noted, the ROM was measured on a 1–5 scale with 1 

representing a normal score and 5 being the farthest from normal. Given the distribution of 

the response variable, an ordered logistic regression model was fitted for each joint to 

estimate the odds of an association between a specific SNP and an increase in ROM score. 

The covariates in the model include severity of haemophilia, current or history of an 

inhibitor (yes/no), presence of an inversion mutation on intron 1 or 22 (yes/no), age at entry, 

visit number, and SNP. Body mass index (BMI) and HIV status were not significant 

predictors of joint outcome and were not included in the models. As genetics data were not 

available for HGDS participants with factor IX deficiency, type of haemophilia could not be 

used as a covariate in this study. The SNPs were modelled as additive effects with the count 

of population defined minor alleles for each individual. Population substructure due to 

ancestry differences among subjects was adjusted for using eigenvectors obtained from a 

principal components analysis of ancestry informative markers on the Illumina array 

(EIGENSOFT software [27]). The results from each model estimated the effect of the 

covariates on the odds of limiting the ROM of a specific joint.

All joints at all visits – full models (Step 2)—Next, to address how a given SNP may 

affect the overall odds of joint destruction, full models were fit with all joints at all visits for 

a subset of the SNP markers. The full model utilised the relationship between all joints and 

estimated the odds of association between a given SNP and a monotonic increase in ROM 

score for an individual. A SNP was used in the full model if it had an association with ROM 

measurement with a p-value less than 0.01 on both right and left sides for two of the three 

joints tested in the single joint models. The full models were fit using a multivariate 

generalised linear mixed model assuming an ordinal response. Random intercepts were fit 

for individuals, random slopes for visit number and the fixed covariates used in the 

individual models. The models were fit using a Markov Chain Monte Carlo (MCMC) 

technique with 10,000 iterations per SNP.

Results

There were 265 children and adolescents with six outcomes and up to 15 visits included in 

the analysis. The demographic and haemophilia-related characteristics of the study group are 

shown in ▶Table 1. The cohort was predominately white and the age at study entry ranged 

from seven to 19 years. The majority of participants had severe haemophilia (75.1%) and 

approximately 20% had a current or history of an inhibitor.

The incidence and severity of ROM abnormalities increased over the course of the study. At 

study entry, 55% of participants had an abnormal ROM in at least one joint with an average 

of 1.2 joints affected (▶Table 2). At the end of the study, 72% of participants had an 

abnormal ROM in at least one joint with an average of 1.8 joints affected. ROM scores also 

increased over the study period (▶Figure 1).

Of 14,626 SNPs on the Illumina panel, 13,952 (95%) were successfully genotyped. A total 

of 13,342 passed the selection criteria and Hardy-Weinberg equilibrium testing (▶Figure 2). 

The single joint models were fit for each of these SNP markers in the first step of the 

analysis.
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From the results of the single joint models, 613 SNP markers were shown to have a p-value 

<0.01 for both left and right sides on at least two of the three joints. The subset of 613 SNPs 

was then fit in the full model with all joint outcomes at all visits. Of the total models run, 

609 converged and provided estimates for the SNP markers. The average odds ratio from the 

MCMC was reported for each SNP model. A number of SNPs resulted in p-values less than 

0.001 (n=25) with a substantial peak in chromosome 2 near the BCL2L11 gene (▶Table 3). 

Six SNPs were located on the BCL2L11 gene; however, the average pairwise D’ between 

the markers near the gene is 0.93 with a standard deviation of 0.15. The high degree of 

linkage disequilibrium (LD) would provide similar associations for all markers within the 

region. Eight of these SNPs from the BCL2L11 gene included on the panel did not pass the 

independent model threshold and, therefore, were not tested with the MCMC model. 

Similarly, the gene CARD10 had several significant markers, again likely due to the linkage 

between SNPs — an average LD of 0.69 with a standard deviation of 0.10. There were, 

however, nine other SNPs that did not pass the independent model threshold for CARD10 

and were not tested with the MCMC model. Given the linkage between SNPs and the 

number of SNPs that did not show significance in the independent models, BCL2L11 or 

CARD10 may not have higher likelihood of association compared to other genes on the list.

A nonsynonymous SNP rs2066845 in the NOD2 gene had the estimate with the highest 

magnitude of association: 4.4×10−4 (3.75×10−6, 0.081). However, there was only one 

individual in the study population who carried the minor allele. The missense SNP 

rs11466655 in the TLR10 gene showed the next highest magnitude, but similar to NOD2, 

the minor allele was carried by only six individuals in the study population. For both genes, 

the results indicate a potentially strong association with arthropathy, but given the low 

frequency of the variant alleles in the study population, further evaluations are required.

Estimates of the effects of several covariates were obtained from the complex models, 

including change in ROM scores associated with an increase of one year in age (▶Table 4). 

While the change in risk from a single visit was small, odds ratio (OR) of 1.07 (confidence 

interval [CI] 1.05, 1.08), the estimated risk after several visits was substantially greater. For 

example, the risk after seven visits, or half the maximum, was 1.55 (CI 1.43, 1.68) and 

increased to 2.39 (CI 2.17, 3.03) by the 15th visit. The effect at the average age at enrolment, 

12, was 1.66 (CI 1.33, 2.10) times higher risk when compared to the youngest subjects in the 

study, age seven. This risk rose to 3.37 (CI 1.98, 5.75) times higher for the oldest subjects in 

the study, enrolment age of 19, compared to the youngest. The effect of severity was also 

evaluated, showing a 1.77 (CI 1.4, 2.22) fold increase in risk for those with moderate 

compared to mild haemophilia and a 1.96 (CI 1.83, 2.10) fold increase in risk for those with 

severe haemophilia compared to those with moderate disease. While there was an 

association between presence of an inversion mutation and severity of haemophilia, 

inclusion of both covariates added information to the model. For those with a current or 

history of an inhibitor, the average OR was 1.75 (CI 1.19, 2.58), indicating an increased risk 

of having a higher ROM score compared to those without an inhibitor.
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Discussion

By combining experience from two large, multicenter studies, i.e. HGDS and the HIGS 

Combined Cohort, we analysed 14,626 SNPs from a set of 1,081 genes to explore whether 

genes or pathways involved in inflammation and immune modulation may be associated 

with the occurrence of haemophilic arthropathy. The subjects were children or adolescents 

predominantly treated on demand with treatment given episodically at the onset of bleeding. 

We have shown that the incidence and severity of ROM abnormalities increased over the 

course of the study. Hence, the joint damage seen among those in the HGDS cohort may 

reflect the natural course of haemophilic arthropathy, as regular prophylaxis had not been 

used. The finding of associations between SNPs and affected/not affected joints may well 

reflect the genetic impact on development of arthropathy. To our knowledge, there are no 

previous reports on genetic factors and haemophilic arthropathy in humans. It is gratifying, 

however, that our study findings have replicated the observations of others. Focusing on 

studies of arthritis, several genes have previously been associated with joint outcomes. The 

genes HLA-G and TRAF3IP2 have been reported as associated with arthritis (28, 29) and 

both of these are in our list of top significant SNPs. Several other genes including IL12B, 

REL, PAX5 and CD247 have also been shown to be associated with arthritis in studies with 

large numbers of subjects (29–35). These genes do not appear among our list of top markers, 

but met the criteria for testing with the MCMC model, and warrant further study. A number 

of SNPs (n=25) were strongly associated with arthropathy in the full statistical model, either 

with a high degree of ROM abnormalities or protection against joint disease.

The most significant strength of our study is that a relatively large cohort of young people 

with haemophilia was followed prospectively for seven years at six-months intervals. They 

were largely treated on demand; therefore, the intervention in the natural course of 

development of arthropathy observed with regular prophylactic treatment did not influence 

the results. It cannot be ruled out that time from symptoms of bleeding to treatment likely 

differed among individuals, thereby varying the effect on haemorrhagic blood volume and 

intraarticular pressure, both factors which may be of importance for development of 

arthropathy. The SNPs chosen were the same as those examined in the HIGS Combined 

Cohort study (23). These were a group of SNPs selected because they occurred within or 

near genes with immune function and it is quite possible that other important SNPs, such as 

might be found using genome wide screening, may have been overlooked. On the other 

hand, a number of markers were found to be highly significantly related to ROM scores.

It is important to document that detailed evaluation of haemophilic arthropathy was not a 

primary or even a secondary objective of the HGDS. Thus, the extent to which major joint 

dysfunction was assessed and documented was not as comprehensive as other outcomes 

such as physical growth, viral markers, and clinical progression of HIV and hepatitis C. 

Nonetheless, ROM was measured by study-trained staff specialised in haemophilia and 

haemophilic arthropathy, utilising a clinically meaningful agreed upon 5-point scale which 

likely assures good quality of these ”real life” data. However, a lack of stringent 

measurement of joint disease likely introduced a degree of variability that limited the 

sensitivity of our analysis. We saw an opportunity to explore possible associations between a 

large set of genetic markers and degree of ROM deficit accumulating over time. There are 
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other weaknesses of the study including the fact that detailed treatment data such as age of 

first bleeding episode, annual bleeding rate, treatment intensity, and use of home treatment 

are lacking. Nor was there availability of data with which to estimate frequency or intensity 

of physiotherapy. Without a subclinical/clinical bleeding event, a genetic susceptibility for 

arthropathy would not likely have an impact. A patient would not bleed simply because he 

has a specific genotype for arthropathy. While the lack of bleeding history may be a 

weakness, it is known that all subjects eligible for enrolment in the HGDS had experienced 

bleeding to some degree, thereby placing them at risk for joint damage. In the best case 

scenario, the identification of genetic factors that predict the development of haemophilic 

arthropathy would be done in a cohort of patients having the same frequency of bleeding 

events with the condition of the joints measured at specific time points and ages. Clearly, 

that study design would be quite difficult to implement.

While some of the genetic factors identified in our study may be related to bleeding 

phenotype rather than susceptibility to arthropathy, a landmark study in small children with 

severe haemophilia (18) clearly documented that the number of clinical haemarthroses 

showed weak correlations with magnetic resonance imaging (MRI) assessed outcomes. The 

data available in our study do not provide the opportunity to discriminate between these 

possibilities. The strongest associations were seen with SNPs in the NOD2 (nucleotide-

binding oligomerisation domain containing 2) and TLR10 (toll-like receptor 10) genes. 

NOD2 genes have been reported to play a role in musculoskeletal manifestations in 

inflammatory bowel disease (36), and the protein encoded by the TLR10 family plays a 

fundamental role in pathogen recognition and activation of innate immunity. Studies of 

osteoarthritis in the general population have shown that genetic, epigenetic factors as well as 

life style may impact development of joint disease (37, 38). Haemophilic arthropathy is 

caused primarily by blood in the joint but the course of development is likely to be impacted 

by several other factors, as is the case for osteoarthritis, even though the relatively young age 

of our study group makes it unlikely that lifestyle factors have influenced the arthropathic 

development to any great degree.

Although validation by replication in a different cohort should be considered an integral part 

of the study design, the practicalities of doing so prevent that as our next step. Because of 

the low prevalence of haemophilia A in the general population, acquiring a sample size for 

an appropriately powered replication study is difficult and costly. The biologic mechanisms 

underlying the findings cannot be explained in a straightforward way. Development of 

haemophilic arthropathy requires intraarticular blood which may have direct toxic effects, as 

well as other long term processes in which chronic inflammation is of importance (39, 40). 

Therefore, prevention of bleeding events early in life is of utmost importance. It is long 

known, first demonstrated in a large cohort in the Orthopaedic Outcome Study (3), and 

subsequently in another large study (5) that the clinical bleeding phenotype and development 

of arthropathy varies substantially in severe haemophilia (3) and that regular prophylaxis, 

rather than high doses of clotting factor given episodically, provides the best joint outcome 

(18). Interestingly, the complex model showed that when a current or history of an inhibitor 

to FVIII was present the average odds ratio of the effect, across all SNPs tested, was 1.75, 

indicating that the less efficacious treatment for patients with haemophilia complicated by 

inhibitors has, in general, a greater negative impact than the SNPs examined. For the entire 
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study group, the risk of having a higher ROM score increased from 1.07 to 2.39 during the 

follow-up period.

We conclude from this descriptive study that haemophilic arthropathy is associated with a 

group of genetic markers, chiefly immune response and immune modifier genes, selected 

from a literature review of inflammatory and immune genes and pathway public databases. 

Hypothetically, these genes are involved in the aetiology of synovial inflammation, cartilage 

and bone destruction which causes haemophilic arthropathy. The practical clinical potential 

of the findings could be their use in the construction of risk scores to predict the 

development and progression of joint disease in haemophilia. This is a complex and 

multifactorial problem and the calculation of any such risk score would consider not only 

genetic factors but also environmental parameters. In the young child though, such 

parameters are not readily obvious as many manifest later in life. Patients at high risk for 

arthropathy should consequently be started on prophylaxis very early in life (41) and be 

given more intensive clotting factor therapy than those at low risk, i.e. a greater degree of 

individualisation should be the goal (42). More studies are required, but our findings support 

a genetic role in the development of haemophilic arthropathy which needs to be better 

addressed in the context of future therapeutic interventions.
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What is known about this topic?

• Arthropathy is a major complication of severe haemophilia and is associated 

with joint haemorrhages. The degree of arthropathy is variable across 

individuals.

• Severity and management of haemophilia do not explain all variation.

What does this paper add?

• Genetic predisposition may be a contributing factor, as has been shown in 

other studies of arthritis.

• Our work provides support for the involvement of genetic factors in the 

development of haemophilic arthropathy.

• Study findings have the potential to contribute to the individualisation of 

therapy to limit or prevent this major complication.
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Figure 1: Mean ROM score by joint and study visit (0=baseline) over the follow-up period.
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Figure 2: Flow diagram illustrating the steps in the analysis.
Step 1 (N=13,342 SNPs): independent, single joint models. Step 2 (N=613 SNPs): full 

models — all joints at all visits.
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Table 1:

Demographics and haemophilia-related characteristics.

Race/ethnicity (N, %)

White 195 (73.6 %)

Hispanic 42 (15.9 %)

Black 24 (9.1 %)

Other 4 (1.5 %)

Severity (N, %)

Mild 16 (6.0 %)

Moderate 50 (18.9 %)

Severe 199 (75.1 %)

Current or history of inhibitor (N, %)

Yes 52 (19.6)

No 213 (80.4)

Age at study entry (years)

Mean (SD) 12.3 (3.33)

Median 12.2

Range 7.0–19.1

Inversion mutation (N, %)

Yes 98 (38.7 %)

No 155 (61.3 %)

Number of study visits

Mean (SD) 10.4 (3.76)

Median 11

Range 1–15
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Table 2:

Range-of-motion scores for each joint and number of joints affected at study entry.

Right elbow

Mean (SD) 1.5 (1.0)

Median 1

Range 1–5

Left elbow

Mean (SD) 1.4 (0.9)

Median 1

Range 1–5

Right knee

Mean (SD) 1.4 (0.9)

Median 1

Range 1–5

Left knee

Mean (SD) 1.4 (1.0)

Median 1

Range 1–5

Right ankle

Mean (SD) 1.3 (0.7)

Median 1

Range 1–5

Left ankle

Mean (SD) 1.3 (0.7)

Median 1

Range 1–5

Number of affected joints

Mean (SD) 1.2 (1.0)

Median 1

Range 0–6
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Table 4:

Covariates used in the models – their odds ratios and 95 % confidence intervals (CI).

Covariates Mean Odds 95 % CI

Severity of haemophilia

 Moderate* 1.77 (1.4, 2.22)

 Severe* 3.46 (2.57, 4.67)

Current or history of an inhibitor 1.75 (1.19, 2.58)

Presence of inversion mutation 1.15 (0.85, 1.57)

Age** 1.11 (1.06, 1.16)

*
Compared to mild.

**
Risk associated with increase of one year.
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