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Abstract
Background: Hemophilic arthropathy is a debilitating morbidity of hemophilia 
caused by recurrent joint bleeds. We investigated if the joint bleed volume, before 
initiation of treatment, was linked to the subsequent degree of histopathological 
changes and the development of bone pathology in a mouse model of hemophilic 
arthropathy.
Methods: FVIII knock-out (F8-KO) mice were dosed with a micro-CT blood pool 
agent prior to induction of hemarthrosis. Eight hours after induction, the bleed vol-
ume was quantified with micro computed tomography (micro-CT) and recombinant 
FVIII treatment initiated. On Day 8, inflammation in the knees was characterized by 
fluorescence molecular tomography. On Day 14, knee pathology was characterized 
by micro-CT and histopathology. In a second study, contrast agent was injected into 
the knee of wild-type (WT) mice, followed by histopathological evaluation on Day 14.
Results: The average joint bleed volume before treatment was 3.9  mm3. The in-
flammation-related fluorescent intensities in the injured knees were significantly 
increased on Day 8. The injured knees had significantly increased synovitis scores, 
vessel counts, and areas of hemosiderin compared to un-injured knees. However, 
no cartilage- or bone pathology was observed. The bleed volume before initiation 
of treatment correlated with the degree of synovitis and was associated with high 
fluorescent intensity on Day 8. In F8-KO and WT mice, persistence of contrast agent 
in the joint elicited morphological changes.
Conclusion: When applying a delayed on-demand treatment regimen to hemophilic 
mice subjected to an induced knee hemarthrosis, the degree of histopathological 
changes on Day 14 reflected the bleed volume prior to initiation of treatment.
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1  | INTRODUC TION

Spontaneous joint bleeds which in time lead to debilitating arthrop-
athy are a major cause of morbidity in patients with Hemophilia A.1 
Since the introduction of prophylactic FVIII replacement therapy, 
in parts of the world, the annualized bleeding rate in patients with 
severe hemophilia A has been reduced from 20 to 30 bleeding epi-
sodes per year to only a few.2,3 Yet, despite prophylactic treatment 
patients are still not protected from development of arthropathy,4 
suggesting that treatment should effectively eliminate joint bleeds 
to completely prevent arthropathy.5

It has been proposed that if the amount of blood accumulating 
in the joint following a single joint bleed exceeds a certain thresh-
old, it may result in chronic changes.6 Further, the damaging effect 
of blood on cartilage has been shown to be dependent on the con-
centration of blood in vitro.7 However, even though several clinical 
studies have investigated the relation between the number of clin-
ically evident joint bleeds and the degree of arthropathy, none of 
these studies quantified or described the individual bleeds in higher 
detail.8-11 Thus, it remains unknown if the severity of the individual 
joint bleeds is linked to the subsequent development of arthropathy.

To address this question, the hemophilic mouse model—in which 
hemophilic arthropathy develops after induced hemarthrosis12,13—
can be used. Within hours after induced  hemarthrosis, the entire 
joint may be filled with blood.14 Macrophages and neutrophils have 
invaded the joint and inflammatory cytokines and proteases (eg in-
terleukin 1-beta (IL-1β), IL-6, tumor necrosis factor alpha (TNF-α) and 
matrix metalloproteinases) are expressed.15,16 These initiate path-
ways that are known to lead to synovitis, cartilage damage and bone 
pathology.17-19 In addition, we recently showed that the early joint 
bleed volume (12 hours after induction as described by micro com-
puted tomography (micro-CT)) was linked to the subsequent degree 
of histopathological changes and development of bone pathology in 
untreated FVIII knock-out (F8-KO) mice.14

In this study, we assess if the joint bleed volume before initiation 
of intensive replacement therapy with recombinant FVIII, influenced 
the subsequent joint outcome. We hypothesized that the bleed vol-
ume before treatment would correlate with the subsequent degree 
of histopathological changes and development of bone pathology.

2  | METHODS

2.1 | Animals

Animal studies were conducted according to the EU Directive 
2010/63/EU and the Danish Animal Experimentation Act and ap-
proved by the Danish Animal Experiments Council, the Danish 
Ministry of Environment and Food as well as the Novo Nordisk 
Animal Welfare Body. All animal procedures were conducted under 
inhalation anesthesia (induction: 5% isoflurane (Isoflurane, Merck & 
Co), 0.7 L/min N2O, 0.3 L/min O2, maintenance: 2% isoflurane, 0.7 L/
min N2O, 0.3 L/min O2).

Sixteen weeks old hemophilia A (B6;129S4-F8tm1Kaz; Taconic; 
n = 22, referred to as “F8-KO”) mice20 were included in the study 
and group housed in environmentally enriched cages at 12/12  h 
light-dark cycle, ad libitum water and ad libitum rodent chow (1324 
maintenance diet; Altromin Gmbh).

The day before entering the study, the lower body of the mice 
were depilated to allow for optical imaging of the knee joints, by 
shaving the area and applying a depilatory cream (Veet® Green; 
Reckitt Benckiser Group) for 1 minute before a wash with lukewarm 
water. Extra nesting material was provided throughout the study.

Analgesia (buprenorphine, Temgesic®; Indivior UK Limited) was 
provided as repeated subcutaneous doses on the first day (0.1 mg/
kg at 5 minutes before, and 4 and 8 hours after induced joint bleed) 
and through the drinking water (0.3  mg/50  mL) from 8  hours on-
ward. Mice were excluded from the study if they met predefined 
humane endpoints (n = 0) or if any intravenous treatment was un-
successful (n = 2).

On Day 14 after induced joint bleed, the mice were euthanized 
by cervical dislocation while in general anesthesia (5% isoflurane, 
0.7 L/min N2O, 0.3 L/min O2).

In a satellite group, 5 wild-type (WT mice; C57BL/6N; Taconic) 
of both genders, aged 14  weeks, were included. Analgesia was 
provided before intra-articular injection and through the water as 
described above.

2.2 | Study design

Study design is depicted in Figure 1. Briefly, hemophilic mice were 
dosed with a micro-CT blood pool agent (Exitron nano 12  000; 
Miltenyi Biotec; 55 μL/25 g bodyweight) through a catheter in the 
lateral tail vein. This blood pool agent is specifically designed for 
visualizing vasculature in rodents (blood half-life 4  hours), and is 
eventually removed from the circulation by cells of the reticuloen-
dothelial system.21

Five minutes after dosing of the blood pool agent, a joint bleed 
in the left knee was induced by advancing a 30-gauge needle ap-
proximately 2 mm into the knee joint through the patellar ligament, 
as described.22

Eight hours after induction of the joint bleed, the mice were anes-
thetized and intravenously (iv) dosed with rFVIII (ADVATE®; 280 IU/
kg) through a tail vein catheter, followed by in vivo micro-CT of the 
injured knee (acquisition time 3 minutes, 90 kV, 160 µA, field of view 
10 mm) using the Quantum FX (Perkin Elmer) to quantify the joint 
bleed volume, as described.14 The 8  hours time point was chosen 
as it represents the latest time point where accurate quantification 
of the joint bleed volume is possible when taking into consideration 
the half-life of the blood pool agent in circulation. Treatment with 
rFVIII was continued by additional doses (200  IU/kg) at 24, 48, 
and 72 hours after induction. Based on the duration of effect and 
half-life in circulation of this FVIII molecule, this treatment should 
effectively stop bleeding and prevent re-bleeding throughout the 
treatment period.23,24
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On Day 7, the mice were dosed intravenously with a near- 
infrared fluorescent macromolecule (AngioSense750; Perkin Elmer; 
100  µL/25  g) which has previously been used to characterise in-
duced joint bleeds in the mouse model of hemophilic arthropathy.25 
Twenty-four hours after dosing, the mice were anesthetized and 
placed in prone position in the FMT1500 (Perkin Elmer) for imaging 
of the lower body by transillumination (745 nm channel; 5 minutes 
acquisition time) in order to quantify inflammation-mediated blood 
volume changes in the knee joint regions at this time point by fluo-
rescence molecular tomography (FMT).

After euthanasia on Day 14, joint pathology was evaluated by 
micro-CT and histology.

In the satellite group, 55 μL of the micro-CT blood pool agent 
was diluted in 2  mL phosphate buffered saline to mimic the max-
imum concentration of contrast agent in blood in the main study. 
The diluted contrast agent was then injected intra-articularly (ap-
proximately 5-6 µL) into the left knee of anesthetized WT mice. The 
injected knee was micro-CT imaged 3 minutes post injection to con-
firm successful intra-articular injection. Fourteen days after the in-
tra-articular injection, the mice were euthanized and the knee joints 
assessed by histopathology.

2.3 | Analysis of in vivo micro-CT to quantify joint 
bleed volumes

In order to quantify joint bleed volumes, the in vivo micro-CT scans 
were divided into 2 objects (bone and contrast agent) by semi-
automatic threshold-based image segmentation in image analysis 
software (Analyze 12.0; AnalyzeDirect). Then, the volume of the 
contrast agent was determined by automatic image sampling and 
used as surrogate for the bleed volume, as described.14

2.4 | Analysis of in vivo FMT to quantify blood 
volume changes in the knee regions

In order to quantify blood volume changes in the knee joint regions 
8 days after induction of hemarthrosis, volumes of interest (VOI) of 

approximately 2500 mm3 were centred around the knee joints using 
TrueQuant 4.0 imaging software (Perkin Elmer). The fluorescent in-
tensities in the VOI were calculated automatically and used as sur-
rogate for the blood volume in the region. Three mice were excluded 
from the analysis due to melanin-pigments (that attenuate the signal) 
overlying the analyzed regions.

2.5 | Assessment of bone pathology with post 
mortem micro-CT

In order to semi-quantitatively assess development of bone pathol-
ogy, post mortem micro-CT scans were evaluated for presence/ab-
sence of osteophytosis (femur, patella, tibia) and periosteal bone 
formation (femur, tibia), using Quantum FX 2.2 software (Perkin 
Elmer). A score of 5 indicated that all pathological changes were pre-
sent, and a score of 0 indicated that no pathological changes were 
present, as described.26

2.6 | Histological assessment of blood-induced 
joint damage

Post mortem, knee joints were fixed in neutral buffered formalin for 
48  hours before decalcification for 14  days in 12.5% EDTA at pH 
7.4 to avoid loss of iron from the tissues, which can occur if acidic 
decalcification is applied.27 Coronal sections (3  µm) were stained 
with hematoxylin and eosin to grade hemophilic synovitis.28 Briefly, 
a score for synovial hyperplasia (0-3) and vascularity (0-3) as well as 
the presence of hemosiderin, blood, villi, and cartilage erosion (0-1 
for each) was pooled to a composite score from 0-10.

The number of chondrocytes was evaluated by averaging the 
total number of chondrocytes (counted manually) in 4 high-power 
fields (400×); 2 on the tibial cartilage and 2 on the femoral cartilage.

In addition, an anti-alpha smooth muscle actin (α-sma) antibody 
stain (ab5694; Abcam) was used to manually count the number of 
α-sma positive vessels in the synovial- and subsynovial tissue along 
the femur, from the attachment sites of the collateral ligaments to 
the trochlear groove both laterally and medially.

F I G U R E  1   Study design. Hemophilic mice (n = 22) were dosed with a micro-CT blood pool agent 5 min prior to induction of joint bleed 
in the left knee. 8 h after induction, the mice were dosed with recombinant FVIII (rFVIII; 280 IU/kg) and the injured knee micro-CT imaged. 
At 24, 48, and 72 h after induction of joint bleeds, the mice received rFVIII treatment (200 IU/kg). On Day 7, a fluorescent macromolecule 
was dosed and on Day 8 the lower body of the mice was imaged with fluorescence molecular tomography (FMT). On Day 14, the mice were 
euthanized and the knee joints micro-CT imaged and processed for histopathology 
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Perls’ Prussian Blue stain was used to quantify the hemosider-
in-stained area in the joint (outside the bone marrow) using auto-
matic image analysis (VIS 2019.02.1.6005; Visiopharm). One mouse 
was excluded from this analysis (folded synovium on the slide).

One mouse was excluded from all the comparative analyses 
between the injured and contralateral knee due to spontaneous 
hemophilic arthropathy in the contralateral knee (which has been 
described to occur occasionally in this mouse model29).

2.7 | Statistics

To compare measurements between contralateral and injured knees, 
paired t test (for Gaussian-distributed samples with equal variances) 
or Wilcoxon's matched-pairs signed rank test (for non-Gaussian 
distributed samples and/or unequal variances) was used. For com-
parison of non-paired samples, one-tailed t test or Mann-Whitney 
was used based on the same principles. Correlation analysis was 
performed with one-tailed Pearson's correlation. All analyses were 
performed with the observer blinded to the animal ID.

Statistical analyses were performed in GraphPad Prism (version 
8.02; GraphPad Software Inc).

3  | RESULTS

3.1 | In vivo characterisation of bleeding

Eight hours after induced hemarthrosis, the bleed volume in the 
knee joint region was quantified with contrast-enhanced micro-CT 
using a blood-pool agent as surrogate for blood. When segmenting 
the bone and contrast-derived voxel intensities in the micro-CT vol-
umes we found that the average bleed volume (ie contrast volume) 
in the injured knees was 3.9 mm3. As observed on the 3D represen-
tations of the segmentations, the entire joint was filled with blood 
in 8 of the 20 mice (based on visual inspection of segmented 3D 
volumes; Figure 2A).

Eight days after induction, iv injection of a fluorescent macro-
molecule was used to characterize the inflammation-mediated blood 
volume changes in the knee joint regions with live optical imaging. 
The fluorescent intensity was significantly increased in the injured 
knee compared to the contralateral (P =  .002; Figure 2B); thus, in-
dicative of increased inflammation-mediated blood and/or bleed 
volume in the region.

3.2 | Mild to moderate synovial pathology observed 
after 14 days

On Day 14, knee pathology was evaluated by histopathology and 
micro-CT. On histopathology, hemophilic synovitis was graded on 
a semiquantitative score28: The injured knees had a significantly in-
creased synovitis score compared to the contralateral knees (mean 

score 2.7 vs 0.8, P < .0001; Figure 3A,B). A specific score of the in-
dividual parameters of the hemophilic synovitis score can be found 
in Figure S1. Notably, acute intra-articular bleeding at the time of 
euthanasia was observed in 2 mice. Further, the number of α-sma 
positive vessels was significantly increased in the injured knees 
(mean vessel counts 22 vs 17, P = .013; Figure 3A,C), along with the 
hemosiderin-stained area which was increased in the injured knees 
(mean area 7020 vs 4586 pixels2, P = .03; Figure 3D) compared to the 
contralateral. As cartilage erosion was not present in any of the mice 
(as graded in the Valentino score), potential cartilage damage was 
evaluated by counting chondrocytes: Here, no difference in chon-
drocyte numbers were found between the injured and contralateral 
knee (P = .47; Figure 3E).

On micro-CT, no bone pathology was observed in the injured 
knees, whereas 1 contralateral knee had a positive score of 4, most 
likely due to spontaneously-occurring arthropathy that had devel-
oped before study start (Figure 4). In addition, remnants of contrast 
agent in the injured joints were observed, as described.14

F I G U R E  2   In vivo characterization of induced joint bleeds 
in hemophilic mice. A, Bleed volume as determined by in vivo 
contrast-enhanced micro-CT just after initiation of treatment 8 h 
after induction. Error bars represent mean ± SD. The 3D volumes 
represent segmented in vivo micro-CT scans (blood: red, bone: 
gray) of the 2 mice marked with the blue and orange bullets in the 
graph, respectively. B, Fluorescent signal intensity in the injured 
compared with the contralateral knee as determined by in vivo 
FMT 8 d after induction of joint bleed. The FMT images framed 
in blue and red represent the blue and red bullets in the graphs, 
respectively. Volumes of interest are shown around the knee joints. 
Color-bar indicates intensity of fluorescent signal 
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3.3 | Correlation between bleed volume before 
treatment and subsequent development of pathology

Next, we evaluated whether the pathological changes on Day 14 could 
be related to the observed bleed volume before initiation of treatment 
8 hours post-induction of knee injury. We found that mice with a large 
(≥25%, n = 9) fluorescent signal in the injured knee relative to the con-
tralateral, indicating increased inflammation-mediated blood volume in 
the injured knee, had significantly increased initial bleed volumes as 
measured with micro-CT compared to mice with a small (<25%, n = 8) 
fluorescent signal in the injured knee (P = .036) (Figure 5A). The cut-off 
value of 25% increase in fluorescent signal was chosen based on previ-
ous studies evaluating the noise with this modality.

Also, we found a statistically significant correlation between the 
hemophilic synovitis score and the 8 hours bleed volume (r2 = .20, 
P = .024; Figure 5B), and further the mice that had a Valentino score 
of ≥3 (more than the “maximum baseline score” observed in unin-
jured control knees) had a higher 8  hours bleed volume than the 
mice that had a synovitis score of ≤2 (P = .002; Figure 5C). No dif-
ference was found in the 8 hours bleed volume between mice with 
a highly increased (≥25%) vs less increased (<25%) vessel count in 
the injured knee compared to the mean vessel count of the con-
tralateral knees (P =  .44; Figure 5D). Finally, the hemosiderin area 
at Day 14 did not correlate with the 8 hours bleed volume before 
treatment was initiated, although a trend was observed (r2  =  .10, 
P = .09; Figure 5E).

F I G U R E  3   Histopathological 
evaluation of knees 14 days after 
induced joint bleed. A, Representative 
histological images of injured knees (a ,́ 
bʹ) and 1 contralateral knee displaying 
spontaneous hemophilic arthropathy (cʹ). 
First column: Hematoxylin eosin (HE) 
stain at 20 × magnification. Blue rectangle 
shows the area magnified in the second 
column, whereas the white rectangle 
shows the area magnified in columns 
3-5, all at 400 × magnification. Second 
column: HE of tibial cartilage, showing no 
loss of chondrocytes or cartilage erosion. 
Third column: HE of the synovium, with 
hyperplasia present in bʹ and c .́ Fourth 
column: Perl's Prussian blue stain; arrows 
indicate hemosiderin deposition. Fifth 
column: α-sma stain, arrows mark blood 
vessels. B, Synovitis score in injured and 
contralateral knees (mean ± SD). C, Vessel 
count in the synovium along the femur in 
injured and contralateral knees. D, Area 
of hemosiderin (Perls area) in injured 
and contralateral knees. E, Chondrocyte 
in injured and contralateral knees. 
Significance levels are marked as follows: 
*P < .05, ****P < .0001
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3.4 | Remnants of contrast agent in the joint induces 
morphological changes

Besides the pathological changes in knee-injured hemophilic mice, we 
observed morphological changes in clusters of mononuclear cells in 
the synovial- and/or subsynovial tissue. The cells were normo- to hy-
pertrophic and with a granular cytoplasm, most likely due to phagocy-
tosis of contrast agent30 (Figure S2). To test whether this has an effect 
on the measured outcomes, 5 WT mice were injected intra-articularly 
with contrast agent in a concentration corresponding to the maximum 
concentration in blood. In the WT mice, we saw the same granular cy-
toplasm and hypertrophy in some of the synovial cells, but pathological 
changes on the synovitis score was no different to what was observed 
in the contralateral knee joints of the main study (mean score of 0.4).

4  | DISCUSSION

In this study, we tested whether the volume of blood in the knee joint 
8 hours after an induced knee bleed, and prior to initiation of on-
demand recombinant FVIII replacement therapy, was linked to the 
subsequent degree of histopathological changes and development 

of bone pathology in a hemophilia A mouse model of arthropathy. 
Delayed on-demand treatment was initiated 8 hours after induction; 
a time point at which the inflammatory response is initiated,15,16 and 
at which we observed that the entire joint was filled with blood in 
40% of mice. Still, the applied FVIII therapy effectively prevented 
bleeding-induced bone pathology, cartilage erosion and loss of 
chondrocytes, whereas mild to moderate synovial changes as well 
as increased vessel counts and increased areas of hemosiderin 
deposits were present on Day 14. In addition, the concentration 
of a fluorescent macromolecule was significantly increased in the 
injured knees 8 days after induction, as measured by in vivo FMT, 
suggesting that the injured knees were inflamed at this time point.

Importantly, we found that the bleed volume before initiation of 
treatment was linked to the subsequent degree of synovial changes 
in the joint 14 days later. Thus, larger bleeds were associated with 
more pronounced synovial changes. These synovial changes (hyper-
plasia and increased vascularization) could predispose the synovium 
to repeated bleedings.31,32 In turn, repeated bleedings could exac-
erbate the synovial changes and potentially lead to a vicious cycle 
in which the joint could become a target joint.33 Indeed, we did ob-
serve active intra-articular bleeding at the time of euthanasia on Day 
14 in 2 of the injured knees.

F I G U R E  4   Post mortem evaluation of 
bone pathology by micro-CT 14 d after 
induced joint bleeds. A, 3D volume of 
an injured knee with no signs of bone 
pathology. B-D, Coronal, sagittal and 
transverse plane of the same knee. No 
pathological bone changes are present. 
Minor remnants of contrast agent are 
marked by arrowheads. E, 3D volume of 
a contralateral knee with spontaneous 
hemophilic arthropathy. F-H, Coronal, 
sagittal and transverse plane of the same 
knee, showing osteophytosis on tibia and 
patella (arrows, F, G, H) and periosteal 
bone formation on femur (dashed arrows, 
H). F, femur, T, tibia 
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Interestingly, WT mice do not develop noteworthy synovial 
changes after injection of blood (5  µL) into the joint.34 As we 
restored the hemostatic potential of the hemophilic mice in this 
study for 4 days by initiating an intensive FVIII replacement treat-
ment regimen, the observed pathology—which is not seen in WT 
mice injected with blood into the joint—may reflect 2 things. First, 
delayed on-demand treatment was initiated in the hemophilic mice 
after active intra-articular bleeding for 8  hours. In contrast, WT 
mice start to clear the injected blood immediately, leading to com-
plete resolution of the bleeding within a day.34Second, the applied 
treatment in this study lasted for roughly 4 days. As coagulation 
plays an important role in wound healing,35 it is possible that a 
4 day treatment effect is not sufficient to allow for normal healing. 
However, this delayed on-demand treatment regimen was chosen 
as studies have demonstrated the superiority of early and aggres-
sive FVIII replacement treatment as compared to moderate but 
prolonged treatment.36

From a clinical perspective, our findings support that in case of 
an acute joint bleed on-demand treatment should be initiated as 
soon as possible in order to halt the active bleeding and thereby 
minimize the amount of blood entering the joint, prevent re-bleed-
ing, and aid in wound healing.35,37 It does, however, also raise the 
hypothetical question of whether aspiration of blood from large ac-
tive joint bleeds under pro-coagulant conditions would be beneficial 
to quickly reduce the blood-load in the joint, as larger bleeds were 
associated with a higher degree of synovitis. Currently, there is no 

treatment available that directly targets the effect of blood already 
in the joint,17 and only a few clinical studies have investigated the 
effect of joint aspiration after joint bleeding in hemophilia patients. 
These studies demonstrate a faster recovery after aspiration, how-
ever the long-term effect on joint health is not known.38-41 It is, how-
ever, not possible to investigate the effect of joint aspiration in the 
mouse model due to the small size of the joint, which makes it un-
feasible to perform aspiration without doing concomitant damage to 
the joint. In addition, our data could indicate that in the clinic, large 
joint bleeds warrant a more thorough follow-up period, as transient 
synovial changes which make the joint more susceptible to repeated 
bleeding may be present until homeostasis is re-established in the 
joint.

We also observed moderately increased fluorescent intensities 
in the injured knees 8 days after joint bleed induction when using a 
blood specific fluorescent macromolecule, suggesting an increased 
blood volume in the knee joint area at the time of imaging.42 However, 
due to the resolution of FMT we cannot decipher whether the fluo-
rescent signal originated from hyperaemia or increased vasculariza-
tion in the area, or from diffusion of the fluorescent macromolecule 
into the knee joint region due to increased vascular permeability, or 
from actual bleeding into the knee joint at this time point. Still, in 
future studies the use of fluorescent probes activated by specific 
enzymes could make FMT a powerful tool to longitudinally inves-
tigate ongoing inflammation following induced hemarthrosis in the 
mouse model.43

F I G U R E  5   Relations between in vivo bleed volume before initiation of treatment and subsequent pathological outcomes. A, In mice 
with a highly increased fluorescent intensity (>25% compared with the contralateral) in the injured knee on Day 8 after induced joint 
bleed, increased bleed volumes were observed 8 h after induction. B, The 8 h bleed volume correlated significantly with the histological 
synovitis score. C, Mice in which the synovitis score of the injured knee was higher than the max score of uninjured contralateral knees had 
significantly increased bleed volumes 8 h after induction. D, No difference was found between mice with a large and small increase in the 
number of vessels in the synovium along the femur. E, There was no significant correlation between the 8 h bleed volume and the area of 
hemosiderin deposition. Significance levels are marked: *P < .05, **P < .01. Bars indicate mean ± SD 
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On histology, the hemosiderin depositions in the injured knees 
were in general quite discrete, even in the mice in which the en-
tire joint had been filled with blood before initiation of treatment 
(based on visual inspection of the in vivo micro-CT scans). In fact, 
the largest area of hemosiderin deposition in an injured knee in 
this study only corresponded to 7% of the area found in the mouse 
with spontaneous hemophilic arthropathy which was excluded 
from the analysis. Similar to our findings, Jansen et al reported that 
following injection of a large amount of blood into the knee joint 
in a wild-type canine model, only very limited hemosiderin depo-
sition was observed.44 Whereas those findings may be attributed 
to the time of evaluation and the rapid clearance of blood from the 
joint in wild-type animals,34 our results suggest that even though 
treatment was not initiated before 8  hours after induction, the 
subsequent clearance of blood from the joint in the treated hemo-
philic mice had been very effective. This was further supported by 
the fact that we did not observe a correlation between the area of 
hemosiderin deposition and the 8 hours bleed volume, suggesting 
that even the largest bleeds had been effectively cleared. It does 
not, however, necessarily mean that hemosiderin depositions had 
not been present to a larger extent at earlier timepoints. Following 
induced hemarthrosis in untreated hemophilic mice, hemosiderin 
deposition decreases beyond 4  weeks after induced hemarthro-
sis,34 and it is possible that this decrease is seen earlier in treated 
mice.

One important limitation in this study was that we observed 
clusters of mononuclear cells in the synovial/subsynovial tissue with 
a granular cytoplasm, with some of the cells being hypertrophic. The 
altered morphology of these cells is most likely due to the uptake of 
the micro-CT contrast agent which after being phagocytosed stays 
in the cells for prolonged time, providing the basis for longitudinal 
imaging of liver and spleen with this agent.45 This phenomenon has 
also been observed in the liver, but here it was not associated with 
an inflammatory response.30 To address this further, we injected 
contrast agent into the knee joints of WT mice. Here, we observed 
the same morphological changes, indicating that these were indeed 
caused by the contrast agent. Although the hemophilic synovitis 
score was no different from what we observed in the contralateral 
knees in the main study, it cannot be ruled out entirely that the con-
trast agent may interfere with the observed pathology, and there-
fore an easily cleared agent with strong contrast and long circulation 
time would be preferable in future studies. This is, however, not cur-
rently commercially available to our knowledge.

In conclusion, in this study we showed that the bleed volume be-
fore initiation of on-demand FVIII therapy was correlated to the sub-
sequent degree of synovial changes in a hemophilia A mouse model 
of arthropathy. These synovial changes may predispose the joint for 
repeated bleeding until homeostasis has been re-established, sup-
porting that on-demand treatment should be initiated as soon as 
possible in order to keep the joint bleed volume to a minimum.
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