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Morphological variation of the hemophilic talus
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Abstract

Flattening of the trochlear tali is clinically observed as structural and functional

changes advance in patients with hemarthropathy of the ankle. However, the degree

of this flattening has not yet been quantified, and distribution of the morphological

changes across the talus not yet defined. Chronologically sequential MR images of

both a hemophilic patient group (N = 5) and a single scan from a nondiseased, sex-

matched, control group (N = 11) were used to take four measurements of the troch-

lear talus morphology at three locations (medial, central and lateral) along the sagittal

plane. Three ratios of interest were defined from these to assess whether the talar

dome flattens with disease. The control group MRI measurements were validated

against literature data obtained from CT scans or planar X-Rays. The influence of dis-

ease on talar morphology was assessed by direct comparison of the hemophilic cases

with the control group. The values for all three ratios, in all locations, differed

between the control and the hemophilic group. Flattening was indicated in the hemo-

philic group in the medial and lateral talus, but differences in the central talus were

not statistically significant. This work demonstrates that morphological assessment of

the talus from MR images is similar to that from CT scans or planar X-Rays. Talar flat-

tening does occur with hemarthropathy, especially at the medial and lateral edges of

the joint surface. General flattening of the trochlear talus was confirmed in this small

patient sample, however the degree and rate of change is unique to each ankle.
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1 | INTRODUCTION

Hemophilia is an X-linked recessive genetic disorder characterized by

bleeding within soft tissue and joints (Bolton-Maggs & Pasi, 2003).

Musculoskeletal bleeding accounts for up to 90% of all bleed inci-

dence, with the ankle joint the most commonly affected in terms of

hemarthrosis and subsequent deterioration of joint health

(Stephensen et al., 2009). Recurrent bleeds lead to progressive func-

tional and structural joint changes and eventual chronic ankle

hemarthropathy. Clinical assessment has shown as this joint disease

progresses, the talus appears to collapse with changes in geometry,

joint space and function. In other diseases affecting the ankle joint,

such as clubfoot, talar flattening has been linked with joint incongru-

ity, loss of range of motion and altered gait patterns (Bach

et al., 2002; Kolb et al., 2017; Shivers et al., 2020) which pose a signif-

icant burden to the patient in terms of pain and disability.

The degenerative and inflammatory responses of Hemophilic Joint

Disease (HJD) are identified by radiological classification. In bone,
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subjective phrases such as “Irregularity/erosion of subchondral bone”
and “chondral destruction” are used (Lundin et al., 2012), not directly

considering clinically observed morphological changes, such as angula-

tion (Jelbert, Vaidya, & Fotiadis, 2009) or talar flattening (Macnicol &

Ludlam, 1999). Angulation suggests nonuniform changes across the talar

dome occurring with HJD, though this remains unquantified. The differ-

ences between nondiseased and HJD bone morphology may implicate

mechanical factors in influencing disease progression, as the morpholog-

ical changes are observed in the region of the joint in articulation with

the tibia (Jelbert et al., 2009). It is unknown however, whether these

morphological changes are common across the hemophilia population,

and whether they alter systematically with progression of HJD. These

factors may aid in understanding the etiology of HJD.

Talocrural measurements have been analyzed in nondiseased ankles

using radiographs (Fessy, Carret, & Bejui, 1997; Kwon et al., 2014; Sta-

gni, Leardini, Ensini, & Cappello, 2005) and CT images (Claassen

et al., 2019; Hayes, Tochigi, & Saltzman, 2006; Kuo et al., 2014; Liu

et al., 2020). CT has been the 3D imaging mode of choice as it gives

more clearly defined bone boundaries, but is rarely the clinical imaging

modality used for HJD patients. These previous studies have investi-

gated factors such as age, sex, body composition and ethnicity on the

morphology of the talocrural joint. The literature covers a range of mea-

surements, with four of interest when assessing the morphology of the

talar dome: Trochlear Tali Arc Length (TaAL), Talus Height (TaH), Troch-

lear Tali Length (TaL), Trochlear Tali Radius (TaR) (Figure 1 and Table 1), a

combination of which were reported by the seven studies (Claassen

et al., 2019; Fessy et al., 1997; Hayes et al., 2006; Kuo et al., 2014; Kwon

et al., 2014; Liu et al., 2020; Stagni et al., 2005).

The aims of this study were to assess (a) whether there were sys-

tematic morphological differences between the hemophilia tali and

nondiseased controls, and (b) whether these changes demonstrated

flattening of the talus with HJD progression.

2 | METHODS

2.1 | Patient group and control images

This study used MRI sequences from eight hemophilic ankles and a

male control group (N = 11) (Local ethical approval MEEC 18-022

following informed consent from the patient or their guardian to use

images for research). The eight hemophilic ankles occurred in five

patients (three paired ankles, one right ankle and one left ankle). MRI

scans were obtained as part of the normal clinical assessment of dis-

ease progression. To enable the chronological investigation, each

ankle had two or more MRI sequences available (total of 36, two to

seven per ankle) taken over several months (6 through 112 months).

The patients varied in age at the time of their first scan, from 7 to

39 years. Age was split into three categories for the purpose of this

study: pediatric (0–13 years); adolescent (13–18 years); and adult (18

+ years). Adolescence was defined separately to pediatrics as bone

maturation in the foot is found to complete around 12.5 years

(Whitaker, Rousseau, Williams, Rowan, & Hartwig, 2002).

The two groups were matched as closely as possible, based on

findings of no significant morphological differences between the right

and left talus (Liu et al., 2020), but differences noted by sex (Kuo

et al., 2014; Liu et al., 2020). Hemophilia is a sex-linked genetic disor-

der, hence the patient group was entirely male. The control group was

selected from a pre-existing research imaging dataset (Arnold

et al., 2020), choosing scans from male volunteers free of ankle joint

disease, with images with the correct field of view to include the

entire talus.

2.2 | MRI measurements

For each MRI sequence, two dimensional measurements were taken

in the sagittal projection of the talus at three locations (medial, lateral

and central). A total of 141 images were measured by the first author

this study—3x11 control and 3x36 hemophilic images.

Four measurements (Table 1 and Figure 1) were taken from each

image using ImageJ (1.52v) (Rasband, 1997-2018; Schneider,

Rasband, & Eliceiri, 2012). As this study was longitudinal, natural vari-

ability was expected to occur in the overall ankle size. Therefore, to

enable comparison between different imaging occasions, three inde-

pendent ratios were calculated: TaR:TaAL, TaAL:TaL and TaL:TaH

(Table 2). Each of these ratios might be expected to show if a flatten-

ing effect was occurring with disease. Radii are larger with “flatter”
curves, and arc length smaller, therefore TaR:TaAL was expected to

increase with flattening. The height of the talus should decrease if a

F IGURE 1 Central, sagittal MRI of the
talus—annotated with the four key
measurements. (a) shows the fitting of the
AB arc and chord to produce Trochlear
Tali Arc Length (TaAL), Talus Height (TaH)
and Trochlear Tali Length (TaL), while
(b) shows the fitting of a circle to the talar
dome to measure Trochlear Tali Radius

(TaR). Medial, central and lateral
measurements were each denoted with
m, c or l—that is Lateral Trochlear Tali
Length = TaLl
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flattening was observed, therefore TaL:TaH was also expected to

increase. TaAL:TaL is the only variable anticipated to reduce with flat-

tening. If TaAL:TaL had a value of 1 it would suggest a completely

flattened trochlear tali.

2.3 | Measurement validation, error analysis and
data analysis

The control-group measurements were compared against available

data on CT and radiographs to validate the use of MR images. Equiva-

lent measurements from CT (Claassen et al., 2019; Kuo et al., 2014;

Liu et al., 2020) and radiographs (Stagni et al., 2005) reporting sex spe-

cific measurements, allowing like-for-like comparison against the non-

diseased control, were used. Two studies carried out on CT images

took measurements across the talus, reporting medial, lateral and cen-

tral results (Claassen et al., 2019; Kuo et al., 2014), with the ability to

compare directly with the radius and arc length measurements of this

study. This was not possible for the radiograph study, which reported

one maximum value for each length and radius measurement (Stagni

et al., 2005). The final CT study was carried out on a 3D model of a

talus, where the mean values of height and length were calculated

from the maximum measurement for each talus (Liu et al., 2020). For

comparison with these latter two studies, the maximum values mea-

sured in this work were used.

The difference between the control group measurements and the

literature data was assessed using two-tailed Student's T Tests. This

was performed against all available measurements, except the TaR

results of one study (Claassen et al., 2019) that did not agree with pre-

vious studies (Kuo et al., 2014; Liu et al., 2020; Stagni et al., 2005).

Measurements were repeated three times for the medial, lateral

and central images in the control group to assess for repeatability of

selecting the locations of (A), (B) and (C) in Figure 1.

For the first adolescent or adult sequence per ankle, the influence

of slice location on measurements and ratios was also analysed. The

four measurements were taken from every slice in the sequence

where talar geometry was visible. These measurements were used to

assess the difference in ratios between neighbouring slices, and

whether this may factor into the results with time.

Three different assessments were made using the three ratios of

interest to investigate the effect of HJD on the morphology: compari-

son of adult data from the hemophilic group to the control group;

comparison of individual hemophilic ankle mean to the control

group; and changes within each individual hemophilic ankle with time.

In order to age match the two groups when carrying out the first

of the three assessments, the hemophilic data excluded 15 images

from one patient as the patient was still classified as pediatric for

these five sequences.

Statistical analysis was carried out for nonpediatric ratios to

assess for normal distribution of results (Shapiro–Wilk test), and

equality of variance (Levene test) between the control group and the

hemophilia group. Student's T Tests were used for five of the nine

ratios (TaR:TaALc, TaR:TaALl, TaAL:TaLm, TaAL:TaLl, TaL:TaHl) while

Welch's T Tests were used for those with unequal variance (TaR:

TaALm, TaL:TaHm, TaAL:TaLc and TaL:TaHc).

3 | RESULTS

All measurements for all images are available as open data from an

online repository (Talbott et al., 2021).

3.1 | Measurement validation

Both studies that our MRI-derived TaR was assessed against (Kuo

et al., 2014; Stagni et al., 2005) showed no difference with respect

to measurements derived from CT or radiograph (p values between

0.06 and 0.88 for location-specific comparison [Kuo et al., 2014],

and 0.82 for comparison of maximum value [Stagni et al., 2005]).

Mixed outcomes were found for TaH, where the measurement

showed no difference to two values (p values of 0.13 [Liu

et al., 2020] and 0.82 [Kuo et al., 2014]), comparison of the maxi-

mum value only) but yielded statistically significant differences with

the third (p = 0.006 [Claassen et al., 2019]). This difference was

also seen in TaL (p = 0.017 [Stagni et al., 2005] and 0.010

[Liu et al., 2020]), and both medial TaAL results (p < 0.001 [Claassen

et al., 2019; Kuo et al., 2014]). No significant difference from the lit-

erature was seen for central TaAL measurements (p = 0.39 [Claassen

et al., 2019]) and mixed outcomes were obtained for the lateral TaAL

measurements (p = 0.15 [Kuo et al., 2014] and p = 0.005 [Claassen

et al., 2019]) (Figure 2).

3.2 | Error evaluation (verification)

In the measurements repeated three times, the main source of error

appeared to relate to the precise selection of locations A and B, as not

TABLE 1 Measurements taken for each image—location of (A), (B)
and (C) can be seen in Figure 1

Measurement Full name Measurement technique

TaAL (mm) Trochlear Tali

Arc Length

Distance between the most

anterior (A), posterior (B)

and proximal (C) points in

the trochlear tali

TaH (mm) Talus Height Height of the trochlear tali,

calculated as the distance

between point C and the AB

line

TaL (mm) Trochlear Tali

Length

Distance between most

anterior (A) and posterior (B)

points in the trochlear tali—
the length of the AB chord.

TaR (mm) Trochlear Tali

Radius

Radius of a circle fitted to the

talar dome
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all images have clear landmarks to define these. However, the mea-

surements were still predominantly within 1% relative difference.

The difference between ratios measured on adjacent slices saw a

range of outcomes amongst the hemophilic ankles; TaR:TaAL saw the

largest differences between adjacent slices, with values ranging

between 1.45% and 103% (x̄ = 15.1%), these differences were largest

between the most medial and most lateral slices and their respective

neighbouring slices. Tali covered by the greatest number of slices con-

sistently saw greater differences at the extremes.

3.3 | Hemophilic group versus nondiseased
control group

When comparing the hemophilic ankles as a group to the nondiseased

control group, the medial and lateral values for both TaR:TaAL and TaL:

TaH were greater in the hemophilic group, whereas TaAL:TaL was

smaller (Table 2), all consistent with talar dome flattening. The differ-

ences between the hemophilic and nondiseased groups were found to

be statistically significant in all ratios in the medial talus, and two of the

three ratios in the lateral talus, but not in the central talus (Table 2).

Where the changes were significant between the groups the rela-

tive changes in the ratios behaved as expected with a flattening of the

talus. The relative changes however, did vary between the ratios.

Where the greatest changes occurred, in the medial talus, TaR:TaALm

increased by 20.7% and TaL:TaHm increased by 23.5%, while TaAL:

TaLm only decreased by 5.9%.

3.4 | Individual change with time

The eight ankles each responded to HJD differently, demonstrating a

different response to the disease over the period images were avail-

able for. The change in TaL:TaH for each ankle can be seen in Figure 3

and TaR:TaAL and TaAL:TaL produced similar responses with time.

Figure 3 in this section.

These showed more stable morphology in adulthood (Ankle 6: all

images, Ankle 1: month 39 to 112), and no clear pattern of morpho-

logical response to HJD in pediatrics or adolescents, with responses

even differing between paired ankles.

4 | DISCUSSION

This study investigated the influence of HJD on talar morphology and

confirmed a nonuniform flattening of the talus with disease, showing

nonlinear changes in talar morphology as the disease progresses

in time.

Hemophilia is a rare disease, affecting around 1 in 10,000 males

in the UK (Stonebraker, Bolton-Maggs, Soucie, Walker, &

TABLE 2 Control group and
hemophilic (adult) group mean values for
each ratio at the three locations (m:
medial, c: central, l: lateral), and p values
from T tests (* indicates significant
differences)

TaR:TaAL TaAL:TaL TaL:TaH

m* c l m* c l* m* c l*

Nondiseased 0.46 0.56 0.59 1.21 1.15 1.20 3.64 4.21 4.01

Hemophilia 0.55 0.53 0.61 1.14 1.17 1.14 4.5 4.1 4.75

p values 0.003 0.22 0.31 0.001 0.08 0.004 0.002 0.28 0.05

F IGURE 2 Outputs of previous
studies compared to the nondiseased
control group. Patterns show location
across the talus: medial: vertical stripe,
central: diagonal stripe, lateral: horizontal
stripe, location not specified—block color.
Error bars show reported or calculated
standard deviation
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Brooker, 2010). Of these, approximately 80–90% experience muscu-

loskeletal bleeds (Kasper, 2008; Rodriguez-Merchan, 2010), which

occur most commonly in the ankle joint (Stephensen et al., 2009). Due

to this, the prevalence of HJD is relatively low compared to other

musculoskeletal disorders which is reflected in the number of patient

images used in this work despite including all cases available who met

the inclusion criteria.

The five patients in the hemophilia group all had at least one

affected ankle, with varying degrees of HJD, leading to a total of eight

ankles, over 31 points in time included in the results for the hemo-

philia group. It is known that age and body composition can have

small influences on bone geometries (Kuo et al., 2014; Liu

et al., 2020), so it was anticipated that a large range of ages (13–

45 yo), and mass (45.7–117 kg) would generate a range of measure-

ments. Height could also influence body composition and is highly

likely to vary amongst the patients. Ethnicity was another unknown

which has been seen to influence measurements (Claassen

et al., 2019; Fessy et al., 1997; Hayes et al., 2006; Kuo et al., 2014;

Kwon et al., 2014; Liu et al., 2020; Stagni et al., 2005), and would be

relevant due to the global prevalence of hemophilia (Stonebraker

et al., 2010). Therefore, a novel approach to quantifying the influence

of HJD on talar morphology was required, using morphological ratio

rather than direct measurements.

The retrospective nature of the study caused a number of limi-

tations; patients were selected based on the availability of clinical

MR images, therefore, the imaging protocol was not controlled.

Due to this, the between-slice resolution of some hemophilic

sequences were not appropriate for 3D reconstructive models, as

carried out in one previous CT study (Kuo et al., 2014). The

methods are also limited by the small sample size, which is a reflec-

tion of the relatively low prevalence of HJD in the ankle. Statistical

shape modelling would have enabled different modes of morpho-

logical variation to be assessed, however this typically requires

large sample sizes. The benefit of the 2D approach used in this

study is the minimal training and resources required for it to be

translated into clinical practice.

MRI is not the most appropriate imaging modality for measuring

the bone boundaries (Hayashi, Roemer, & Guermazi, 2016), however,

is the best medium for assessing arthropathic changes in HJD (Lundin

et al., 2012) and is the imaging modality of choice in clinical practice.

Comparing MRI derived measures against CT and radiograph mea-

sures no differences were found in the trochlear tali radius values,

F IGURE 3 Change in TaL:TaHm and TaL:TaHl with time in months. The average trend lines show hemophilic (red dashed) and nondiseased
(green dotted) mean values from all eight ankles. The ratios are split into two categories, pediatric/adolescent (first row) and adult (second row).
Color-codes relate to the age bracket the patient fell into at the first MRI sequence: grey/black—pediatric; green/blue—adolescent; orange—adult.
After �40 months Ankle 1 moved from adolescent to adult
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however, some differences were found in the linear measures of talus

height, trochlear talus arc length and trochlear talus length. This could

potentially relate to linear measurements being prone to a magnifica-

tion effect, especially in X-ray derived measures, which will differ

across the four studies used for comparison (Claassen et al., 2019;

Kuo et al., 2014; Liu et al., 2020; Stagni et al., 2005).

Where measurements were reported across the talus, the central

measurement was seen to differ considerably less from the non-

diseased control when compared to the medial and lateral measure-

ments (Claassen et al., 2019), this was confirmed by the significant

differences seen in the medial and lateral measurements, while there

was no significance in the central measurements. Trochlear tali length

and talus height were only reported as maximum values in literature,

hence it is unclear whether this represents a magnification effect, or

due to the location of these maximum values not mapping exactly

onto one of the three locations measured in the nondiseased control

group. Kuo et al. (2014) did not report a central measurement for

trochlear tali arc length to confirm whether it is the definition of bone

boundaries in MRI which makes this a more difficult measurement to

take, or whether it is the effect of discrepancies in slice location at the

medial and lateral extremes.

The differences seen may also occur due to the range of software

and methods used for taking the measurements, hence the confirma-

tion against multiple studies with differing approaches to measure-

ment (Mys et al., 2021). Finally, the differences seen between MRI

measurements and CT or radiographic measurements (x̄ = 3.13 mm;

0.17–13.3 mm) were largely lower than the difference between CT

and radiographic measurements from the literature (x̄ = 4.61 mm;

1.48–9.50 mm). Overall, it is likely fair to conclude that the difference

in some measurements between MRI and CT or radiographs is as

much due to the difference in patient groups as it is in imaging tech-

niques used for the measurements; and that MRI is an adequate

modality to evaluate talar morphology.

The verification study indicated a potential error surrounding the

subjective manner of selecting the slice to capture the data from,

especially in the medial and lateral extremes of the talus. It is not

possible to avoid these discrepancies in the hemophilic group, due to

the imaging protocol used clinically. The slice thicknesses ranged

between 1.5 and 3.6 mm, with the most common protocol giving a

slice thickness of 3.3 mm. This limits the number of images to choose

from 8 to 11 slices per talus, creating a natural variability. Tali covered

by a greater number of slices resulted in greater variability between

the most medial and second slice, and the most lateral and penulti-

mate slice. This appeared to occur in ankles where the articular

surfaces for the medial malleolus and the articular surface of the lat-

eral process were covered. These marginal slices consequently giving

unreasonably small measurements due to the change in talar morpho-

logy in these regions. This led to discrepancies in the ratios, however

could be accounted for by careful slice selection.

Differences in ratios indicated that the morphology of a male

hemophilic talus differs from a disease-free male talus, confirming the

predicted nonuniform flattening of the talar dome in the hemophilic

population (Jelbert et al., 2009; Macnicol & Ludlam, 1999). When

contrasting the three ratios, it was seen that TaAL:TaL more reliably

showed talar flattening across the hemophilic group data.

Changes in morphology were inconsistent across the eight ankles,

even those in the three patients with bilateral presentation. Progres-

sive flattening of the talar dome over time was not seen in all eight

ankles. However, the methods used in this study have shown that

talar flattening can be quantified. The range of individual morphologi-

cal changes highlight the need to assess each ankle's change over time

relative to the initial ratios for that specific ankle. Comparison against

mean values of nondiseased or hemophilic populations may be insuffi-

cient for assessing degree of disease progression. Now that we have

shown flattening of the talus can be quantified in hemophilia, future

studies should explore larger samples, perhaps from multiple centres.

Linkage with clinical measures of joint health such as the hemophilia

joint health score (HJHS) should also be carried out to help clarify the

relationship with overall disease progression.

This study showed that morphological changes in each hemo-

philic ankle are unique. All hemophilic ankles experienced some

degree of morphological change, however, the anticipated flattening

of the talar dome over time did not occur in all. The degree of

change with relation to time varied case by case, therefore, it is

unreasonable to extrapolate these results beyond the time period

imaged, or suggest that these results would be relevant to all hemo-

philic ankles.

5 | CONCLUSION

The results indicate that MRI measurements are an adequate substi-

tute for CT or radiograph measurements when evaluating talar mor-

phology. Morphological changes to some degree are seen in ankles

with a clinical history of musculoskeletal bleeding. These imply a flat-

tening of the talus which is nonuniform, with a greater influence of

the disease on the medial and lateral margins of the talus, and insignif-

icant changes in the centre. This flattening does not progress linearly

with the disease—especially in younger patients. Each ankle has an

individual response to disease progression, even in those patients with

bilateral presentation.
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