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Abstract
Summary We assessed lower-limb geometry in adults with X-linked hypophosphatemia (XLH) and controls. We found large 
differences in multiple measures including femoral and tibial torsion, bowing and cross-sectional area and acetabular version 
and coverage which may contribute to clinical problems such as osteoarthritis, fractures and altered gait common in XLH.
Purpose Individuals with X-linked hypophosphatemia (XLH) are at risk of lower-limb deformities and early onset of 
osteoarthritis. These two factors may be linked, as altered biomechanics is a risk factor for osteoarthritis. This exploratory 
evaluation aims at providing clues and concepts for this association to facilitate future larger-scale and longitudinal studies 
on that aspect.
Methods For this observational study, 13 patients with XLH, aged 18–65 years (6 female), were compared with sex-, age- and 
weight-matched healthy individuals at a single German research centre. Femoral and hip joint geometry, including femoral 
and tibial torsion and femoral and tibial shaft bowing, bone cross-sectional area (CSA) and acetabular version and coverage 
were measured from magnetic resonance imaging (MRI) scans.
Results Total femoral torsion was 29° lower in individuals with XLH than in controls (p < 0.001), mainly resulting from 
lower intertrochanteric torsion (ITT) (p < 0.001). Femoral lateral and frontal bowing, tibial frontal bowing, mechanical axis, 
femoral mechanical–anatomical angle, acetabular version and acetabular coverage were all greater and tibial torsion lower 
in individuals with XLH as compared to controls (all p < 0.05). Greater femoral total and marrow cavity CSA, greater tibial 
marrow cavity CSA and lower cortical CSA were observed in XLH (all p < 0.05).
Discussion We observed large differences in clinically relevant measures of tibia and particularly femur bone geometry in 
individuals with XLH compared to controls. These differences may plausibly contribute to clinical manifestations of XLH 
such as early-onset osteoarthritis, pseudofractures and altered gait and therefore should be considered when planning cor-
rective surgeries.
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Introduction

X-linked hypophosphatemia (XLH) is a rare genetic disorder 
with an assumed incidence rate of 1 in 20,000 [1] caused by 
pathogenic variants in the phosphate regulating endopepti-
dase homolog, X-linked (PHEX) gene located at Xp22.1 [2]. 
The pattern of inheritance is X-chromosomal dominant with 
supposed complete penetrance. However, family history is 
negative in about one-third of cases, suggesting a relevant 
proportion of de novo mutations or an asymptomatic/undi-
agnosed parental status [3, 4]. By still not completely eluci-
dated mechanisms, pathogenic, loss-of-function variants in 
PHEX lead to elevated levels of the phosphatonin fibroblast 
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growth factor 23 (FGF-23). Resulting renal phosphate wast-
ing and compromised production of 1,25 dihydroxyvitamin 
D along with further disease mechanisms cause a wide 
spectrum of clinical manifestations [5]. Specifically, skel-
etal issues including short stature and limb deformities, joint 
problems and early-onset osteoarthritis are a universal find-
ing in almost all patients [2, 6–9]. Common deformities of 
the weight-bearing lower limbs in XLH comprise abnormal 
diaphyseal bowing and torsion including unphysiological 
femoral torsion (alternatively known as femoral neck ante-
version or FNA) [7, 10]. These deformities have clinical 
relevance, as differences in joint geometry likely contribute 
to increased risk of (pseudo-)fractures [11–13] and impaired 
joint congruity both directly through altered biomechanics 
and indirectly through effects on muscle tractive forces and 
gait in individuals with XLH [8, 14]. In addition to direct 
effects of PHEX deficiency and elevated FGF-23 on mineral 
metabolism and skeletal development, other disease-associ-
ated manifestations such as delayed motor development [9, 
15] and greater incidence of childhood obesity in children 
with XLH [16] likely contribute to differences in joint devel-
opment and wearing [17, 18]. Moreover, hip joint geometry 
has been identified to have predictive value with regards to 
developing osteoarthritis independent of clinical risk factors 
[19] and recent analyses highlight that specifically femo-
ral torsion, on the one hand, is influenced by mechanical 
loading and, on the other, can contribute to osteoarthritis 
development [13].

While the incidence of skeletal deformities in XLH has 
been reported according to clinical assessment thresholds 
or by self-report [9, 20], an objective characterization of 
bone geometry in adults with XLH has not been completed. 
Therefore, we assessed multiple components of lower-limb 
geometry in individuals with XLH, and compared them to 
those in an age- and sex-matched control group. We hypoth-
esized that we would observe altered joint geometry in indi-
viduals with XLH.

Methods

Cohort

Evaluations are based on data obtained from an explora-
tory clinical study comparing 13 patients with X-linked 
hypophosphatemia (XLH) and 13 unaffected, age-, sex- and 
weight-matched controls. Per selection criterion, participants 
were 18–65 years old and did not have any acute disorders 
or conditions that would interfere with planned assessments.

For all XLH subjects, genetic confirmation of the diagno-
sis was available. Data regarding their previous medical and 
surgical treatment was based on medical history. Accessible 
information included age at initiation of medical treatment 

and number of surgeries to the leg under consideration and 
is provided in Suppl. 1. Considering patients’ age and the 
fact that most treatments were initiated in childhood, written 
documentation and medical records regarding dosage over 
time and formulations of substitutional treatment or techni-
cal details regarding surgeries could not be reproduced by 
the participants. Control group participants were recruited 
among patients’ friends and spouses who did not have any 
bone disease, bone targeted medication nor a history of cor-
rective surgery to the evaluated leg.

While the core study is intended to comparatively evalu-
ate muscle fatigue and physical performance in XLH vs 
healthy controls, data presented here is dedicated to a sub-
analysis of an MRI data–based evaluation of leg and hip 
geometry. Height and body mass were recorded.

Magnetic resonance imaging scan parameters

In this study, 5 sets of 64 transverse images each were 
recorded from the right leg and body side reaching at least 
from the foot to the lower part of the lumbar spine using a 
3-T Siemens Biograph. Images were recorded using a turbo 
2 echo DIXON sequence with the following parameters: 
flip angle 10°, TR 7.02 ms, TE1 2.46 ms, TE2 3.69 ms, 
300 mm × 300 mm field of view at 1.2 mm × 1.2 mm × 4 mm 
voxel size. In this study, only images covering the region of 
the femur and tibia were evaluated.

Image analysis

MRI images were analysed using ImageJ (Version1.52 h). 
The total femoral torsion was defined using the femoral neck 
line and the posterior condylar line. The femoral neck line 
was defined as the line between the femoral head centre, 
and the shaft centre directly distal to the lesser trochanter. 
The posterior condylar line was defined as the line joining 
the posterior apices of the condyles in the image where the 
condyles were most prominent.

The inter-trochanteric torsion (ITT) was defined as the 
angle between the femoral neck line and the lesser tro-
chanter line. The lesser trochanter line was defined as the 
line between the apex of the lesser trochanter at peak lesser 
trochanter size and the shaft centre. The shaft torsion (ST) 
is the angle between the lesser trochanter line and the poste-
rior distal shaft line, which is aligned with the flat posterior 
distal shaft surface immediately proximal to the posterior 
condyles. The condylar torsion (CT) is the angle between 
the posterior distal shaft line and the posterior condylar line 
(Fig. 1). Tibial torsion was measured by the angle of the 
posterior tibial condylar line as reference and the line con-
necting the medial and lateral malleoli. The angle will be 
negative when the distal tibia rotates externally respective 
to the proximal tibia.
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To measure femoral lateral and frontal bowing, the shaft 
centre was identified at four landmarks: immediately distal 
to the lesser trochanter, at 1/3 proximal–distal femoral shaft 
length; at 2/3 proximal–distal femoral shaft length (shaft is 
between slice “c” and “d” in Fig. 1) and at the femoral inter-
condylar notch. Likewise, tibial lateral bowing and frontal 
bowing were defined using the shaft centre at the intercondy-
lar notch, the proximal third of the tibia and the distal third 
of the tibia at the distal tibial plateau.

The two lines used to define the mechanical axis are those 
connecting the femoral head centre to the femoral intercon-
dylar notch, and from the midpoint of the tibial intercondylar 
eminence to the midpoint of the distal tibial epiphysis. The 
two lines defining the femorotibial angle were those connect-
ing the femoral shaft centre at the distal third of the femur 
and the intercondylar notch, and the intercondylar notch and 
the proximal third of the tibia. Lastly, the femoral mechani-
cal–anatomical angle is defined by the lines connecting 
the femoral head centre to the intercondylar notch and the 

intercondylar notch to the centre of the femur immediately 
distal to the lesser trochanter.

The acetabular version was assessed in the cross sec-
tion where the femoral head was greatest. It was defined 
as the angle between the anterior and posterior acetabular 
margins of the acetabulum and the sagittal plane (Fig. 1). 
On the same slice, the acetabular coverage was assessed as 
the angle between the posterior margin of the acetabulum 
and the femoral head centre and the anterior margin of the 
acetabulum and the femoral head centre.

To calculate the relevant angle λ in the frontal plane, the 
coordinates of the desired landmarks were calculated using 
the formula:

λ = arctan

( ay−by

ax−bx
−

cy−dy

cx−dx

1 −
ay−by

ax−bx
∗

cy−dy

cx−dx

)

Fig. 1  Angle definitions: a femoral head centre, b apex of lesser tro-
chanter, c shaft centre, d posterior distal shaft line, e posterior con-
dylar line, f intercondylar notch, g posterior tibial condylar line and 
h lateral and medial malleoli. i Acetabular version α. j Acetabular 
coverage angle β. The slice where the circumference of the femoral 

head was largest was chosen for analysis. The arrows show the rim of 
the acetabulum. k Femoral lateral bowing landmarks. l Femoral fron-
tal bowing landmarks. m Mechanical axis landmarks. n femorotibial 
angle landmarks. Illustrations by X. O’Reilly-Berkeley
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where a and b represent the respectively the proximal 
and distal reference points of the proximal axis and c and d 
the proximal and distal reference points of the distal axis. b 
and c overlap in the case of the mechanical axis and femo-
rotibial angle (Fig. 1). y and x on the other hand are respec-
tively the antero-posterior coordinates and the medio-lateral 
coordinates.

Statistical analysis

Femoral and tibial geometry, femorotibial alignment and 
acetabular parameters were compared in individuals with 
XLH and in control participants. Data from both groups 
were tested for normal distribution with the Shapiro–Wilk 
test. Parametric data were expressed as mean ± SD, non-
parametric data as median and interquartile range (IQR).

For parametric data, homogeneity of variance was 
checked with Levene’s test and the Student t-test was 
implemented to assess group differences. For non-paramet-
ric data, the Mann–Whitney U test was applied to test for 
group differences. Repeatability of the measures performed 
has been calculated using SPSS statistical package version 
23 (SPSS Inc, Chicago, IL) by the intraclass correlation 
coefficient (ICC). It was calculated based on a mean rating 
of the 3-image analysis as well as absolute effects, using 
a 2-way mixed-effect model to assess the repeatability of 
the image analysis by the same examiner at three different 
times in random order [21]. ICC was found to be excellent 
for total femoral torsion (ICC: 0.989), ITT (ICC: 0.968), 
femoral lateral bowing (ICC: 0.978), femoral frontal bowing 
(ICC: 0.904), tibial torsion (ICC: 0.93), tibial lateral bow-
ing (ICC: 0.938), mechanical axis (ICC: 0.958) and femoral 
mechanical–anatomical angle (ICC: 0.974). Values for CT 
(ICC: 0.843), tibial frontal bowing (ICC: 0.768), acetabular 
version (ICC: 0.859) and acetabular coverage (ICC: 0.855) 
showed good reliability.

Results

Out of 13 subjects enrolled per group, whole-leg MRI imag-
ing could be evaluated from 11 individuals with XLH (mean 
age 48.7 ± 9.2 years, 6 female, 77.3 kg) and 13 age-, sex- 
and weight-matched controls (mean age 48.8 ± 7.6 years, 6 
female, 79.9 kg, p > 0.677). The mean height of the XLH 
individuals was 1.56 m, and the control group height was 
1.69 m (Table 1). For two male patients in the XLH group, 
MRI data could not be analysed due to extensive artefacts 
from metal implants.

Both basic characteristics and each of the measured 
angles were normally distributed apart from tibial frontal 
bowing. Individuals with XLH and control participants had 

similar age, body mass and BMI although control partici-
pants were taller than individuals with XLH (p = 0.006).

The total femoral torsion in the XLH group was 
8.4 ± 20.2° and thus significantly lower than in the control 
group with 37 ± 14.2° (p < 0.001; Fig. 2). When evaluating 
regional torsion on different levels along the femoral axis, 
group differences in femoral torsion appeared to primarily 
result from significantly lower inter-trochanteric torsion 
(ITT) in the XLH group with 36.4 ± 12.3° as compared to 
the control group with 54.9 ± 9.5° (p < 0.001), as well as 
a lower condylar torsion (CT) in in XLH vs control with 
1.5 ± 5.3° vs 7.2 ± 2.9°, respectively (p < 0.005; Fig. 2). 
In contrast, the shaft rotation or shaft torsion (ST) was 
similar in both XLH patients (− 29.5 ± 17.9°) and controls 
(− 26.3 ± 12.05°) (p = 0.620). The tibia was less externally 
rotated in individuals with XLH − 8.7 ± 13.5° than in the 
control group − 37.2 ± 11.8° (p < 0.001).

Substantial between-group differences were also evident 
regarding limb bowing. Femoral bowing was significantly 
enhanced in individuals with XLH vs controls for both 
lateral bowing with 13.1 ± 7.0° vs -1.0 ± 2.5° (p < 0.001), 
as well as frontal bowing with 31.4 ± 7.3° vs 17.8 ± 1.4° 
(p < 0.001), respectively.

There was no apparent difference in tibial lateral bowing, 
whereas for tibial frontal bowing (which was not normally 
distributed) the median value of 11.6° (IQR 7.8°, 19.5°) for 
individuals with XLH was higher than that in controls 5.0° 
(IQR: 2.9°–7.7°, p < 0.005; Fig. 3).

In terms of lower-limb alignment, there was an enhanced 
valgus of the mechanical axis in the XLH group (5.6 ± 5.3°) 
as compared to the control group (1.5 ± 2.5°, p < 0.05) In 
contrast, the average femorotibial angles were not signifi-
cantly different between the groups. Accordingly, there was 
a significant difference in the femoral mechanical–anatomi-
cal angle, representing the difference between the mechani-
cal and anatomical axis. In that regard, the average femoral 
mechanical-anatomical angle was 9.1 ± 2.2° in the XLH 
group and only 5.1 ± 0.8° in controls (p < 0.001; Fig. 4).

Acetabular version was significantly increased in indi-
viduals with XLH (23.6 ± 8.4°) as compared to those in 

Table 1  Mean, standard deviation (SD) and group comparison p-val-
ues for descriptive variables of the studied groups. BMI: body mass 
index

Variable XLH (n = 11)
5 male/6 female

Control (n = 13)
7 male/6 female

t-test

Mean SD Mean SD p-value

Age (years) 48.7 9.2 48.8 7.6 0.995
Height (m) 1.56 0.10 1.68 0.09 0.006
Weight (kg) 77.3 16.5 79.9 13.2 0.677
BMI (kg/m2) 32.0 8.5 28.4 4.6 0.223
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the control group (17.5 ± 3.9°, p < 0.05). Additionally, 
acetabular coverage was 32.6° higher in individuals with 
XLH (192.5 ± 22.6°) than in the control group (159.9 ± 9.1°, 
p < 0.001; Fig. 5).

The total CSA of the femoral head and at the lesser tro-
chanter showed no differences between the two groups. 
The total CSA of femoral shaft sites was ~ 21–24% greater 
in individuals with XLH compared to the control group 
(p < 0.015). The bone marrow cavity of the femoral shaft 
sites was also greater in XLH individuals (all p < 0.05), such 
that the cortical bone area was similar between groups. The 
total CSAs of the three tibial shaft sites and the talus were 
similar between the groups. The bone marrow cavities of the 
proximal and mid-tibial shaft sites were greater (p < 0.05) 
and cortical CSAs at all shaft sites lower (p < 0.05 except 
proximal sites p = 0.069) in the XLH individuals compared 
to the control subjects (Table 2).

Discussion

This study was the first to objectively characterise and 
compare multiple components of lower-limb bone geom-
etry between individuals with XLH and controls. We 

observed considerable differences in multiple clinically 
relevant aspects, largely in line with previous clinical and 
self-reports [9, 14]. Specifically, individuals with XLH 
exhibited significantly lower femoral torsion as compared 
to controls. Further detailed analysis revealed this difference 
to result mainly from a lower proximal, intertrochanteric 
torsion. While lower distal condylar torsion also appeared 
to contribute, no group differences in shaft torsion were 
evident. In that regard, one may speculate that this could 
be due to enhanced torsional strain towards the joint, i.e. at 
the intertrochanteric and the condylar area. However, other 
clinical populations have shown different contributions of 
subtrochanteric and supertrochanteric torsion to total femo-
ral torsion [22]. This is clinically important, as when phar-
macological treatment during growth to prevent femoral 
deformities has failed and femoral osteotomy is considered 
[23], it is important to correct torsion in the correct region 
[13, 22]. To date, surgical protocols focus on frontal plane 
deformations [7, 24, 25]; therefore, assessment of femoral 
torsion should also inform development of future guide-
lines. Furthermore, characterising the overall lower limb 
geometry of this clinical group could inform about pos-
sible sources of joint incongruity, fractures, osteoarthritis 
and gait disturbances other than frontal plane deformations. 

Fig. 2  Total and regional tor-
sion of the femur compared 
between control participants and 
individuals with XLH. Boxplots 
indicate median, interquartile 
range, minimum and maxi-
mum values. Femoral torsion, 
ITT—intertrochanteric torsion, 
ST—shaft torsion, CT—con-
dylar torsion. Positive degrees 
represent external torsion from 
the frontal plane. Asterisks indi-
cate results of group compar-
isons—*p < 0.05, **p < 0.01, 
***p < 0.001. Illustrations by X. 
O’Reilly-Berkeley
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Fig. 3  Femoral and tibial bowing in the two groups; positive values 
indicate anterior and lateral bowing. Boxplots indicate median, inter-
quartile range, minimum and maximum values. *p < 0.05, **p < 0.01, 
***p < 0.001. The illustration in the top left panel shows a visual rep-
resentation of the average difference between the two groups from a 

frontal view. On the control panel, the method of the bowing’s meas-
urement is drawn on. The illustration in top right panel shows the 
average difference from a lateral view. Illustrations by X. O’Reilly-
Berkeley

Fig. 4  Mechanical axis, 
femorotibial angle and femoral 
mechanical–anatomical angle in 
the two groups. Boxplots indi-
cate median, interquartile range, 
minimum and maximum values. 
Positive degrees are outward 
lateral. *p < 0.05, **p < 0.01, 
***p < 0.001. The bottom right 
panel shows the visual represen-
tation of lower-limb alignment. 
Also, the mechanical axis is 
drawn on the control limb and 
the femorotibial angle on the 
XLH limb. Illustrations by X. 
O’Reilly-Berkeley
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Moreover, we observed significantly increased acetabular 
coverage of the hip joints in the XLH cohort. This is par-
ticularly important since both reduced femoral torsion and 
increased acetabular coverage are known to predispose to 
hip osteoarthritis development [26]. Conversely, a recent 
large study in a Caucasian population with end-stage knee 
osteoarthritis [27] revealed a correlation between increasing 
coronal valgus alignment and increased external condylar 
torsion as well as increased tibial torsion while in our XLH 
cohort, coronal valgus deformity correlated with decreased 
condylar torsion and decreased tibial torsion, suggesting that 
mechanisms of knee osteoarthritis in XLH might differ from 
what is observed in the general population. These findings 
may be important contributions to better understand early 
osteoarthritis development in XLH [8, 28]. Moreover, it is 
important to keep in mind that increased acetabular coverage 
and diminished ITT as the main contributor to low femoral 
torsion are not directly affected by corrective surgeries in 
XLH, usually addressing the diaphyseal/distal femur and the 
proximal tibia. Along the diaphyseal segment, we observed 
increased frontal and lateral bowing in the XLH cohort at 
the femur, while differences concerning bowing of the tibia 
were less pronounced and only significant with regards to 
frontal bowing. Finally, there was lower external rotation 
of the tibia (tibial torsion) in line with previous reports [7].

There was larger inter-individual variation for most 
aspects of skeletal geometry in people with XLH, and the 
causes and consequences for this need to be identified. 
The above results agree with current qualitative literature 
about deformities in patients with XLH [7, 25, 29]; how-
ever, detailed quantification of limb geometry in this clinical 
group was not yet available in the literature.

The observation of a significantly greater total cross-
sectional area of the femur is remarkable, considering the 
overall reduced body size of XLH patients as compared to 
controls. This is in line with a previous peripheral quantita-
tive computed tomography (pQCT) study in tibia in children 
and adults (age 23 ± 13 years) with XLH [30]. Looking at it 
more closely, the difference results from an enlarged mar-
row cavity on all height levels along the femoral axis while 
the cortical cross-sectional area is not significantly differ-
ent on these levels. In contrast, the generally larger tibia 
marrow cavity in the absence of a pronounced advantage in 
total CSA in XLH resulted in lower cortical CSA throughout 
tibia length. One may speculate if the pronounced femoral 
hypertrophy results from childhood rickets with compro-
mised bone quality and deficient mineralization leading to 
enhanced mechanical strain and increased bone turnover 
with intensified endosteal bone resorption and periosteal 
apposition.

Fig. 5  Acetabular version and acetabular coverage for the two groups. 
For the acetabular version, positive values indicate anterior rotation 
from a lateral position, for the acetabular coverage values indicate 
the portion of the femoral head within the acetabulum. Boxplots indi-
cate median, interquartile range, minimum and maximum values. 
*p < 0.05, **p < 0.01, ***p < 0.001. The bottom panel shows a visual 

representation of the acetabular geometry, the femoro-acetabular rela-
tionship and the total femoral torsion with the outline of the knee in 
the background. On the control panel, the acetabular version meas-
urement is drawn on, and on the XLH panel we can see the acetabular 
coverage measurement. Illustrations by X. O’Reilly-Berkeley
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Overall, there are likely a number of factors which con-
tribute to the observed findings. Fundamentally, the oste-
oid content of subjects with osteomalacia results in higher 
ductility of the bone structure [31]. This abnormality likely 
leads to changes in deformation patterns caused by mechani-
cal loading during daily activities and exercise, in addition 
to the resultant adaptive response in bone geometry. In addi-
tion, increased bone ductility may also underlie the higher 
acetabular coverage due to the pressure of the femoral head 
on the acetabulum. Altered bone composition and mechani-
cal loading may also contribute to the greater variance 
observed in the group with XLH. In relation to mechanical 
loading, XLH is associated with muscle weakness [32] and 
altered gait [8, 14] which likely result in altered bone load-
ing. In a similar vein, childhood motor development, which 
has been shown to affect development of bone geometry [33, 
34], is delayed in children with XLH [35].

These results have both functional and clinical implica-
tions for individuals with XLH. Waddling gait and early 
osteoarthritis at weight-bearing joints are commonly diag-
nosed in individuals with XLH [7, 8, 14]. In particular, 
the high prevalence of osteoarthritis in up to 55% even in 
individuals under the age of 30 is of particular concern [9, 
36]. Also, altered femoral geometry likely contributes to 
the high prevalence of lower limb and specifically femoral 

pseudo-fractures in XLH [37]. Femoral torsion and proxi-
mal femur varus deformities have been shown to change the 
lever arms of hip muscles and therefore decrease hip muscle 
strength [22, 38, 39]. This alteration has been hypothesized 
to be the cause of waddling gait [25]. Recent gait analysis in 
subjects with XLH has found that waddling gait was corre-
lated to varus limb alignment [14] and degenerated hip, knee 
and ankle joints and enthesopathy of the hip abductors [8]. 
Lower femoral torsion and high acetabular coverage, both 
confirmed risk factors of hip osteoarthritis [26], impede hip 
internal rotation in XLH [8, 40] which results in enhanced 
risk of femoro-acetabular hip impingement and consecutive 
joint pain [7, 10]. The lower femoral torsion also increases 
the shear forces on the femoral neck [11]; this could con-
tribute to development of coxa vara which is common in this 
population. Tibial torsion also contributes to altered gait as 
identified in paediatric populations with XLH [14].

Corrective surgery is a common practice in individuals 
with XLH, with > 57% of adults with XLH and frontal plane 
deformities [7, 24, 25] having already undergone at least one 
procedure. In the analysis presented here, the average femo-
rotibial angle was similar in both groups. While this finding 
appears to conflict with the common perception of XLH 
being associated with varus deformity of the leg axis, it most 
likely reflects that all but one subject in the XLH cohort 

Table 2  Cross sectional area (CSA) of femur and tibia at multiple 
locations. Where the marrow cavity was not present, only total CSA 
has been evaluated. CSA is outlined in  mm2. In the % column, we 
show the difference between XLH and control in percentage with the 

control group as reference. Bottom panel, visual representation of 
femur CSA on the left, and tibial CSA on the right. Illustrations by X. 
O’Reilly-Berkeley

Bone Site Total CSA Bone marrow CSA Cortical bone CSA

XLH Control XLH Control XLH Control

mean SD mean SD % p mean SD mean SD % p mean SD mean SD % p

Femur

Head centre 1840 274 1923 303 -4 0.559

Under lesser trochanter 1093 223 966 159 13 0.182

Shaft

Proximal 3rd 823 132 674 104 22 0.015 389 116 172 39 126 <0.001 431 117 502 75 -14 0.147

Middle 829 137 671 100 24 0.011 355 128 203 64 75 0.004 452 138 468 67 -3 0.752

Distal 3rd 853 202 703 108 21 0.062 382 54 312 72 22 0.042 487 180 391 59 25 0.136

Distal flat shaft 1790 277 1551 174 15 0.039

Tibia
Shaft

Proximal 3rd 701 144 670 93 5 0.592 439 92 344 73 28 0.026 262 87 326 50 -20 0.069

Middle 526 86 516 75 2 0.79 278 81 164 28 70 <0.001 247 61 351 66 -30 0.003

Distal 3rd 460 78 469 136 -2 0.881 214 60 158 124 35 0.254 246 57 310 44 -21 0.014

Talus 1755 220 1618 230 8 0.221
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evaluated here have undergone femoral osteotomies which 
are usually aimed at correction of frontal plane deformi-
ties [24]. In addition, the average mechanical valgus angle 
was actually increased in the XLH group as compared to 
controls, along with an increased femoral mechanical–ana-
tomical angle, reflective of an enhanced femoral offset and 
further supporting this perception, while this aspect of previ-
ous corrective osteotomies has to be considered a limitation 
of our study, otherwise.

However, when planning osteotomies taking into account 
transverse plane parameters such as regional femoral torsion 
could be beneficial [41, 42], for example to restore advanta-
geous muscular lever arm length. The restoration of limb 
alignment in multiple planes could decrease the chances of 
early arthrosis due to malalignment [43].

To our knowledge, this is the first study to quantitatively 
characterize multiple objectives and clinically relevant 
measures of lower-limb bone geometry, in individuals with 
XLH. Previous studies had reported the incidence of identi-
fied deformities such as tibial bowing without a description 
of the magnitude of deviation or the degree of within-group 
variance [9, 20].

There are several limitations to this study which have 
to be kept in mind. Importantly, all statistical analyses and 
interpretations have to be seen against the background of 
the limited number of cases for this complex assessment 
in a rare disorder, and lack of significance in some param-
eters may be related to the low number of patients enrolled. 
Furthermore, all but two participants with XLH had cor-
rective surgery on the lower limbs during their lifetime; 
therefore, observed differences are not solely attributable to 
differences in natural growth. Indeed, the outcome of cor-
rective interventions and the risk for recurrent deformity or 
overcorrections are subject to multiple modifiers, including 
but not limited to surgical technique and performance, age 
at surgery and quality of accompanying medical treatment. 
However, considering that it is unethical to let XLH patients 
grow into adulthood without treating their deformities and 
understanding limitations regarding availability of data on 
treatments that occurred 10–50 years ago, real-world data 
provided here still represent best available evidence. Hav-
ing said that, data presented here should not be perceived 
to reflect natural bone development in XLH but rather to 
provide a real-world inventory of bone deformities in adult 
XLH patients.

Moreover, the fact that specific differences particularly 
concerning aspects of rotation and bowing persist even fol-
lowing surgery highlights both the scale of the effects and 
that different interventional approaches, e.g. pharmacolog-
ical treatments or physiotherapy/exercise, may be required 
to comprehensively address this issue. Even though the 
participants were recruited from a broad clinical cohort, 
the sample size is small. Therefore, while the observed 

group differences were large and statistical evidence for 
them was strong, these findings require replication in a 
larger cohort. Furthermore, only the left leg was scanned 
for every subject, as scanning both legs would have quad-
rupled scanning times. We were therefore unable to assess 
inter-limb asymmetries, which may contribute to gait and 
other problems within individuals with XLH. Detailed 
information on previous pharmacological and other treat-
ments from childhood was not available for all partici-
pants, and future studies should examine whether surgical 
or other treatments impact on bone geometry. Femoral tor-
sion was assessed on two cross-section slices and not on 
one oblique slice which is now standard practice, while 
the latter results in slightly smaller torsion values within-
population variance is similar [44]; therefore, we believe 
that this would not substantially impact our main find-
ings. Finally, all frontal plane measurements were assessed 
using cross-sectional MRIs, and not by the usual clinical 
method of anteroposterior radiographs.

Conclusions

In conclusion, adults with XLH have substantial differ-
ences and greater inter-individual variation in hip and 
femur bone geometry, principally lower femoral torsion 
originating in the intertrochanteric region, lower tibial tor-
sion and higher lateral and frontal femoral bowing. Large 
differences in acetabular coverage and version were also 
observed, while differences detected between the groups 
in the mechanical axis and tibiofemoral angle are minimal. 
These differences are likely to be due to the higher mal-
leability of the bones, variations in gait, delayed motor 
development and impaired muscle function. These dif-
ferences were evident despite most individuals within 
the current study having undergone corrective frontal 
plane surgery. Accordingly, these observations should 
be considered when planning corrective surgery in XLH 
in the future. The presented results have the potential for 
increased femoral fracture risk and disadvantageous joint 
mechanics during daily physical activity and could be part 
of the cause of the osteoarthritis, pain and waddling gait 
commonly experienced in this clinical group.
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