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Aims

Though the pathogenesis of Legg-Calve-Perthes disease (LCPD) is unknown, repetitive mi-
crotrauma resulting in deformity has been postulated. The purpose of this study is to trial a
novel upright MRI scanner, to determine whether any deformation occurs in femoral heads
affected by LCPD with weightbearing.

Methods

Children affected by LCPD were recruited for analysis. Children received both standing
weightbearing and supine scans in the MROpen upright MRI scanner, for coronal T1 GFE
sequences, both hips in field of view. Parameters of femoral head height, width, and lateral
extrusion of affected and unaffected hips were assessed by two independent raters, repeat-
ed at a one month interval. Inter- and intraclass correlation coefficients were determined.
Standing and supine measurements were compared for each femoral head.

Results

Following rigorous protocol development in healthy age-matched volunteers, successful
scanning was performed in 11 LCPD-affected hips in nine children, with seven unaffected
hips therefore available for comparison. Five hips were in early stage (1 and 2) and six were
in late stage (3 and 4). The mean age was 5.3 years. All hips in early-stage LCPD demon-
strated dynamic deformity on weightbearing. Femoral head height decreased (mean 1.2
mm, 12.4% decrease), width increased (mean 2.5 mm, 7.2% increase), and lateral extrusion
increased (median 2.5 mm, 23% increase) on standing weightbearing MRl compared to
supine scans. Negligible deformation was observed in contra-lateral unaffected hips, with
less deformation observed in late-stage hips. Inter- and intraclass reliability for all measured
parameters was good to excellent.

Conclusion

This pilot study has described an effective novel research investigation for children with
LCPD. Femoral heads in early-stage LCPD demonstrated dynamic deformity on weightbear-
ing not previously seen, while unaffected hips did not. Expansion of this protocol will allow
further translational study into the effects of loading hips with LCPD.
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Introduction early degenerative changes relative to their
Legg-Calvé-Perthes disease (LCPD), though peers.**
described over 100 years ago, remains While the stages of LCPD are well char-

acterized, as described by the modified
Waldenstrom  classification,®”  underlying
patho-etiology of the deformity is not well
understood. As such, wide variation exists in

elusive of aetiology, pathogenesis, or treat-
ment consensus."”? However, the resulting
deformity predisposes affected individuals to
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treatment methods, duration, and timing. A consensus
exists on treatment goals, namely to minimize ultimate
deformity and postpone degenerative change, but how
best to achieve this remains contentious.”>® For example,
degree of lateral femoral head pillar collapse,’ assessed
on plain radiographs during the fragmentation stage, has
been used for prognostication and treatment determina-
tion.'%®* Considering that once radiological evidence of
femoral head deformity has occurred, and that radio-
logical changes lag behind the disease process by three
to four months, the window for treatment to prevent
deformity occurring has been missed when using this
algorithm.10114

Arthrography,™ bone scans, ultrasonography,’ and
MRI are variably used, each with inherent advantages and
disadvantages.” MRI can detect LCPD in the early stages
when plain radiographs remain normal, though avail-
ability and tolerance limit its utility.” To date, prognos-
tication of LCPD using MRI has not been proven, though
contrast MRI scans have shown promise.'”2> MRI features
of necrotic extension, physeal involvement, metaphyseal
changes, and lateral extrusion have been proposed as
potential prognosticating values in early disease.?%2224

Repetitive forces applied through the femoral head
while weightbearing may cause microfracture of the
necrotic bone, deformation, collapse, and extrusion,
which adversely affect prognosis.”??2¢ The effects of
loading have been hypothesized, and improved outcomes
demonstrated on porcine non-weightbearing studies.?
Despite the proposed pathology of LCPD deformation
occurring in a viscoelastic hip, any dynamic effects are
not captured using current static imaging methods.

The MRI facility used in this study houses the world’s
only dedicated research upright open MRI scanner.
This facility allows MRI to be performed in a functional
weightbearing position. It has been utilized for imaging
of patients with femoro-acetabular impingement (FAI)?’
and patellofemoral alignment® in functional weight-
bearing positions. However, until now, it has not been
used for children in the age range of those with LCPD,
nor have LCPD-affected hips had cross-sectional imaging
while under functional loading conditions.

This study aims to explore the feasibility of using this
novel weightbearing MRI in a younger patient age range
and, specifically, whether it can be tolerated in children
with LCPD. To successfully image an LCPD-affected
femoral head under physiological loading would be
entirely novel. Thus, this study aims to analyze all images
for any detectable dynamic deformation on weight-
bearing compared to non-weightbearing images and
unaffected femoral heads.

Methods
Institutional ethics review was completed prior to
data collection (CW15 0002/H14 03407). Data was

prospectively collected on patients with LCPD presenting
to the paediatric orthopaedic clinic at senior author’s
institution from April 2015 to February 2017. All children
with LCPD were offered inclusion in the study. Children
were excluded if the affected hip had undergone surgical
intervention or the parent predicted inability to tolerate
the standing MRI. Contralateral unaffected hips were
used as controls. Consent to participate was obtained
from the adult caregiver. All children received plain radio-
graphs as part of their routine standard of care, from
which the stage of disease was determined based on the
modified Waldenstrom classification. Demographic data
was collected (sex, age, laterality). MRl was acquired
using the MROpen 0.5 Tesla upright scanner (Paramed
Medical Systems, MROpen, Genova, ltaly).

Protocol development

Imaging was performed on three healthy volunteers
in the age range of those affected by LCPD to optimize
patient positioning and image sequence acquisition.
Weightbearing standing plus corresponding supine MRI
was performed in the upright open MR scanner. Due to
prediction that a child with an irritable hip will tolerate
a supine scan more easily than a weightbearing scan,
the upright images were acquired first, followed by the
supine non-weightbearing images. A reproducible stan-
dardized weightbearing position was achieved by having
both feet placed shoulder width apart on a foot map with
the patellae pointing forward. Foam blocks and support
bars were placed at the lumbar spine and chest to help
subjects remain still during scanning, while not limiting
the weight that was taken through the limbs (Figure 1).
A receiver coil was placed around the pelvis and secured
with straps and waist belt. The positioning protocol was
mirrored when the child was supine, to obtain equivalent
scans. Supine scans immediately followed the standing
weightbearing scans. Each child wore headphones that
were linked to a video monitor, with a wide choice of
cartoons and films. The monitor was safely outside the
MRI room but easily visible by the child from the standing
position within the scanner. Healthy volunteers could
tolerate longer in the scanner than those with irritable
hips with LCPD. Thus scan duration for the children with
LCPD was limited to 2.5 minutes.?®

Image acquisition

The MRI sequence protocol was developed with the assis-
tance of the healthy volunteers. Satisfactory image acqui-
sition was obtained with Coronal T1 GFE sequences,
both hips in field of view (FoV), slice thickness 4 mm,
slice gap 0.6 mm, TR 687 ms, TE 20 ms, NEX 1, FOV 200
mm, matrix 256 x 256. This protocol produced the read-
able images compared to other trialed sequences. Scan
duration was limited to 2.5 minutes scans, with the child
standing first, then supine. This protocol was chosen to
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Fig. 1

Standing position for a child during the 2.5 minute weightbearing MRI scan.
Foam blocks are used to hold the child in comfortable resting position.

limit the time in the scanner to what could reasonably be
tolerated by a child with an irritable hip, while balancing
adequate image quality.

Digital measurements

Digital measurements were performed using MicroD-
icom DICOM viewer (2017, Sofia, Bulgaria). Quantitative
measurements on femoral head width, height and lateral
extrusion were made, plus a qualitative assessment of
femoral head shape. Femoral head width was measured as
the widest point of the cartilaginous femoral head in the
plane of the physis. Femoral head height was the highest
point of the cartilaginous epiphysis in a plane perpen-
dicular to the width. Lateral extrusion was measured as
the maximal amount of cartilaginous femoral head lateral
to Perkin’s line. The lateral bony acetabulum and lateral
cartilaginous edge of the femoral head were the clearest
landmarks for making this measurement. Representative
measurements can be seen in Figure 2. Overall shape was
judged to be round, oval, or flattened. Supine to standing
measurements were compared. Contralateral unaffected
hips were used as controls. Sub-analysis by LCPD stage
was performed.

Measurements were made using the agreed protocol
by two independent reviewers and repeated at a one-
month interval, giving four repeated results for each
parameter measured. Intra and inter-observer reliability
was calculated via intraclass r (ICC) using R (R Foundation
for Statistical Computing, Vienna, Austria). Comparison

Fig. 2

lllustration of digital measurements made: a) standard reference lines; b)
femoral head height; c) femoral head width; d) lateral extrusion.

of femoral head morphology from supine to standing
was made of LCPD affected and contralateral unaffected
femoral heads.

Results

Standing weightbearing and supine MRI scans were
performed on ten children with LCPD. One child was
excluded for inability to tolerate the scan protocol. Thus,
nine children with LCPD (seven male, two female), with
a mean age 5.3 years (4 to 8), had both standing and
supine MR scans successfully completed using this newly
developed protocol. Two of these patients had bilat-
eral LCPD, thus eleven LCPD hips in nine children were
included for analysis of femoral head morphology, along-
side seven unaffected contralateral hips. Five hips were
in early-stage (1 or 2) (all unilateral) and six hips demon-
strated late-stage LCPD (3 or 4) (two unilateral, four bilat-
eral hips) on plain radiograph (Table I). None of these
femoral heads had had any surgical intervention at the
time of the MRI scan.

For both inter- and intrarater reliability of measure-
ments, ICC values were graded good to excellent. Femoral
head height and width measurements all demonstrated
‘excellent’ R values (inter-rater 0.86 and 0.84 respectively,
intrarater 0.98 and 0.99 respectively). ICC measurements
of extrusion were ‘good’ (R =0.67 and 0.78 respectively).

Small changes were demonstrated in the seven
contralateral unaffected hips on weightbearing. On the
standing weightbearing MRI, a decrease in femoral head
width (mean -0.06 + 0.2 mm; 0.2% change), decrease
in femoral head height (mean 0.01 + 0.4 mm, 0.05%
change), and increase in lateral extrusion (mean 0.01 +
0.5 mm, 0.1% change) was detected compared to the
supine scans. There was no qualitative change in femoral
head shape of unaffected hips.
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Table 1. Demographic data of children in the study, alongside percentage
change in femoral head morphology observed from supine to standing.
Also included is the mean percentage change in femoral head shape of the
seven contralateral unaffected hips.

Femoral Femoral Lateral

Age Sex Side Stage head width head height extrusion
6 M Right 1B +14 -1 +23

4 M Right 2A +6 -1 +26

8 F Right 2A +1 -17 +4

5 M Left 2A +10 -10 +23

7 M Right 2A +6 -13 -9

6 M Right 3A -1 +1 +14

4 M Left 3A -3 - 31 +9

4 M Left 3A 0 -17 +10

4 M Right 3A +3 -16 -27

5 F Left 3B -2 -8 +4

5 F Right 4 +1 -1 -2

More marked changes were demonstrated in hips in
the early stages of LCPD on weightbearing. On standing
weightbearing MR, all early-stage hips demonstrated an
increase in femoral head width (mean 2.5 mm ( £ 2.0
mm), mean 7.2% increase), and a decrease in femoral
head height (mean 1.2 mm ( £ 0.2 mm), mean 12.4%
decrease). All but one demonstrated an increase in lateral
extrusion (median 2.5 mm (range -1.15 to 2.8 mm),
median 23% increase) on standing weightbearing MRI
compared to supine (Tables I and Il). Qualitatively, a defor-
mity could be observed subjectively on LCPD affected
femoral heads, becoming flattened on weightbearing,
which was more pronounced in those in fragmentation
than re-ossification, (Figure 3). No shape alteration was
observed in the normal contra-lateral hips.

Some changes were also evident in the LCPD hips in
the late stages (3 and 4), but to a lesser extent. Femoral
head width showed little change on weightbearing,
with a mean 0.2 mm decrease ( £ 1.0 mm), mean 0.4%
decrease. Femoral head height decreased in a similar way
to early-stage LCPD hips, with a mean loss of height of
1.4 mm ( £ 1.4 mm), mean 13.8% decrease. Negligible
overall change in lateral extrusion was observed (median
+ 0.7 mm, (range -3.2 to + 1.1 mm)), median 6.5%
increase, though the range was wide.

Discussion

This study is the first reported use of a standing weight-
bearing MRI in LCPD. For the first time, a dynamic defor-
mity has been identified in femoral heads when the child
is loading the hip, with flattening and widening of the
femoral head, plus worsened lateral extrusion. This was
more pronounced in those children in early-stage LCPD
than late-stage, though numbers are small for this sub-
analysis. Negligible change was observed in contralateral
unaffected femoral heads. Strict non weightbearing in a
porcine model results in minimal femoral head deformity.2
This weightbearing study provides biomechanical evidence

Table II. Comparison of percentage change of femoral head morphology
of Legg-Calvé-Perthes disease hips in early-stage versus late-stage versus
contra-ateral unaffected hips.

% change on standing (mean or

Demographics median)

Stage of LCPD  Agerange, Femoral head Femoral head Lateral
years width height extrusion
Unaffected hips 4 to 8 -0.2 -0.05 +0.1
Early-stage 4to8 +7.2 -12.4 +23.0
Late-stage 4106 -0.4 -13.8 +6.5

in humans, for the first time, to support this previous land-
mark paper. The success of this pilot study opens avenues
to further explore the effect of loading of LCPD femoral
heads, translated to humans rather than in vivo.

The findings presented here add weight to the hypoth-
eses that mechanical forces from weightbearing result in
the deformation seen in LCPD.2%+2¢ This supports the
treatment strategy of limiting weightbearing in chil-
dren in the early phases of LCPD, to protect from such
dynamic deformation observed in this study. However,
this is a pilot study with a small cohort thus further work
is warranted.

As the study is novel, effect size and power calcula-
tions were unable to be performed prior to recruitment.
Furthermore, following data acquisition of the nine chil-
dren, sample size calculations were unable to be deter-
mined given the large standard deviations present. The
range of deformation is small and the confidence inter-
vals are, in relation, wide. Thus there remains risk of Type
1 and Type 2 errors. Observed changes in lateral extru-
sion were the broadest across the patient cohort. Extru-
sion could be affected by hip position as well as femoral
head shape. Despite best efforts, hip position is subject to
change in moving from standing to supine scans and may
limit the utility of this measurement compared to femoral
head width and height. Due to a small sample size for
this pilot study, percentage change of shape rather than
p-values were used. As such, further patient recruitment
and data collection is required, including with children
in all stages of the disease process in order to perform
meaningful statistical calculations.

The tolerated time limit of weightbearing the affected
hips was seen to be 2.5 minutes for children as young
as four years of age to produce adequate, interpretable
images. The brevity of scan duration, however, precluded
multiplanar data, given the nature of MRI acquisition. As
such, the measurements were limited to coronal plane
only. No information was possible on axial or sagittal
plane deformities, which undoubtedly also contribute
to the patho-physiology. Scans were also subject to
motion artifact. To acquire longer scans in this age group
would require sedation, thus would not be amenable
to weightbearing and would introduce risks of anaes-
thesia. Imaging quality is further limited by the low Tesla
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c. LCPD Supine

d. LCPD Standing

Fig. 3
Qualitative representation of femoral head deformity observed in those children with early-stage Legg-Calvé-Perthes disease (LCPD), compared to
contralateral normal hips. The normal hips showed no visiblede formation (3a & 3b). The resting deformity of the LCPD hips (3c) was exacerbated on
weightbearing (3d). The cartilaginous outline is visible and the ossific nucleus, also deformed, isoutlined in red.

magnet utilized. Despite the image quality, intra- and
interobserver reliability was good to excellent.

A number of further measures could be taken to
increase the accuracy of this study. Given the symptom-
atic and painful nature of the affected hips, altered and
potentially partial weightbearing may have occurred
during scans. Force plate analysis could be used to
quantify the load taken on the affected hip. Despite
lacking this additional data, changes in femoral head
shape were consistently observed in the LCPD hips. It is
unlikely that children did not weight bear on the unaf-
fected hips, which demonstrated negligible deformity,
supporting the notion that some weight at least was
placed through the affected hip at the time of the scan.
However, the deformation observed could not be quan-
tified in relationship to force. Every measure was taken
to reproduce the hip position and rotation when the
child was maneuvered from standing to supine scan.
However, measures could be taken to specify hip posi-
tion, such as MRI-safe RSA. While reviewers were inde-
pendent, they were not blinded to whether the scans
were supine or standing, which is a potential bias. The
study could be improved by using multiple observers,

not only for the measurements, but also classification
of stage of disease, which has historically been fraught
with variability.

This pilot study has demonstrated a successful and
reproducible protocol for functional imaging of hips in
children affected by LCPD under physiological loading.
Adequate images were obtained to enable quantifica-
tion and comparison of morphologic changes of LCPD
femoral heads on weightbearing. These changes cannot,
as yet, be linked to long-term changes as the ongoing
visco-elasticity of these femoral heads is not known.
However, these observed dynamic changes support a
hypothesis of mechanically-induced deformation.

These novel MRI scans of affected LCPD hips under
weightbearing conditions have provided direct evidence
of a dynamic deformity that has not previously been
observed. Such deformation was negligible in unaffected
femoral head controls and was more marked in the early
stages of the disease. This novel finding provides insight
into the pathogenesis of femoral head deformity and has
potential implications on treatment strategies, though
further study is needed.
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