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Abstract

Purpose Although studies suggest that subchondral insufficiency fracture of the femoral head may cause rapidly progressive
osteoarthritis of the hip, the mechanism of that relationship remains unclear. Our biomechanical study aimed to provide more data
in this area by quantifying pressure distribution on the femoral head for normal and inverted hips and by determining the effects
of labral inversion on pressure distribution across the joint, focusing on types of fracture under load.

Methods We tested mid-sized fourth-generation composite femurs at 15° of adduction, and applied 1 mm/min of axial com-
pressive force to the femoral heads until failure. Additionally, single loads (3000 N) were applied using Prescale film to
investigate pressure distribution on the femoral head, with or without silicone rubber representing entrapment of an inverted
acetabular labrum.

Results In tests with an external load of 3000 N, the mean pressure for 10 x 5 mm of silicone rubber was 11.09 MPa, significantly
greater (about 5.7-fold) than 1.94 MPa without silicone rubber. Different fracture patterns were observed with and without the
10 x 5 mm silicone rubber; when the 10 x 5 mm silicone rubber specimens were used, all eight cases showed fractures in the
anterior femoral head.

Conclusions When silicone rubber representing an inverted acetabular labrum was placed between a hemispherical metallic
platen and a composite bone model, the silicone rubber areas were subjected to extreme concentration of stress. The fractures that
developed at the silicone rubber areas clearly represented subchondral fractures of the femoral head, rather than fractures of the
femoral neck.

Keywords Inverted acetabular labrum - Subchondral fracture of the femoral head - Rapidly progressive osteoarthritis of the hip -
Contact pressure - Biomechanical study

Introduction type stress fracture (SIF) of the femoral head is recognized as a
predominant aetiology of rapidly progressive osteoarthritis of

Although subchondral stress fractures of the femoral head do  the hip joint. A recent study also reports SIF of the femoral head
not occur widely in general [1-4], subchondral insufficiency-  occurring in military recruits and in patients with tumour-
induced osteomalacia [5, 6]. Rapidly progressive osteoarthritis

(OA) of the hip, also known as rapidly destructive osteoarthritis

of the hip, is a rare condition that can destroy the joint, usually

>4 Kiyokazu Fukui . within a period of six months to three years. First reported by
66406kf@kanazawa-med.ac.jp Postel and Kerboull in 1970 [7], the disease was defined by
Lequesne as chondrolysis >2 mm in one year, or 50% joint

Department of Orthopedic Surgery, Liyuan Hospital, Tongji Medical  space narrowing in one year [8], with no evidence of other
EEEZ?Z’SBISS;?%IEHS“W“SIW of Science and Technology, Wuhan, g4 o rapidly destructive arthropathy such as osteonecrosis
or Charcot neuroarthropathy. The disease is particularly preva-

lent in elderly female patients and can be both painful and
disabling. It is becoming more common as the population ages

. . . and is associated with an increased incidence of total hip
Department of Machinery and Metal, Industrial Research Institute of . . A .
Ishikawa, 2-1, Kuratsuki, Kanazawa, Ishikawa 920-8203, Japan arthroplasty (THA) [9]. However, little information is available

Department of Orthopedic Surgery, Kanazawa Medical University,
1-1 Daigaku, Uchinada-machi, Kahoku-gun, Ishikawa 920-0293,
Japan

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00264-018-4266-3&domain=pdf
mailto:66406kf@kanazawa-med.ac.jp

1330

International Orthopaedics (SICOT) (2019) 43:1329-1336

on the etiology of SIF, and this lack of information interferes
with efforts toward early diagnosis and treatment.

Some studies suggest that SIF of the femoral head may
encourage rapidly progressive OA of the hip [10-16].
However, most insufficiency fractures occur as femoral
neck fractures at the proximal femur during loading of
the joint [17-19]; why do some occur instead in the
subchondral area of the femoral head? Most recently,
Fukui et al. proposed that inversion of the acetabular la-
brum may be involved in subchondral insufficiency frac-
ture with subsequent rapidly destructive hip OA [20-22].
They reported that inversion of the anterosuperior portion
of the labrum was confirmed intra-operatively in nine pa-
tients with early-stage rapidly destructive hip OA. In addi-
tion, eight of the nine patients showed SIF in the
anterosuperior portion of the femoral heads beneath the
inverted region of the labrum. However, questions remain
regarding whether an inverted labrum causes SIF directly
or contributes to the mechanism for this progression.

The purpose of this study was to quantify pressure dis-
tribution on the acetabular rim for normal and inverted hips
to determine how labral inversion changes the pressure
distribution across the joint. We hypothesized that inver-
sion of the acetabular labrum causes an increase in local-
ized pressure, both on the anterosuperior region of the ac-
etabulum and on the femoral head just under the inverted
labrum.

Fig. 1 The biomechanical test
set-up (a) with the spherical metal
platen (b) in the tensile testing
machine. The silicone rubber,

4 mm thick, was cut into 10 x

5 mm and 10 x 20 mm pieces and
used to represent an inverted
acetabular labrum (c)
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Materials and methods
Specimen preparation

We used mid-size fourth-generation composite femurs with a
solid cancellous bone density of 0.13 g/cm® (Sawbones,
Pacific Research Laboratories, Inc., Vashon, WA). Previous
research has shown that composite femurs resemble cadaveric
femurs in failure mode, stiffness, and strength, but without the
anatomic variability found in cadaveric bone [23, 24]. The
composite femurs were cut 100 mm distal to the inferior mar-
gin of the lesser trochanter, leaving a total length of 200 mm.
The distal-most 100 mm of each femur was then potted in
epoxy resin (crystal resin Neo Nissin Resin Co., Ltd.,
Kanagawa, Japan) in a cylindrical mold; the long axis of the
femur was aligned with the cylindrical axis of the mold. The
working length of the femur from the top of the femoral head
to the shaft insertion in the epoxy resin was thus 100 mm
(Fig. 1a). We made a hemispherical metallic platen molded
to the shape of the composite femoral head and attached it to a
load actuator. The platen was made from carbon steel S45C
with a smooth surface finish to minimize friction (Fig 1b). To
represent an inverted acetabular labrum, we chose silicone
rubber that possessed material properties similar to the labrum
in compressive stiffness (G3548LN, Du Pont-Toray Co., Ltd.,
Tokyo, Japan) [25]. This silicone rubber had a thickness of
4 mm. For our experiments, we cut samples 10 x 5 mm and
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Fig. 2 A load of 3000 N, as
measured by ordinary Prescale
film, was applied to specimens in
each group. Deeper pink colour
indicates higher contact pressure.
The silicone rubber area in the

10 x 5 mm group showed the
deepest color

10 x 20 mm in size and placed them between a hemispherical
metal platen and the anterior surface of the head of the com-
posite femur (Fig. 1c).

Biomechanical testing

Specimens were fixed in a tensile testing machine (EHF-UM
300KN-70L; Shimadzu Corp., Kyoto, Japan) with a custom
steel jig and were aligned to 15° of adduction in the coronal
plane, as previously reported [26]. For each specimen, we
applied a compressive pre-load of 10 N with the flat or conical
platen to the femoral head and maintained that pre-load for ten
seconds to establish the time-zero position. We then loaded the
specimens to failure at a displacement-controlled rate of
1 mm/min and observed fracture patterns [27]. To record load
and position data, we used a testing system software
(Shimadzu Gluon ver.2.50C, Kyoto, Japan). Ultimate failure
load was identified, and stiffness and energy to failure were
calculated. We tested 16 composite femurs in total, consisting
of two groups, eight composite femurs without silicone rubber

**
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Fig. 3 Box plots of mean pressure for the normal group (n=6), 10 x
5 mm group (n=06), and 10 x 20 mm group (n = 6). The horizontal line
indicates the median. The box extends from the 25th to the 75th
percentile, and the bars indicate the largest and smallest observed

values. An asterisk represents significant difference (p <0.01)

and 8 with 10 x 5 mm silicone rubber. Room temperature was
maintained at 20 °C.

A specially prepared pre-cut Fujifilm product (Prescale,
Fujifilm Corp., Tokyo, Japan) was used to assess contact
stress on the composite femoral head. First, a single load
(3000 N) was applied. The test load of 3000 N was considered
to be equivalent to the hip joint load for a 70-kg person stand-
ing on one leg. Each piece of the Prescale film was pre-cut in
the shape of a circle with a wedge removed (“Pac-Man”
shape) and placed it on the surface of the composite femoral
head with care for avoiding wrinkling. Peak pressures were
determined from the colour density of the Prescale film, using
a Prescale Pressure Image Analysis System FPD-8010J
(Fujifilm Corp., Tokyo, Japan) operated by two orthopaedic
surgeons (XW and KF) with more than eight years of clinical
experience each. Measurements were performed three times
for each sample of the Fujifilm, and mean values were calcu-
lated. Six tests were performed in each of the three groups
(normal group, no silicone rubber; 10 x5 mm group, 10 x
5 mm silicone rubber between the spherical metallic platen
and the femoral head of the composite bone; 10 x 20 mm
group, 10 x 20 mm silicone rubber between the platen and
the femoral head). We measured mean pressure on the area
of silicone rubber in the 10 x5 mm and 10 x 20 mm speci-
mens. In the normal specimens, we measured mean pressure
on the anterior portion of the spherical metallic platen over
almost the same area as was covered by silicone rubber in the
10 x5 mm and 10 x 20 mm specimens. Overall, inter-
observer reliability of those measurements between the two
surgeons was high (intra-class coefficient 0.84, 95% confi-
dence interval (CI) 0.72-0.92). All disagreements were re-
solved by simultaneous re-reading and consensus opinion.

Finite element analysis

A three-dimensional computer-aided design (CAD) model of
a mid-size left fourth-generation composite femur (Model
3403, Sawbones, Vashon, WA, USA) was employed. The
CAD model was imported into the ANSYS Workbench
(ANSYS Inc., Canonsburg, PA, USA) to generate an FE mod-
el with 312,933 nodes and 208,377 elements for static struc-
tural analysis (Fig. 5a). The cortical bone had a Young’s mod-
ulus of 16.35 GPa and Poisson’s ratio of 0.26. The cancellous
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Table 1 Contact pressure on the
anterior portion of the femoral

head

Normal 20° posterior tilt 5x10 mm 10 %20 mm
Mean pressure (SD) (MPa) 1.94 (0.09) 2.65 (0.15) 11.09 2.47) 8.22 (0.47)
Mean maximum pressure (SD) (MPa) 6.74 (0.60) 8.88 (0.68) 12.75 (0) 12.75 (0)
Mean measured area (SD) (mmz) 172 (33) 159 (28) 77 (14) 217 (29)

bone had a Young’s modulus of 0.137 GPa and Poisson’s ratio
of 0.3.

The composite femurs were analyzed from the apex of the
femoral head at a 15° tilt to a horizontal line 12 mm below the
apex. The following three loading regions were designated for
the ultimate failure load test: the “normal region” in speci-
mens with no silicone rubber, the “10 X 5 mm region” in
specimens with 10 x 5 mm silicone rubber, and the “10 x
20 mm region” in specimens with 10 X 20 mm silicone rubber.
In the normal region, the load vector was oriented vertically,
and the load was distributed uniformly throughout the region.
In the 10 x 5 mm region and the 10 X 20 mm region, a plane of
projection was set to be a rectangle having an aspect ratio of
1:2 around the point 5 mm anterior to the apex of the femoral
head at a 15° tilt. The load vector was oriented vertically
toward the center of the region and was distributed throughout
the region (Fig. 5b).

Statistical analysis

Statistical analysis was performed with the use of a predictive
analytics software (SPSS Statistics version 21; IBM, Armonk,
NY, USA). The study compared data for each group using an
independent ¢ test. Statistical significance was set at P < 0.05.

Results
Pressure distribution on the femoral head

In tests using a load of 3000 N, we found that the presence or
absence of silicone rubber resulted in considerable difference
in stress values and stress distribution on the surface of the

Fig. 4 Commonly observed
fracture patterns associated with
no silicone rubber (a) and 10 x
5 mm silicone rubber (b)
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femoral head (Figs. 2 and 3). In the presence of the 10 x 5 mm
silicone rubber, mean pressure was 11.09 MPa, approximately
5.7-fold higher than in the absence of the silicone rubber in the
normal samples (1.94 MPa). This difference was statistically
significant (P <0.0001). Findings were similar in the 10 x
20 mm samples, with pressure approximately 4.2-fold higher
than in the normal samples. To produce a model of posterior
pelvic tilt, the hemispherical metallic platen was shifted 20°
posterior. Findings were then compared for the presence and
absence of this posterior tilt. Pressure of the anterior portion of
the femoral head was significantly higher in the presence of
the posterior tilt, but the increase in pressure did not exceed
1.3-fold that of the normal samples (Table 1).

Fracture pattern and ultimate failure load, stiffness
Fracture pattern

Different fracture patterns were observed in the presence or
absence of 5 x 10 mm silicone rubber (Fig. 4).

In all eight specimens without silicone rubber, fractures
occurred in the posterior femoral neck. However, fractures
occurred in the anterior femoral head in all eight specimens
with 10 x 5 mm silicone rubber.

Ultimate failure load, stiffness, and energy

Load application in specimens with 10 x 5 mm silicone rubber
yielded the following results (mean +SD): ultimate failure
load 8977 +1520 N, stiffness 3600 + 326 N/mm, and energy
to failure 14.78 +3.43 J. Those three parameters in the 10 x
5 mm group did not differ significantly from the group
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Table 2 Differencesinmaximumprincipalstressbyapplyinga3000Nload

Maximum principal stress (MPa)

Region a Region b Region ¢
Loading area 15°3000 N
Normal 57.8 335 -0.1
5x10 mm 37.8 31.6 85.8
10 x 20 mm 37.8 322 25.1

without silicone rubber (854041108 N, 3154+ 626 N/mm,
and 14.75 +2.91 J, respectively).

Finite element analysis

When we applied a load of 3000 N to normal regions, maxi-
mum principal stress developed mainly at the posterior femo-
ral neck (region a). However, in the 10 x 5 mm regions, max-
imum principal stress developed mainly at the subchondral
area of the femoral head (region c) (Table 2). These results
emphasize the differences in fracture pattern in the ultimate
failure load test. We also recorded the distribution of maxi-
mum principal stress when load was applied to the 10 x 5 mm
region (Fig. 5c¢).

Discussion

Fukui et al. noted inversion of the acetabular labrum in initial-
stage rapidly destructive hip OA and proposed that this inver-
sion may relate to SIF of the femoral head due to the concen-
tration of stress on the subchondral bone. (Fig. 6). To the best
of our knowledge, there have been no reports of stress distri-
bution associated with labral entrapment between the femoral
head and the acetabulum. This research elucidates the major
changes in stress distribution on the femoral head surface due

a b

Load

Posterior

Medial [

Anterior

to entrapment within the joint, such as by an inverted acetab-
ular labrum. SIF of the femoral head is considered to be one
possible mechanism for the onset of rapidly progressive oste-
oarthritis of the hip, but the process by which this occurs is not
well-characterized. If fragility is the only cause, we would
expect fractures at the femoral neck rather than at the femoral
head beneath the cartilage [28].

The acetabular labrum consists of a ring of fibrocartilage
that functions as a “suction seal” to ensure continuous lubri-
cation of the hip joint. Some researchers suggest that the la-
brum maintains negative intra-articular pressure within the hip
joint, which enhances stability; in a normal gait, the labrum
may also prevent joint expansion and improve kinematics by
acting as a tension band. Further improvements in joint stabil-
ity and kinematics are achieved by distributing the force of
contact and creating a functionally deeper hip joint [29-32].

When the suction seal operates effectively, stress will be
applied at the surface of the femoral head and will be distrib-
uted uniformly within the central compartment in accordance
with Pascal’s principle. As the anterior coverage decreases on
the femoral head, this reduces the load-bearing area of the
femoral head where normal stress is placed. For the same
amount of weight-bearing, we can thus hypothesize that the
stress within the central compartment would increase, assum-
ing that the stress is distributed uniformly across the load-
bearing area of the femoral head.

Some researchers [33] have suggested that posterior pelvic
tilt may contribute to SIF. However, our research suggests that
a 20° posterior pelvic tilt is associated with a mean stress value
approximately 1.3-fold higher than normal. From this, we can
infer that subchondral fracture of the femoral head due to pos-
terior pelvic tilt would require a substantial weight-bearing
load as well as considerable fragility in the femoral head.

When Nicayenzi et al. used fourth-generation composite
femurs at 15° tilt and compressed the femoral heads with a
spherical stainless steel cup at a rate of 5 mm/min, the average
ultimate failure load for specimens with a cancellous density

C

Region ¢

Region a

K

7 Lateral

Backside of the
femoral head

12 am

Fig. 5 Exploded view of a finite element model of the composite femur (a). Diagram showing the three different areas of loading 3000 N (b). A typical
graph of the maximum principal stress in the bone at the 10 x 5 mm loading area (c)
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Fig.6 A 74-year-old woman who
had initial-stage rapidly
progressive osteoarthritis of the
right hip. An AP radiograph
showed rapid narrowing of the
joint space in just 3 months (a, b).
One month after the onset of right
hip pain, magnetic resonance
images showed bone marrow
oedema from the upper portion of
the femoral head (T1-weighted
image with diffuse low-intensity
signal (c), short T inversion
recovery (STIR) sequence with
high-intensity signal (d)). A
whitish-gray zone was noted
beneath the lateral articular
cartilage (box) in the mid-coronal
cut section of the resected femoral
head (e). Under haematoxylin and
eosin stain, histopathology of the
resected femoral head showed an
accumulation of fracture callus
and granulation tissue around the
subchondral fractured lesion
within the white rectangle in e (f).
There was unmistakable
inversion of the labrum at the
anterosuperior portion
(arrowheads) (g)

of 0.16 g/cm® was 7092 N. These specimens reportedly failed In our simulation using 10 x5 mm silicone rubber, the
due to transcervical fracture of the femoral neck, much like the amount of stress through the anterior femoral head of our bone
specimens without silicone rubber in the present study [34]. model increased by approximately 5.7-fold. This stress was
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higher than with the 10 x 20 mm silicone rubber. The area of
high-pressure contact between the platen and the femoral head
in the 10 x 5 mm silicone rubber group (mean 77 mm?) was
smaller than in the 10 x 20 mm silicone rubber group (mean
217 mmz); stress was concentrated on a smaller area and re-
sulted in higher pressure per unit area in the 10 x 5 mm group.

With no silicone rubber, we saw fractures of the femoral
neck. However, with the silicone rubber, we observed depres-
sion and split fractures of the femoral head. This suggests that
presence of an inverted acetabular labrum could be an impor-
tant factor in the development of subchondral fractures. These
results also seem to indicate that the inverted area of the la-
brum is smaller, which increases the likelihood of subchondral
fractures due to stress concentration on the femoral head.

We hypothesized that load application in the silicone rub-
ber specimens would result in significantly lower ultimate
failure load, stiffness, and energy to failure than in the speci-
mens without silicone rubber. However, we actually found no
significant difference in ultimate failure load between 10 x
5 mm silicone rubber and normal specimens. This may have
been due to subtle differences in specimen position setting and
material properties in the individual composite femurs.

We note several limitations of the current study. First, the
cancellous bone density of the femur specimens in this study
was 0.13 g/em?, considerably lower than the standard cancel-
lous bone density of 0.27 g/cm’® that is used in fourth-
generation composite femurs [35]. However, low bone densi-
ties are common in patients with SIF of the femoral head, and
osteoporotic bone models are not yet commercially available,
so we considered it appropriate to use a composite bone model
with a lower cancellous density. We feel that this position is
supported by Basso et al., who suggested that until a validated
osteoporotic composite femur model is provided, standard
fourth-generation composite femurs should only be used
when representing the biomechanical properties of young
healthy femurs [36].

Second, fracture patterns are not yet fully characterized,
and further investigation using cadaveric femurs or osteo-
porotic composite femur models is needed. However, in
the current study, the remarkable difference in fracture
pattern with and without silicone rubber between the com-
posite femoral head and hemispherical metal platen indi-
cated that an intra-articular inclusion such as an inverted
acetabular labrum could play an important role in the
pathomechanism of SIF of the femoral head. Third, the
short working length of the femurs (100 mm) in the cur-
rent study prevented the physiologic load distribution that
occurs in full-length femurs, which may have enhanced
the observed differences.

In addition, this study involved only a single load-bearing
experiment. However, in reality, subchondral fractures in the
femoral head may occur as a consequence of repeated load-
bearing events. Further research is required to determine

whether the same results will be obtained from repeated
load-bearing tests.

Finally, the hemispherical platen produced more physio-
logic loading than the flat platen but was not an accurate
representation of the acetabulum anatomy.

In conclusion, this research showed that, when silicone
rubber resembling the inverted labrum was placed between a
hemispherical metallic platen and a composite bone model,
the areas where the silicone rubber was present were subjected
to extreme concentration of stress. In addition, this stress con-
centration at the silicone rubber areas was clearly character-
ized as the equivalent of subchondral fractures of the femoral
head, rather than fractures of the femoral neck. Our results
confirm the hypothesis that inversion of the acetabular labrum
contributes to subchondral stress fracture, and suggest that
such inversion also plays a major role in the development of
subchondral insufficiency fractures. Such fractures, in turn,
contribute greatly to the pathomechanism of rapidly progres-
sive hip osteoarthritis, which has seen a sharp increase in
recent years. Although the cause of inversion of the labrum
is still unclear, several conditions such as posterior pelvic tilt,
femoroacetabular impingement, or extra-articular hip
impingent may be involved in entrapment of the labrum [21,
37]. Further investigation is needed to find the correlation
between the inversion of the labrum and morphological fea-
tures. If procedures can be devised for the early detection and
treatment of inversion of the acetabular labrum, it may be
possible to prevent rapidly progressive hip OA.
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