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Bispherical metal augment improved
biomechanical stability in severe acetabular
deficiency reconstruction: a comparative finite
element analysis
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Abstract

Background This study used finite element analysis (FEA) to compare the biomechanical stability of bispherical
metal augment (BA) and wedge-shaped trabecular-metal augment (TA) in different acetabular defect reconstruction
models, thereby explaining the application value of this novel bispherical augment in complex hip revision.

Methods Three different acetabular defect pelvis models originating from three representative patients with
different types of severe acetabular defects (Paprosky IIC, llIA, and llIB) were constructed and reconstruction with BA
and TA technique was simulated. Based on the FEA models, the displacement of reconstruction implants, relative
displacement of bone implants, and hemi-pelvic von Mises stress were investigated under static loads.

Results BA acquired smaller reconstruction system displacement, less relative displacement of bone implants, and
lower pelvic von Mises stress than TA in all Paprosky IIC, llIA, and llIB defect reconstructions.

Conclusion The FEA results show that BA could acquire favourable biomechanical stability in severe acetabular
defect reconstruction. This technique is a reliable method in complex hip revision.
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Introduction

Given the high rate of success of total hip arthroplasty
(THA), patients with end-stage hip disease treated with
THA are increasing [1]. Meanwhile, concomitant revi-
sion of a failed THA is becoming more popular [2].
From 2014 to 2030, hip revision incidence is projected
to increase by 43—-70% [1, 2]. The key to a successful hip
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Over the past few decades, several techniques have
been proposed to reconstruct acetabular bone defects
and achieve initial stability of the acetabular compo-
nent, such as morselized impaction allograft, structural
allograft, jumbo cup, double cup, cup-cage, and cus-
tom implants [5-11]. Disadvantages of these techniques
include lack of bone graft incorporation, absence of true
biological fixation, and technical difficulty in acquiring
intimate contact between bone-implant interface, which
was unfavourable for long-term stability [12, 13]. As an
alternative, uncemented hemispherical cups with trabec-
ular-metal augments have been used for reconstruction
in complex acetabular defects [12, 14—16]. However, this
wedge-shaped trabecular-metal augment is difficult to
orient and place in severe irregular acetabular defects,
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which in turn affects the initial stability of acetabular
reconstruction.

A novel bispherical metal augment with sufficient
hemispherical area for surface contact for reconstruct-
ing these severe acetabular defects has been developed
(Fig. 1), the rationale for the design is based on the phi-
losophy of acetabular defect evolution. With progressive
wear and migration of failed acetabular components,
the outline of acetabular defects gradually becomes an
oblong or oval shape [17], and can be divided into several
hemispheric defects. Therefore, a precise fit with each
patient’s pelvis could theoretically be achieved with the
bispherical augment [18]. The clinical and radiological
outcomes of this bispherical metal augment were com-
parable with those of wedge-shaped trabecular-metal
augments in severe acetabular reconstruction at a mean

Fig. 1 Photograph of the bispherical metal augment (a) and wedge-shaped trabecular-metal augment (b)
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follow-up of three years. At the final clinical evalua-
tions, the mean harris hip score (HHS) was increased
from 33.9 to 84.1, and mean lower limb discrepancy was
improved from 2.2 cm to 0.8 cm. No evidence of acetabu-
lar augment-cup construct migration was observed. Fur-
thermore, this technique also facilitated intra-operative
restoration of the hip centre of rotation (HCOR), which
was attributed to the gradual size and graded thickness
that finally allowed better biomechanical reconstruction
of hip revision.

Over the nearly decades, finite element analysis (FEA)
has been widely utilized in orthopaedics, especially in
implant stability evaluation. Amirouche et al. used finite
element model to simulate and evaluate cup insertion
and fixation in the context of segmental rim defects
and the results indicated cup stability was related to the
defect location, superior or inferior defect had a minimal
effect while columns defect created cup instability and
increased stress [19]. Wang et al. applied FEA to explore
the biomechanical effect of different augmented materi-
als for acetabular reconstruction in THA on cup stability,
and they concluded that metal augment could achieved
better stability in augment-cup interface than autolo-
gous bone graft [20]. Although early clinical outcomes
of this novel bispherical metal augment seem promising,
it is still worthwhile to further illustrate its mechanical
advantages in acetabular defect management. The pur-
pose of this paper is to verify the biomechanical rational-
ity of the design of the bispherical metal augment and the
surgical plan using finite element comparison.

Materials and methods

Clinical information

To illustrate the internal tissue biomechanical charac-
teristics of BA and TA techniques during virtual load-
ing, three representative patients with different types
of severe acetabular defects, Paprosky IIC (female, 78
years), IIIA (female, 70 years), and IIIB (female, 71 years)
were selected. The study was approved by the Ethics
Committee of our hospital. Written informed consent
was obtained from all patients.

Geometric model

3D reconstruction STL models of the defective pelvis
were generated using Mimics Research 24.0 (Materialise
NV, Leuven, Belgium) using DICOM CT images of three
patients, and smoothed using the Geomagic 2013 (Geo-
magic, Morrisville, NC, USA) software while maintaining
overall model fidelity. The bispherical and wedge-shaped
augments were designed and assembled using Solidworks
(Dassault Systemes Inc., Vélizy-Villacoublay, France)
based on the instructions. The structure of a bispheri-
cal augment was obtained by Boolean subtraction of two
balls, and the structure of a wedge-shaped augment was
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cut out on a sphere with a plane. The prothesis implan-
tation methods were suggested in a previous study [18].
The cup was inserted at a reasonable position with ref-
erence to the contralateral hip rotation centre, and dur-
ing cup size selection we tried to reserve as much host
bone as possible instead of sacrificing bone stock at the
anterior and posterior column. The cup orientation fol-
lows the principle of the Lewinnek safe zone [21]. The
interface of augment and cup was designed with a bone
cement layer for connection.

In the Paprosky IIC defect model, a 40-48-10 mm
bispherical metal augment and a 50 mm cup were used as
shown in Fig. 2c, and a 50-15 mm trabecular-metal aug-
ment and a 50 mm cup were used as shown in Fig. 2d.
In the Paprosky IIIA defect model, one bispherical metal
augment (52-56-15 mm) with a 64 mm cup was inserted
in the BA group (Fig. 2g), while in the TA group, two
schemes were designed according to the circumstances
of different patients, with two installation directions of
the trabecular-metal augment (54—15 mm) with a 64 mm
cup shown in Fig. 2h and i. In the Paprosky IIIB defect
model, one bispherical metal augment (56-60-15 mm)
with a 66 mm cup was inserted in BA group as shown in
Fig. 21, and in the TA group, considering the large extent
of the defect, we inserted one and two tantalum aug-
ments (58-15 mm), respectively, with a 66 mm cup as
shown in Fig. 2m and n.

FEA model

Finite element models were built using ABAQUS 2016
(Dassault Systémes). Solid element type was chosen as
C3D10M, the mesh size was set as 1-2 mm. Mesh con-
vergence verification was carried out using the IIC-BA
model by setting the mesh sizes to 2.5, 2.0, 1.5, 1.0, and
0.5 mm respectively, and recording the results of the
maximum value of the stress on the bone, and the resul-
tant error was controlled to be within 5% as shown in
Suppl. Figure 2. 1 mm-thick shell elements were gener-
ated on the pelvic volume to represent the shell of cor-
tical bone, as validated in previous studies [22]. Given
the acetabular defect and the surgical revision, cartilage
or cortical bone would not be present in the acetabular
socket; therefore, the shell elements were not present in
the acetabular socket. A total of eight FEA models were
established for three patients using the BA and TA tech-
niques. The total number of elements and nodes gener-
ated is shown in Table 1. Material properties used in the
models are presented in Table 2 [23].

Fixed constraint was assumed at the sacroiliac joint
and pubic symphysis. The loading condition was assessed
at the geometric centre of the cup, by analysing the hip
reaction force, which was set to the maximum value
observed during gait (Fx=277.85 N, Fy=287.12 N,
Fz=2120.95 N ) [24]. Tied contact was assumed at the
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Fig.2 Assembled acetabular defects reconstruction models with BA and TA technique. X-ray images (a, e, j) and CT 3D images (b, f, k) of Paprosky IIC, llIA
and |lIB defects, respectively. Defects reconstructed with BA (c, g, ) and TA (d, h, i, m, n). The convex surface of wedge-shaped augment direct acetabular
medial wall in (h) while the convex surface toward acetabular opening in (i). In (m), a single augment was used, while in (n), two augments were em-
ployed as a“footing”to allow support for the cup

Table 1 Total number of elements and nodes

Model Elements Nodes

[IC-BA 962,755 166,230
IIC-TA 928,723 161,957
IIA-BA 1,375,063 240,091
IIIA-TA (position 1) 1,108,493 192,407
IIIA-TA (position 2) 1,093,675 190,567
11IB-BA 1,198,636 208,381
IlIB-TA (single augment) 1,326,670 228,888
IlIB-TA (two augments) 2,440,939 413,498

BA bispherical metal augment, 7A trabecular-metal augment

Table 2 Mechanical properties of materials used in finite

element models

Materials E (MPa) v

Cortical bone 17,000 03
Cancellous bone 70 0.2
Bone cement 2000 03
Cup 110,000 03
Augment 8963 0.31

interfaces between bone cement and augment, as well as
between bone cement and acetabular cup, since the study
focused on analysing the results pertaining to the pelvic
bone. The bone-augment and bone-cup interface were
set as a small sliding contact with normal hard contact
and tangential friction coefficient of 0.1 [22]. The mesh
model with boundary conditions included force and dis-
placement applied at the FE model was shown in Suppl.
Figure 2. The comparison index includes system displace-
ment, bone-implants interface motion, and von Mise
stress of the pelvic bone.

Results

The results of system displacement for eight reconstruc-
tion models are shown in Fig. 3. The maximum values
occurred around the roof rim of the cup in all eight mod-
els; these were 0.7752, 1.0004, 0.6343, 0.8502, 0.6592,
0.6637, 0.8010, and 0.6658 mm as shown in Table 3. In all
three acetabular defect reconstruction models, the maxi-
mum displacement value of BA group was lower than
that of TA group. The results of augment displacement
were shown in Suppl. Figure 3. The maximum value of
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Fig. 3 The overall displacement of augment-cup reconstruction system, corresponding to Paprosky IIC (a, b), llIA (c, d, e), and IIIB (f, g, h); acetabular

defects reconstruction with BA (a, ¢, f) and TA (b, d, e, g, h) technique

augment displacement in BA group was also lower than
of TA group as shown in Suppl. Table 1.

The results of bone-implant interface motion are
shown in Fig. 4. The maximum value in BA group corre-
sponding to Paprosky IIC, IIIA, and IIIB defects models
were 105.1, 114.6, and 167.8 pm, respectively. The lowest
maximum value in TA group was 182.1 pum, as shown in

Fig. 4h, using two TA augments for Paprosky IIIB defect,
which is higher than in BA group.

The hemi-pelvic von Mises stress in eight reconstruc-
tion models is shown in Fig. 5. The stress increased at
the edge of the interface between the bone tissue and
implant. The peak stress was located near the posterior
wall of the deficient acetabulum along the direction of the
body alignment, from acetabular to sacroiliac joint; these
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Table 3 Comparison of the maximum value of different
parameters under different reconstruction techniques

Model Overall Interfacial  Pelvic
displacement fretting von Mise
(mm) (um) stress
(MPa)
[IC-BA 0.7752 105.1 26.18
IIC-TA 1.0004 294.5 3155
IIA-BA 0.6343 114.6 27.75
IIIA-TA (position 1) 0.8502 390.5 3740
IIA-TA (position 2) 0.6592 242.6 3244
1IB-BA 0.6637 167.8 27.65
IIIB-TA (single augment) 0.8010 359.7 39.10
I1IB-TA (two augments) 0.6658 182.1 29.14

BA bispherical metal augment, A trabecular-metal augment

were 26.18, 31.55, 27.75, 37.40, 32.44, 27.65, 39.10, and
29.14 MPa as shown in Table 3, and BA had the smallest
peak stress among the three groups.

Discussion

We have demonstrated a modular strategy with bispheri-
cal metal augment in severe acetabular deficiency recon-
struction, and this new shape augment could achieve
favourable outcomes in clinical application [18]. It is
widely known that a new orthopaedic implant with
good biocompatibility must meet certain biomechani-
cal requirements after implantation. To evaluate the
mechanical stability of modular reconstruction with a
bispherical augment and uncemented hemispherical cup,
we therefore carried out this FEA study.

In current study, the implants were selected accord-
ing to the pelvic morphology of three specific patents,
therefore the cup size was differentiated in BA and TA
group in each defect simulate reconstruction model.
Owing to the modular diameter and thickness parame-
ters of bispherical augment, the cup size in BA group was
smaller than TA group, which was conducive to avoiding
hip centre elevation and iatrogenic host bone loss. Litera-
ture reported the morphological parameters of proximal
femur and acetabulum was different between populations
[25], therefore this bispherical augment allowed for wider
application by intraoperative assemble of reconstruction
construct depending on the acetabular bone loss pattern.

The FEA model was verified by comparing the von
Mises stress of the pelvic bone with the results of other
studies [24, 26]. The peak von Mises stress in current
eight models were between 26 and 37 MPa, consistent
with the results reported in the literature, which ranged
from 15 to 30 MPa around the acetabulum [24]. Li et al.
developed a series of acetabular reconstruction mod-
els to analyse the reconstructive stability for Paprosky
III acetabular defects using three different reconstruc-
tion strategies with trabecular-metal augments [26]. The
peak implant displacements in current eight models were
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between 0.6343 and 1.0004 mm, which was consistent
with the published results. Since their acetabular defect
models were produced by Boolean operations through
Solidworks on the residual bone mass, instead of origi-
nating in patients, our assembling schemes and results
were more in keeping with real clinical circumstances.

Although the difference between the maximum and
minimum displacement values was only 0.3661 mm, but
it was a true reflection of construct stability was more
stable in the BA group rather than TA group. It can be
concluded, both bispherical augment and wedge-shaped
augment could provide support with stable fixation,
which maintained the acetabular cup in a good anatomi-
cal position and meanwhile restored the typical biome-
chanical environment. Our results suggested that these
modular reconstruction constructs achieved smaller
displacement than the trabecular-metal augments under
loading conditions in all models, as shown in Fig. 3. These
results also could be predicted from the solid assembled
models seen in Fig. 2, because the spatial regions of the
acetabular defects were filled more fully in BA group.
Furthermore, the contact area between the cup and
augment was also larger, contributing to its bispherical
shape. Moreover, the wedge-shaped disadvantages of the
trabecular-metal augment also could be seen from the
displacement results in the Paprosky IIIA and IIIB defect
models. The installation orientation and number of aug-
ments used strongly influenced the mechanical stability
of the final construct, which was also challenging for sur-
gical skills and clinical experience. Maximise the contact
area at the interface of implant and host bone and mini-
mise residual defects cavity were important to improve
prothesis stability.

Interfacial fretting is important for bone integration
between host bone and metal implants, and contributes
to favourable long-term stability. The maximum micro-
motion value between the bone-cup or bone-augment
interface in the BA group was 167.8 pm, which was con-
sistent with the bone ingrowth requirement [27]. This
result also demonstrated that the bispherical metal aug-
ment could provide favourable support by stable fixa-
tion, which finally contributed to maintaining the good
biomechanical environment of the cup. The bispherical
augment owned similar shape of acetabular cup, after
spherical treatment of defects surface with reamer, the
bispherical augment could achieve press-fit with host
bone in most cases without screws ancillary. The integ-
rity of the acetabular reconstruction structure played an
important role in the initial stability, and the initial stabil-
ity in turn facilitated osteointegration between the pros-
thesis and host bone [26].

In this study, the peak von Mises stress of the hemi-
pelvis under the maximum hip joint force was signifi-
cantly lower than the yield strength of cortical bone,
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Fig. 4 The interfacial fretting between the bone-augment and bone-cup interface, corresponding to Paprosky IIC (a, b), llIA (c, d, e), and llIB (f, g, h)
acetabular defect reconstruction with BA (a, ¢, f) and TA (b, d, e, g, h) technique

the maximum peak von Mises stress of pelvic bone was
39.1 MPa, which was significantly less than 93.4 MPa of
the yield strength of cortical bone. Current results indi-
cated that both BA and TA techniques were sufficient
to support walking after implantation [28]. In the BA
group, the stress distribution around the acetabulum
rim was uniform in Paprosky IIC and IIIB defects mod-
els, which indicates that this bispherical metal augment
is potentially advantageous in reconstructing medial and
superior defects. The stress in the Paprosky IIIA defect

model was concentrated at the supero-posterior and
infero-anterior quadrant of the acetabulum rim in both
groups, and the maximum value of stress in the two
groups showed the same magnitude, consistent with clin-
ical practice. Changes in pelvic stress distribution signifi-
cantly intervened in bone metabolism, osteogenesis was
active at higher stress levels while steoclastogenesis was
inhibition. Suitable concentrated stress at supero-poste-
rior and infero-anterior quadrant of the acetabulum rim
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Fig. 5 The von Mises stress distribution of the hemi-pelvis, corresponding to Paprosky IIC (a, b), IllA (¢, d, e), and llIB (f, g, h) acetabular defect reconstruc-

tion with BA (a, ¢, f) and TA (b, d, e, g, h) technique

was conducive to bone ingrowth which further enhanced
the long-term stability of prothesis.

This study had some limitations. First, the analysis in
current study did not select the loading of the entire gait
cycle, but only selected the moment of the maximum
load in the gait cycle for comparative analysis, a typi-
cal gait cycle with 3D loading and motion profiles was

reasonable to further clarify the scientific validity of the
results. Second, the current study focused on the recon-
struction techniques, and therefore only the immediate
post-operative biomechanical stability of the constructs
was evaluated. Lastly, an in vitro cadaveric experiment
is also needed for the wide application of this bispherical
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metal augment. All these should be investigated in future
studies.

Conclusions

Based on the results of this study, the bispherical metal
augment could acquire smaller augment-cup system dis-
placement, less interface micromotion, and lower pelvic
von Mises stress in Paprosky IIC, IIIA, and IIIB defect
reconstruction rather than wedge-shaped augment. This
technique was a reliable alternative method in severe ace-
tabular deficiency reconstruction.
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