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ABSTRACT

A systematic review of peer reviewed articles has shown that the main cause for wrist
arthroplasty revision is carpal and radial prosthetic loosening and instability. To improve
arthroplasty outcomes, successive generations of implants have been developed over
time. The problem with the current generation of implants is the lack of long-term
outcomes data. The aim of the present work was to test the hypothesis that the current
generation Maestro WRS implant has a stress, strain and stability behaviour which may
be associated with a reduced risk of long-term radial component loosening. This study
was performed using synthetic radii to experimentally predict the cortex strain behaviour
and implant stability considering different load conditions for both intact and implanted
conditions. Finite element models were developed to assess the structural behaviour of
cancellous-bone and bone-cement, these models were validated against experimentally
measured cortex strains. Measured cortex strains showed a significant reduction between
intact and implanted states. Cancellous bone adjacent to the radial body component
suffers a two to threefold strain reduction, comparing with the intact condition, while
along the radial stem, in the axial direction, a strain increase was observed. It is concluded
that the use of contemporary Maestro WRS implant changes the biomechanical behaviour
of the radius and is associated with a potential risk of bone resorption by stress-shielding

in the distal radius region for wrist loads in the range of daily activities.
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INTRODUCTION

Arthroplasty of the radiocarpal joint is performed much less commonly than identical
surgeries on many other joints. Alternative treatments are in general perceived to be a
better option in the wrist. Total fusion has historically demonstrated success as a treatment
for alleviating pain from severe arthritis (Ilan and Retting, 2003), however, this solution
results in significant loss of hand function (Weiss et al. 1995; Adey et al. 2005).
Radiocarpal arthroplasty has been shown to preserve range of motion but the outcomes
of early implants were not as favourable as those observed for arthroplasties performed
in other joints (Minami et al. 2004; Radmer et al. 2003; Cooney et al. 2012). A systematic
review of peer reviewed articles has shown that the main cause for revision is carpal and
radial prosthetic loosening and instability (Cooney et al. 1984; Rahimtoola and Rozing
2003; Krukhaug et al. 2011). In order to improve radiocarpal arthroplasty outcomes,
successive generations of implants have been developed (Cooney et al., 1984; Krukhaug
et al. 2011; Boeckstyns et al., 2013; Nair, 2014). The problem with present generation of
implants is the unavailability of data regarding long-term outcomes (Dellacqua, 2009;
Boeckstyns et al., 2013; Nydick et al., 2012; Gaspar et al., 2016). Probably the best source
of information is the Norwegian registry, however, none of the prostheses with long-term
follow-up are currently being used.

It is hypothesized, that the present generation Maestro WRS implant, has a stress, strain
and stability behaviour which may be associated with a reduced risk of radial component
loosening in the long-term. Ideally, bone strain values should be low enough to avoid
exceeding fatigue levels of materials, but also, must not be below strain-shielding
inductive levels, which lead to significant bone atrophy, ultimately resulting in implant
loosening. This study uses synthetic radii to experimentally predict cortex strain
behaviour and implant stability for different load conditions. In addition, finite element

(FE) models were developed to assess the structural behaviour of cancellous-bone and



bone-cement around the implant, these models were validated against experimentally

measured cortex strains.

MATERIALS AND METHODS

Five synthetic radii (4th generation, left, model 3407, from Pacific Research Labs, WA,
USA) were selected and used in the experimental study. Seven triaxial strain gauges
(KFG-3-120-D17-11L3M2S, Kyowa, Japan) were glued on the thumb (Thu_D, Thu_P),
dorsal (Dor_DI, Dor_Dm, Dor_P) and palmar (Pal_D, Pal_P) sides of the radius cortex at
two levels of the articular surface before prosthesis insertion (Figure 1). A reference axis
was marked on the outer cortical surface to allow reproducible positioning of the strain
gauges. The positions of the strain gauges were measured using a 3D coordinate
measuring machine (Maxim, Aberlink, UK). The radial component of the Maestro™
WRS prosthesis (Biomet, Warsaw, IN, USA) was implanted into the radius by an
experienced surgeon (Figure 2), according to the protocol described for this prosthesis.
After radial broaching, bone-cement CMW-1 (DePuy, Warsaw, IN, USA) was injected
into the cavity to fix the radial stem. Applied loads were obtained from the bibliography,
as reasonable estimates of radiocarpal joint loads were obtained from theoretical and
experimental studies (Swanson et al. 1970; Palmer and Werner, 1984: Schuind et al.,
1995; Chadwick and Nicol, 2000). Three experimental load-cases were applied, which
result from three radiocarpal joint reaction force alignments (6) measured from the frontal
plane (abduction 6 = 15°, neutral 6 = 0° and adduction 6 = 45°) with a magnitude of 350N,
which is a force level that can be experienced during a grasp of approximately 25N
(Schuind et al., 1995; Troy et al., 2013). The radius proximal region was rigidly fixed
(Figure 2). In order to establish correlations with FE models and evaluate the risk of
failure or resorption of the supporting cortex, the maximum-g1 and minimum-g2 principal
strains within the plane of the gauge were calculated and averaged, and the standard

deviations determined. Normal distribution of all data was evaluated through an
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exploratory data analysis. Paired t-tests were performed to assess the statistical significant
difference of the mean principal strains. The initial radial component stability was
evaluated after 25,000 load cycles at a frequency of 1Hz through a pull-out force of 200N
applied at the radial head (Shimadzu AGS-10KnXD). Implant mobility was evaluated
through the analysis of force-displacement curves and visual check in order to identify
some slippage/release of the implant.

Finite element analysis

Finite element (FE) models of intact and implanted radii were made from CT-scans of the
experimental models, which were then converted to 3D models with an image processing
software package (ScanlIP, Simpleware Ltd. Exeter, UK). The implant models were
created with a CAD modelling package (Catia, Dassault-Systems, France). The FE
meshes were built from 10-node second-order tetrahedral elements (C3D10). The number
of elements were chosen based on convergence tests performed based on the maximal
displacement and the minimal principal strains at 3 locations (thumb, dorsal and palmar
sides) for the intact radius model. The convergence rate of the displacements was less
than 0.5% and less than 4% for the minimal principal strains when nearly 112000
elements were used. Non-linear contact formulation analysis was performed with
ABAQUS (6.12-1) (Providence, USA). The cement-radial-stem and bone-radial-body
interfaces were modelled with a finite sliding surface-to-surface contact algorithm with a
coefficient of friction of 0.25 (Mann et al., 1991) and 0.8 (Grant et al., 2007; Tajdari and
Javadi 2006) respectively. The bone-cement assembly was considered rigidly bonded to
the bone. The material properties used were those described by the manufacturer (Table
1) and were assumed to be homogeneous, isotropic and linear elastic. Regression analyses
between the principal strains predicted by the FE models and experimentally measured
strains were performed. The overall absolute difference between numerical and
experimental cortex strains, the root-mean-square-error was calculated and expressed as

a percentage of the peak values of the measured principal strains (RMSE %). The same
5



load-cases, were used to analyse principal cancellous bone strains, before and after
implantation, as well as von Mises stresses in the bone-cement. The volume of bone-

cement with stress values greater than the bone-cement fatigue limit was also determined.

RESULTS

The means and standard deviations of the cortex principal strains for each strain gauge
are depicted in Figure_3 for abduction (6 = 15°), neutral (6 = 0°) and adduction (6 = 45°)
load cases. The average standard deviation of the principal strain was less than 12%.
Abduction and neutral load cases presented very similar cortex strain behaviour. The
adduction load case presented the highest principal strains of all three load cases analysed.
Excluding the distal dorsal strain gauges (Dor_DI, Dor_Dm) the magnitude of minimal
principal strain was greater than maximal principal strains, with the highest values
measured on the most proximal strain gauge (Thu_P). Significant maximum and
minimum principal cortex strain reductions (p<0.05) between intact and implanted states
were observed in all strain gauges for all load cases (Table 2). After 25,000 load cycles
(1Hz) the radial component presented good stability without any sign of slippage/release
during the pull-out force. The linear regression correlation value (R?) was 0.94 and the
slope was 1.00 (Figure_4). The overall absolute difference between numerical and
experimental cortex strains (RMSE %) was 14%. Figure 5 shows the patterns of the
minimum principal strains in cancellous bone obtained in the FE analysis. For all load
cases the implanted state increased three to four times cancellous-bone strains in the radial
stem tip region comparing with the intact model. In the distal radius region, comparing
with intact state, a two to threefold decrease is observed in cancellous bone strain around
the radial body for abduction and neutral load cases. The highest bone-cement stress was
reached in the adduction load case with 5.67 MPa, which represents an increase of 40%

in relation to the abduction and neutral load cases (Table 3).



DISCUSSION

The aim of the present work was to investigate in-vitro implant-bone load transfer
mechanisms and monitoring the radial strain shielding effect with the current generation
Maestro wrist implant. To the authors’ knowledge there are no other studies comparing
stress-strain levels in intact and implanted wrists with a Maestro WRS implant, neither
in-vitro nor using the FE method. The standard deviations of the measured cortex strains
were within the range of those found in the literature which used other synthetic bones
(Completo et al., 2007; Completo et al., 2010, Meireles et al., 2010). The average of the
cortex principal strains in the implanted radius presented a significant reduction (p<0.05)
relatively to the intact radius. The biological control mechanisms that produce the effect
described by Wolff's law are poorly understood, but what is known is that in situations
where bone loads are reduced or eliminated, bone mass is reabsorbed (Gross and Rubin
1995; Frost, 2003). These experimental results show that the distal radius is not immune
to problems using the Maestro WRS implant. The FE models developed to analyse
cancellous bone presented correlation, slope, intercept values of the linear regressions and
RMSE values in the range of other previous experimental-numerical studies performed
with synthetic bones (Completo et al., 2007; Heiner and Rubin, 2008) which reveals a
good agreement between FE and measured strains. Cancellous bone strain behaviour in
the intact radius was very similar for all load-cases analysed. In the implanted case, the
distal region adjacent to the radial body component, suffers a strain reduction (two to
three times) comparing with the intact condition. This decrease was accompanied with an
axial direction strain increase along the radial stem, with peak strains at the radial stem
tip region. Strain reduction around the distal region of the radial body component was
slightly larger than those measured in the cortex, which may point to a risk of cancellous
bone resorption for loads in the range of daily activities. In the cement around the radial
stem, maximum stress values were reached at the tip, however the volume of cement

above the fatigue limits for all load-cases studied (Huiskes 1993) was null. Some FE
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studies found in the literature were developed in order to analyse the load distribution
throughout wrist bones (Ulrich et al., 1999; Pistoia et al., 2002; Gislason et al., 2009;
Bajuri eta al., 2012; Mueller et al., 2011; Guo et al., 2009), however, only one analysed
an implanted wrist (Bajuri et al., 2013). As in the present study, a stress reduction was
observed in the distal radius with the ReMotion (Small Bone Innovations) prosthesis.
Bajuri et al. 2013, did not evaluate the cancellous bone behaviour adjacent to the
ReMotion implant and concluded that normal healthy state cortex stress levels are not
restored in the implanted model.

As in all experimental-numerical studies, the present study had some shortcomings, one
such limitation is concerned with the use of synthetic bones and experimental
simplifications required to represent the functioning Maestro wrist prosthesis. The
advantage of using artificial bones is that specimen geometry is constant, which optimizes
the reproducibility of results obtained in tests.

Experimental load-cases were simplified in terms of applied loads and structural links
(ligaments, muscles, etc.), however, applied load-cases are representative of major loads
acting upon the implant and bone structure, furthermore, due to the comparative nature
of the study, it is concluded that the observed strain results are representative of major
differences between intact and implanted states.

The main insight given by the present study is that the use of the current generation
Maestro WRS prostheses changes the magnitude of bone strains (manifold) between
intact and implanted states. Therefore, there is a potential risk of bone atrophy in the mid
to long term due to the strain reduction around the distal region of radial body for loads
in the range of daily wrist activities. These results contradict the initial hypothesis which
stated that the present generation of Maestro WRS prostheses would be associated with a

reduced risk of radial component loosening in the long-term.
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TABLES

Table 1 - Material properties used in the FE models.

Components

Material

Elastic modulus (GPa)

Poisson's ratio

Cortical bone
Cancellous bone
Bone cement
Radial-body
Radial-stem
Radial-head

Composite material
Polyurethane foam
PMMA
CoCr
Titanium
UHMWPE

16.7
0.155
2.28
210
114
0.5

0.3
0.3
0.3
0.3
0.3
0.3

Table 2 - P-values from T-tests, performed to test the difference of mean of cortex
strains between implanted and intact radius.

Load-case 1 Load-case 2 Load-case 3
Load-case . i
(abduction 15°) (neutral 0°) (adduction 45°)
Principal Strain | €2 (minimal) | €1(maximal) | €2 (minimal) | €1 (maximal) | €2 (minimal) | €1 (maximal)
Dor DI 0.04 p<0.01 p<0.01 p<0.01 0,03 p<0.01
Dor_Dm 0.03 p<0.01 0.03 p<0.01 0,04 p<0.01
Strain Dor_P p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01
cauge Pal_D p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01
Pal_P 0.03 p<0.01 0.02 0.02 0.02 0.03
Thu_D p<0.01 p<0.01 p<0.01 p<0.01 0.01 p<0.01
Thu_P p<0.01 p<0.01 p<0.01 0.02 0.03 0.03

Table 3 - Peak values and volume of cement with von Mises stresses greater than
fatigue limit, for different load cases.

Load-case 1 Load-case 1 Load-case 1
Load case ] ]
(abduction 15°) (neutral 0°) (adduction 45°)
von Mises peak stress
4.31 4.05 5.67
(MPa)
Cement volume (%) > 6

0 0 0

MPa
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LIST OF FIGURES

Figure 1 — Experimental models with strain gauges locations at Thumb side (Thu_D,
ThuP), Dorsal side (Dor_Dm, Dor_DI and Dor_P) and Palmar side (Pal_D, _Pal_E).

Figure 2 — Loading machine and setup for the three load cases analysed (Abduction,
Neutral and Adduction).

Figure 3 — Mean and standard deviation of the measured principal strains (¢1 - maximal
and €2 - minimal) at each strain gauge (Dor_Dm, Dor_DI, Dor_P, Pal_D, Pal_E,
Thu_D and ThuP) location on the intact and implanted states.

Figure 4 - Linear regressions, between experimental and numerical strains.

Figure 5 - Minimal principal strains in cancellous bone of the intact and implanted

radius for each load case analysed.
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Figure 2
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