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A B S T R A C T

This paper investigates the need to use stems in conjunction with cementless metaphyseal sleeves in total knee
replacement (TKR) to treat cavity type-3 defects. Finite element models of TKR with type-3 defects of two sizes
were modelled with and without stems. The use of sleeves result in stress concentrations at the bone/sleeve
interface. The use of stems shows a reduction in these stresses but also an increased risk of bone resorption in the
proximal tibia. Based on this investigation the authors recommend that stems are not required in TKR with
cementless metaphyseal sleeves.

1. Introduction

Current revision rates for total knee replacement have been esti-
mated to be 8.1%.1 The presence of large cavity tibial defects in pri-
mary and revision knee arthroplasty can pose a threat to tibial pros-
thesis stability. Type-3 defects refer to large damage to proximal
metaphyseal bone usually below the level of the tibial tubercule, with
damage being either unicondylar or bicondylar, classified as type-3A
and type-3B defects respectively. These defect types are usually treated
with metaphyseal sleeves (see Fig. 1), cones, bone graft, cement, ce-
ment and screws or a hinge prosthesis.2,3 To ensure correct tibial
component fixation and alignment it is important to take corrective
measures to ensure a stable platform for the implanted prosthesis and
prevent loosening of the prosthesis by choosing an appropriate method
to fill the defect. Types of cones manufactured by Zimmer® include step
cones where the tibia has a larger defect on one side and full cones
where there is symmetric loss of bone in the tibia.4 Metaphyseal Sleeves
(manufactured by DePuy Synthes, Warsaw IN, USA) vary by size but are
composed of a stepped, conical profile. Historically they have been used
in modular hinge implants but more recently they have been used in
less constrained prostheses such as the modular-bearing rotating plat-
form revision knee system (Sigma Revision System, DePuy Synthes,
Warsaw IN, USA).5

Alexander et al., 2013 examined the use of the DePuy Synthes
metaphyseal sleeve (Sigma TC3 prosthesis – implanted as cementless)
in a clinical study of 30 patients with type 2B and type 3 defects.6

Minimum follow up was 2 years with radiographs at follow up showing
good sleeve fixation with bone in-growth. Chalmers et al., 2017 ex-
amined the use of the metaphyseal sleeve (both cemented and ce-
mentless sleeves) in a 5-year follow up study and found a survivorship

rate (i.e. free from aseptic loosening) of 96% and 99.5% in femoral and
tibial sleeves respectively.7 Similarly, Watters et al., 2017 in a mean-
follow up of 5.3 years found a 98.5% survivorship with no cases of
revision for aseptic loosening, excellent osteointegration and fixation.8

Quílez et al. 20159 conducted an FE study of a single size sleeve
with and without a stem and analysed the bone density changes after a
period of 300 days simulation. Their findings included that the use of a
metaphyseal sleeve generates less bone resorption when used without a
stem.

This study outlines a 3D FE study of mobile tray TKR models with
cementless metaphyseal metal sleeves to treat contained AORI type-3
defects. Clinical applications using metaphyseal sleeves have generally
been carried out in conjunction with stems (both cemented and press-
fit) and have been used in both primary and revision studies. The dif-
ficulty with the use of sleeves can be in their placement and hence the
use of a stem can aid the surgeon in desired placement.10 The use of
stems in primary surgery can pose problems should revision surgery
become necessary due to stem removal difficulties. Therefore, the use of
metaphyseal sleeves without stems is an option that should be con-
sidered. A standard tibial TKR model (i.e. non-defect) was also included
in this study as a reference against which stresses produced in the
metaphyseal sleeve models could be compared. Two metaphyseal
sleeves of different sizes were examined in this study and these were
modelled with and without a press-fit stem to assess the necessity of
using stems with metaphyseal sleeves and their effect on cancellous
bone stresses. Stresses in the metaphyseal sleeves were also examined.

2. Materials and methods

Three dimensional, static, FE models of the proximal tibia
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implanted with a mobile bearing revision tray using ABAQUS 6.7
(Simulia, Warrington, UK) were created. Four models were produced
which represent the TKR with contained type-3 cavity defects of two
sizes, both with and without a press-fit stem. A fifth model of a tibial
TKR containing no defects was also produced – hereby referred to as the
standard non-sleeve model. A 1.5 mm thick cement layer was used to
fix the tibial tray underside to the resected surface. The metaphyseal
sleeve was used to create a matching cavity in the resected tibia. The
tray, stem (where applicable), sleeve and the cement were assembled
into the tibia. The models are hereby referred to as the small meta-
physeal standard (SMS), small metaphyseal press-fit stem (SMP), large
metaphyseal standard (LMS) and large metaphyseal press-fit stem
(LMP) models (see Fig. 2). The geometry of the native tibial bone was
acquired from a previous study of the authors.11 The cortical bone was
modelled as a 2 mm thick layer surrounding the cancellous bone (see
Fig. 2). The value of the proximal cortical bone thickness is consistent

with an image of a tibia proximally sectioned for a TKA.12 In practice,
the thickness increases distally but it was felt important to reflect the
thickness in the proximal region of the tibia as this is the key region of
interest. The material properties used for each part are shown in
Table 1. It was assumed that all parts were isotropic, homogenous and
linearly elastic although the analysis was non-linear due to the contact
modelling. The modulus of the cortical bone has been used by Nyman
et al.13 and is within the range of moduli cited and used by other au-
thors. Au et al.14 cite a range of modulus values for cancellous bone
(389–1132 MPa) and cortical bone (12000–19600 MPa) and the uni-
form values used in the current study are well within this range.

All elements used were quadratic solid 10 node tetrahedral ele-
ments. A mesh convergence study was undertaken to ensure a sufficient
number of elements (e.g.171,586 elements were used in the SMS
model) were used in the models. Comparable mesh sizes were used in
all models (see Fig. 3). Although a comparison was not made between
predicted and measured bone strains in this study such a comparison
has been undertaken by Completo et al.15 The mesh used in this study,
employing quadratic elements, is considered more accurate than that
used by Completo et al. who used linear elements. This provides further
confidence of the mesh used in this study.

The contact between the mobile bearing and tibial tray was

Fig. 1. Large metaphyseal sleeve (DePuy Synthes, Warsaw, IN).

Fig. 2. Section cut in the frontal of the (a) SMS, (b) SMP, (c) LMS and (d) LMP TKR models.

Table 1
Material properties used in TKR model.22

Material E (GPa) υ

Cancellous 0.7 0.3
Cortical 17 0.3
PMMA (Cement) 2.27 0.46
Ti4Al6V (Stems and metaphyseal sleeve) 110 0.3
UHMWPE (Bearing) 2.3 0.25
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modelled using a surface-to-surface contact algorithm and a constant
coefficient of friction of 0.1 in all models, as used by Villa et al.16 on
exactly the same mobile bearing tray implant system. In their study
they undertook detailed experimental in-vitro measurements of the
contact area and pressure distribution which showed excellent corre-
lation with the associated FE modelling with a coefficient of friction of
0.1. Relative movement was allowed between the press-fit stem con-
tacting surfaces (i.e. stem and bone). Contact between the cancellous
bone and the stem was also modelled using a surface-to-surface contact
algorithm and a constant coefficient of friction of 0.25 as used by
Completo et al.17 To support this value Completo et al. cite experi-
mental measurements of this value and further show an excellent re-
gression fit between in-vitro measured and FE calculated tibial strain
distribution. No other relative motion was allowed between adjoining
parts as tied contact was applied to these. In practice the metaphyseal
sleeve contains a porous coated surface which promotes bony ingrowth
which holds the sleeve in place. The models detailed in this paper as-
sume that this bony ingrowth provides full fixation of the sleeve to the
bone and thus is modelled using tied contact. On the other hand, the
stem does not have such a bone ingrowth promoting surface finish and
this is the reason that friction conditions were used to model the surface
contact between the stem and the bone.

Loading was applied as a uniform pressure load to selected surfaces
of the bearing where the medial and lateral femur condyles would make
contact. The load application region (see Fig. 4) and values used were
based on the conditions that occur in late stance phase of gait where
maximum joint reaction occurs.18 This is the phase of the gait that will
produce highest stresses in the proximal bone and the sleeve. The

gastrocnemius muscle is the only active muscle at this late stance phase
of gait. As the gastrocnemius muscle does not attach to any region of
the proximal tibia, it was not necessary to include any ligaments or
muscles in the models. The effect of the gastrocnemius however is re-
presented in the applied joint reaction force. Traditionally the loads
applied to the knee to represent level gait in FE modelling have been
between 2.5 and 3 times body weight. These data have been based on
developments of the knee biomechanics developed by Morrison.18 More
recently, somewhat lower levels of loading (2.2 times body weight)
have been actually measured in-vivo19 and thus the authors considered
it more appropriate to use these loads. Thus, a total load of 1618 N
(representing a 75 kg person) was used in this study. In all models the
distal end of the tibia was assumed to be constrained in all directions
(see Fig. 4) and the total load was applied in a 50:50 ratio between the
medial and lateral condyles. The pressure load application areas were
determined from the work of Villa et al.16 who evaluated contact lo-
cations using Fuji Prescale pressure-sensitive films and in-vitro TKR
models. These pressure distributions were fairly consistent with the
distributions computed from the in-vivo data by Zhao et al.19 at the
same phase of the gait cycle.

In order to verify the load transfer between the different compo-
nents, the axial loads carried by each component were plotted at 4 mm
increments from the proximal bone cut. These values were plotted for
each component in all models. The equivalent stresses of the cancellous
bone in all models were examined to determine if the size of sleeve used
and the absence of a stem (as stems typically reduce proximal bone
stresses) was likely to result in the increased likelihood of bone failure
due to increased stresses. A conservatively low value for damage stress
(2.8 MPa, equivalent to 4000 με for the cancellous modulus used in this
study) was adopted.20 Cancellous bone stresses were also examined to
assess whether reduced stresses might lead to bone resorption. A re-
sorption threshold of 0.1 MPa (equivalent to about 150 με) was
adopted.20 Also, the stresses in the sleeve parts were examined to de-
termine how these stresses compare with their respective material fa-
tigue endurance limits, as shown in Table 2.

3. Results

When analysing the load sharing (see Figs. 5–7) by each of the parts
in all the models it was found that the loading taken by the cancellous
bone is significantly reduced when using the large metaphyseal sleeve
compared with the small metaphyseal sleeve or when no sleeve is
present (standard non-sleeve model). This is primarily because the
sleeve “replaces” the cancellous bone. In all four models the amount of
load taken by the cement was negligible and thus is omitted from the
figures. The use of a stem reduces the load taken by the cancellous bone
proximally (the load being taken up by the stem/sleeve) in both the
small and large metaphyseal models (particularly in the region close to
the base of the original tibial stem i.e. 60 mm from resection cut). This
is more noticeable in the large metaphyseal model. As might be ex-
pected, significantly more load is taken by the stem/sleeve in the LMS
model compared with the SMS model.

Fig. 8 shows the von Mises stress distribution in the small and large
metaphyseal sleeves. The stresses (~13–20 MPa) do not exceed those of
the endurance limit of the titanium alloy used (i.e. 510 MPa for 10
million cycles). Stress concentrations were found at the base of the
sleeve component in all the models. These stresses were higher in the
SMP and LMP models compared with the SMS and LMS models

Fig. 3. TKR model meshed assembly.

Fig. 4. TKR model assembly showing pressure load applied and constraints.

Table 2
Fatigue strength values of materials used.22

Material Fatigue Endurance Limit (@107 cycles)

Ti6Al4V 510 MPa
Bone Cement 8.1 MPa
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respectively. This is probably due either to the additional bending
moment that occurs with the stem (and hence higher sleeve stresses) or
that the stem and cone carry more load (see Figs. 8 and 9).

Figs. 10 and 11 give two views of the stresses in the cancellous bone.
Bone in the lowest contour band has stresses below the threshold for

bone resorption (0.1 MPa, 150 με) and can be considered as a region of
potential bone loss. Bone in the highest contour band has stress in ex-
cess of the conservative threshold used for bone damage by overloading
(2.8 MPa, 4000 με) and can be considered as regions of potential
overloading failure. However, when considering these results, it should

Fig. 5. Load distribution along the z-axis in the standard non-sleeve model.

Fig. 6. Load distribution along the z-axis in the SMS and LMS models.
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Fig. 7. Load distribution along the z-axis in the SMP and LMP models.

Fig. 8. Von Mises stress distribution of the metaphyseal sleeve used for (a) SMS (b) SMP (c) LMS and (d) LMP models.
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be noted that an extremely conservative threshold has been used for
bone overloading, as values of up to 20,000 με can be found in the
literature.

Considering first the effect of the sleeve size, Figs. 10 and 11 show
that the larger sleeve causes larger regions of potential bone resorption.
It can also be seen that very proximally the addition of the stem does
not significantly increase this. However, moving towards the cancellous

bone adjacent to the distal end of the metaphyseal sleeve it can be seen
that the stem increases the stress shielding (i.e. lowers the cancellous
stresses).

Regions of high cancellous bone stresses in the models without
stems are localised in small regions at the base of the stem and, for the
larger sleeve, on the resected surface adjacent to the medial and lateral
sides of the sleeve. In these regions the stresses only just exceed the

Fig. 9. Von Mises (proximal view) stress distribution of the cancellous bone for (a) SMS (b) SMP (c) LMS (d) and LMP models.

Fig. 10. Von Mises (section view) stress distribution of the cancellous bone for (a) SMS (b) SMP (c) LMS and (d) LMP.
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conservative damage by overload threshold. There are small con-
centrations of stress at each of the steps of the sleeve, but the level of
stress is lower than the other locations cited. Thus, failure in this mode
is unlikely, but the larger sleeve is the more critical. Adding a stem does
not reduce the very proximal high stress region but slightly reduces the
high stresses at the tip of the stem. However, this is achieved at the cost
of even larger regions of bone prone to damage by overload occurring at
the tip of the stem.

4. Discussion

It is suggested that as the use of a stem is i) likely to lead to modest
increases in potential bone resorption and ii) does little to reduce the
high stresses in the tray region and iii) increases the clinical complexity;
then the metaphyseal sleeves should be used without a stem unless
there are other mitigating factors to take into account. In a recent in-
vitro study Nadorf et al.21 found reduced micro-motions when using a
metaphyseal sleeve with a stem compared to that of no stem and hy-
pothesized that this may contribute to proximal stress shielding.
However, it should be noted that this is a preliminary finding based on a
number of limitations and simplifications for a comparative study.
These include the assumption of a uniform thickness of cortical bone,
the homogeneity of the cancellous bone, the simulation of only one
loading scenario and only one bone specimen geometry. Also the ma-
terial properties chosen for bone in this study represent those of healthy
human bone which is unlikely to be the case with a sleeved TKR. Thus
the findings of this research will need to be validated using bone models
which take into account the limitation factors listed above. These fac-
tors are the subject of current research where the FE model has been
reconstructed from CT images and the effect of these limitations will be
assessed when this ongoing research is completed.

It is informative to compare the cancellous bone stresses from the
sleeve models with those from a non-sleeve, TKR of the same geometry,
which can be seen in Fig. 11. It can be seen that the stresses are quite
similar. In the non-sleeve model there is a slightly smaller region of
bone that might be prone to resorption and the stresses at the stem tip
are slightly smaller. The metaphyseal sleeve appears to shift the load
distribution distally and this effect is greatest with the largest sleeve. As
it is widely accepted that standard TKRs have good short and long-term

stability in clinical practice these stresses are representative of stresses
which are unlikely to cause instability or loosening of prosthesis. The
match between the stresses in the sleeve and non-sleeve models is
further indication of the stability of the metaphyseal sleeve, without the
need for a stem.

5. Conclusion

Due to the nature of the geometry of metaphyseal sleeves, their
usage in TKR has been shown to produce stress concentrations at var-
ious bone/sleeve interfaces and at the stem tip in the FE study outlined
above. These stress concentrations are however not considered to pose
a threat to prosthesis stability. There is evidence that the inclusion of a
press-fit stem has the capability to reduce some of these stress con-
centrations (but not the ones on the resected surface). However there is
a tendency for the stem to promote more resorption in the cancellous
bone adjacent to the sleeve. Thus this study does not present any reason
to justify the use of stems in treating type-3 defects with metaphyseal
sleeves. In some clinical cases proximal defects may be uncontained
with large amounts of damage to the cortical bone. In these cases the
use of a stem may be considered necessary to support the metaphyseal
sleeve. The findings in this study are preliminary and it is recommended
that a more refined programme of modelling with a more realistic
distribution of cancellous bone properties be undertaken to provide
further clarification.

Smaller metaphyseal sleeves are also recommended where possible
(however they may not be feasible depending on defect size) as these
produce lower stress concentrations immediately distal of the sleeve in
the proximal cancellous bone and on the resected surface. Overall large
metaphyseal sleeves also produce a more significant stress shielding
effect in the very proximal cancellous bone and thus should also be
avoided where possible.
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