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Abstract

A comparative study between two stems (Linea Anatomic and Minihip) has been performed
in order to analyse the differences in their biomechanical behaviour, concerning stem micro-
motions and load transmission between stem and bone. From the corresponding finite ele-
ment models, a parametric study was carried out to quantify ranges of micromotions taking
into account: friction coefficient in the stem-bone interface, press-fit and two types of gait
cycle. Micromotions were evaluated for each stem at six different levels along repeated gait
cycles. An initial and marked stem subsidence at the beginning of the simulation was
observed, followed by an asymptotic decrease due to friction forces. Once migration occurs,
a repeated reversible cyclic micromotion is developed and stabilized as gait cycle times are
simulated. The general motion pattern exhibited higher amplitude of micromotion for Minihip
compared to Linea stem. The load transmission mechanism was analyzed, identifying the
main internal forces. The results show higher local forces for Minihip stem up to 80% greater
than for Linea stem. The differences of design between Minihip and Linea conditioned differ-
ent distributions of load, influencing the posterior stress-shielding. Consequently, short
stems require high bone stock and quality should, being indicated for young patients with
high bone quality.

Introduction

The modern age of total hip arthroplasty (THA) began in the 60’s with the advent of low fric-
tion arthroplasty designed by Charnley [1]. The main goals of hip arthroplasty are to reduce
pain, to improve articular performance and guarantee the implant’s survival in the long term.
During the past five decades, there has been a significant evolution in design, bearing materials
and fixation systems [2].
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Cementless hip arthroplasty emerged at the end of the 70s, as an alternative to cemented
systems, for younger patients and higher mobility demands. Continued changes in design and
in materials have been made in order to improve osseointegration of components and guaran-
tee long-time survival. One of the main problems with cementless stems is achieving a good
primary fixation which permits the implant’s osseointegration and thus good long term out-
comes, since primary fixation is crucial to promote bone ingrowth. Additionally other key
points are reducing stress-shielding, which happens to either a higher or lower extent in every
cementless stem with less intensity in cemented stems, and preserving the maximum bone
stock in case of potential arthroplasty revisions. The age of clinical indications for total hip
arthroplasty has changed over the last few years towards younger patients with higher demands
on daily activity levels [3].

Short femoral stems constitute one alternative which has emerged in recent years, minimiz-
ing stress-shielding and preserving bone-stock for future revisions [4-9]. A controversial issue
is whether short stems can maintain stability in the long term, which is essential for prosthesis
survival [7, 10-12]. The implant’s primary stability is mandatory to achieve osseointegration,
which is essential for the survival of every cementless implant. An early stem migration is the
preamble of aseptic loosening [13, 14]. Several factors account for primary stability such as
implant size and design, level of press-fit achieved, bone quality, avoiding gap between bone
and implant and the patient’s weight [15]. All the aforementioned factors are important to
minimize micromotions between the implant and bone. Although no acceptable magnitude is
known as to the micromotions needed for osseointegration [15], a micromotion amplitude
lower than 150 um is accepted [16].

Regarding finite element (FE) simulation works, shape optimization studies [17, 18] were
developed focusing on the design of cementless stem geometry in terms of primary stability.
Kadir and colleagues [19] studied micromotions at two points (distal and proximal) and the
effect of press-fit for an uniform interference for an Alloclasic hip stem comparing simulation
results to in vitro measures. Finally, Monea studied the insertion process during press-fit for
three stem designs in terms of residual stress and contact distribution [20]. Despite the above
studies, a controversial issue is whether short stems can provide primary stability in the post-
operatory, essential to achieve osseointegration, which is needed for the stability in the long
term and then the prosthesis survival.

The aim of this work is to perform a numerical comparative study, by means FE simulation,
between two types of short stems: the Linea Anatomic (Tornier, Montbonnot Saint Martin,
France) and the Minihip (Corin-Group, Cirencester, United Kingdom), with which we have
experience with a mean clinical follow-up of 5 years with good results, in order to analyse the
differences in their biomechanical behaviour, with regard to stem micromotions and load
transmission between stem and bone. Moreover the objective is to support the clinical study
based on the mechanical behaviour of the stems. To this respect a parametric study concerning
friction coefficient in the stem-bone interface, press-fit and two types of gait cycle was
performed.

Materials and Methods

The Minihip stem has an anatomic shape following the natural curvature of the medial calcar,

preventing breach of the greater trochanter. It highly conserves bone, retains femoral neck and
leaves diaphysis intact. This stem has a low profile neck and taper to maximize head/neck ratio
and consequently, maximize the safe range of the implant’s motion without compromising its
fatigue strength. The coating of the stem represents 80% of its surface and the length thereof is
between 79.5 and 117.5 mm depending on the size of the stem (Fig 1A).
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The Linea anatomical stem design is supposed to achieve a good primary anchoring in the
axial plane thanks to its double cone design and articular geometry reproduction. It is
completely coated at the metaphysis level and partially coated at the diaphysis by rugged tita-
nium and hydroxyapatite (HA) having an striated surface; only at the antero-internal and pos-
tero-external sides, limiting coating in loaded zones, the surface coating of the stem is
approximately 75% and the length thereof is 100 to 140 mm (Fig 1B).

Sizes elected for the simulation were the No. 3 in both stems, because they are the most
commonly used in the clinical practice in our hospital. The length of Mini-Hip is 89 mm and
Anatomic Linea is 110 mm. Although both stems belong to the short stem family, the Linea
Anatomic is a stem with a geometrical design similar to conventional long stems which has a
shortened length. The conventional cementless stems have lengths between 140 and 170 mm.

A parametric study was carried out to quantify ranges of micromotions and load transmis-
sion between stem and bone, taking into account different variables: friction coefficient in the
stem-bone interface, press-fit and two types of gait cycle.

For that purpose, two finite element (FE) models were developed, corresponding to each
type of stem implanted in a whole femur belonging to a 35 year old donor, as it represented an
indicated bony geometry to implant both short stems. The bones of cadaver donor were pro-
vided by the Official Bone Bank, featuring all authorizations of the National Organization of

stem HA

length

coated coated

polished

polished
area

area

Fig 1. Stems. (A) Minihip stem. (B) Linea stem.
doi:10.1371/journal.pone.0158411.9001
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Transplants. A three dimensional (3D) scanner (Roland® PICZA Irvine, California) with a
resolution of 0.2x0.2 mm. was used to obtain the geometry of the femur and both stems. After
modelling the femur, the stems were placed in the same position as they would be in real sur-
gery. With regard to element type selection and the minimum mesh size required, a mesh
refinement was performed to achieve a convergence towards a minimum of the potential
energy, with a tolerance of 1% between consecutive meshes. I-deas® 11 NX Series PLM soft-
ware (Siemens, Plano,Texas) was used for meshing and Abaqus 6.12 software (Dassault sys-
tem’s Simulia corp, Providence, Rhode Island) was used for calculations and post processing.
In both models, tetrahedral elements with quadratic approximation (C3D10 in Abaqus
nomenclature) were used. The model for the Linea stem consisted of 395909 elements for bone
and 31162 elements for stem, while the model for the Minihip stem consisted of 393744 ele-
ments for bone and 22773 elements for stem (Fig 2). The material of both stems was titanium
alloy (Young’s modulus: 110316 MPa; Poisson ratio: 0.3).

A computed tomography (CT) scan (512x512 acquisition matrix, field of view (FOV) =240
mm, slice thickness = 0.5 mm, in plane resolution) was obtained using a TOSHIBA Aquilion
64 scanner (Toshiba Medical Systems, Zoetermeer, Netherlands). Based on the CT images
from the donor, mechanical properties of each element of the bone mesh were assigned. By seg-
menting the CT images in Mimics 15.0 software (Materialise Leuven, Belgium), Houndsfield
Units (HU) of each node were converted to r,,,, by linear relationships as follows [21]:

o Proximal femur:

r. = 131 + 1.067 CT# (1)

app

« Distal femur:

= 139 + 1.205 CT# (2)

rapp

where: r,,,, (kg/m’) is the apparent density and CT# are HU. Young’s modulus E (MPa) was
calculated accordingly to the following equations:

il

Fig 2. FE model of both implanted stems. (A) Linea stem. (B) Minihip stem.
doi:10.1371/journal.pone.0158411.9002
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o Diaphyseal femur [22]:

E = 28751, (3)

o Metaphyseal femur [23]:
E= 1000 (—13.43 + 14.261 1, ) (4)

The averaged Young’s modulus value for each element and the HU value assignment to its
constituent nodes was developed by an in-house algorithm, having maximum values of 20000
MPa and 960 MPa for cortical and trabecular bone, respectively. Poisson ratio was 0.3 both for
cortical and trabecular bone. Anatomical boundaries between diaphysis and metaphysis were
stablished in accordance to orthopaedic surgeon’s indications. Fully constrained boundary
conditions were applied at the condyles. Orthoload’s database [24] was used to apply hip reac-
tion forces at the head of the stem and adductor ones as the most representative muscle force.
These varying loads during gait cycle were simulated as tabular-defined amplitude forces.
Orthoload’s database provides mean values of muscle force and hip reaction along 20 frames
for a time of 1.25 s gait cycle (Fig 3). As the intention was to study initial subsidence and

—Fx hip —Fy hip —Fz hip —Fx abd —Fy abd —Fz abd --- Fz hip 3.75 BW
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Fig 3. Hip reaction forces and abductor muscle forces values during gait cycle corresponding to a normal gait cycle and a “vigorous” gait cycle.

doi:10.1371/journal.pone.0158411.g003
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micromotion stabilization, continued gait cycles were simulated as the initial transitory phase
and the following stationary one were clearly defined. Two types of gait cycle (body weight
(BW): 70 kg) were considered: the first one corresponds to “normal” gait cycle which Z compo-
nent had a peak load of 2.54 BW at heel strike (referred as 2.54 BW), whereas the second one
corresponds to a “vigorous” gait cycle associated to a heavier or more active patient which Z
component had a peak load of 3.75 BW at heel strike (referred as 3.75 BW). The rest of load
components are in accordance with the scaled Z component.

Loads are transmitted by contact interaction between the rough titanium proximal part and
interface of the bone. The smooth and titanium-crafted, polished, distal part doesn’t have any
relevance as the implant barely transmits loads in this part. This zone of interest is divided into
six equally-spaced planes sketched by means of two auxiliary splines along the stem s external
and internal sides called plane cuts. Relative displacements were post-processed as the direct
difference between coordinates in deformed configuration among corresponding nodes in
stem and bone, respectively, along all the gait cycles simulated. To this respect, in the meshing
process six spline curves of homologue pairs of nodes were defined equally spaced along the
hydroxyapatite coated area, with a minimum of 12 nodes pairs at each curve.

Another variable considered is the friction coefficient for both stems, with values ranging
from p = 0.3 to u = 0.6, which correspond to the range of values used by most of authors [25-
27]. These values are illustrative and are based on the principle that only friction contact is sim-
ulated as interaction along the bone-stem interface. The dissipating effect of friction is appre-
ciable but minor, selecting p = 0.5 as the reference value for results presented, beyond which a
stable behaviour was observed, with equivalent results for the relative movements. As the simu-
lations carried out refer to postoperative period, before any biological process started, i.e. bone
remodelling process, no tied constraints have been applied. Moreover, no contact was consid-
ered between stem and bone marrow because its stiffness is too low and both stems have
rounded and polished tip.

The size of the last reamer corresponds with the size of the implant. Thus the implant serves
itself as the operating last reamer before its virtual implantation. Once reaming is determined
by the size of the implant, both stems are guided through the intramedullary femur canal, and
inserted by impact at the top with a mallet. This procedure is quite unclear and relies on the
surgeon’s experience and visual evaluation: a press-fit is yearned without risking fracturing the
femur by excess of transversal stresses and seating the stem correctly. That procedure was sim-
ulated for both stems applying several increasing vertical loads at both stem impaction areas,
studying 3 press-fit levels. Loads of 1.20, 2.40 and 5.00 kN, respectively, were applied to the
Linea stem to attain the last press-fit. Following an analogous procedure, loads of 0.56, 1.12
and 2.60 kN, respectively, were applied to the Minihip stem. The press-fit levels were adjusted
to obtain similar maximum circumferential stresses and contact pressures in both stems.

These increasing levels of load, although seemingly arbitrary, were similar to those reported
in literature when investigating press-fit for acetabular cups [28] and within the range of three
types of stem studied by Monea [20]. Press-fit was measured as the contact pressure at each
stem level. This contact pressure increased as press-fit grew. Circumferential tension stresses
were also recorded to verify if the operated femur integrity was safe when press-fitting was per-
formed. In addition to this, fluxes associated to minimal and maximal principal stresses were
analyzed in order to determine load transmission mechanism.

In summary, the following results will be processed and analyzed: circumferential stresses
for different press-fit levels, micromotions evolution during gait cycle, general layout of 3D
micromomotions, fluxes associated to minimal and maximal principal stresses and load trans-
mission mechanism, considering eccentricities between load application point and mechanical
axis of the femur.
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Table 1. Press-fit level and circumferential stress for Linea stem at every plane cut.

Circumferential Stresses (MPa)

Plane Cut 6
Plane Cut 5
Plane Cut 4
Plane Cut 3
Plane Cut 2
Plane Cut 1

doi:10.1371/journal.pone.0158411.t001

PRESS-FIT 1 (1.20 kN) PRESS-FIT 2 (2.40 kN) PRESS-FIT 3 (5.00 kN)

29.68 52.76 111.09
25.24 45.33 57.18
14.32 26.04 53.68
7.32 13.38 27.61

7.91 14.29 29.34
10.06 17.85 35.10

Results

Tables 1 and 2 summarize the results of the simulation for each press-fit level for the Linea and
Minihip stems, respectively in terms of circumferential tension stresses. Micromotions have
been evaluated and post-processed at each stem level along repeated gait cycles. One initial and
marked stem subsidence can be observed at the beginning of the simulation, referred to as
“irreversible migration” (Fig 4). This subsidence is a permanent displacement of the stem from
the initial unloaded situation. There is a sudden increase of migration, followed by an asymp-
totic decrease caused by the friction forces. Once migration occurs, a repeated “reversible cyclic
micromotion” is developed and stabilized as gait cycle times are simulated. Cyclic micromotion
amplitude is then measured once the stem has been stabilized. The initial transitory subsidence
phase can be clearly distinguished, which little by little is followed by the cyclic stationary
motion phase. Stationary cyclic motion is placed at the bottom of the graph as charts are
grouped in a column that defines the amplitude of the micromotion.

Processing the results corresponding to each plane cut, 3D movement at the different ana-
lyzed levels can be deduced (plane cuts 1 to 6). Figs 5 and 6 give a general layout of this 3D
movement at each plane level selected for the Linea and Minihip stems, respectively. The rate
of the micromotions for the Minihip is higher than for the Linea stem. The highest amplitude
is reached towards the bottom (first and second plane cut) for the Minihip. On the other hand
the largest amplitude of micromotion occurs towards the top of the Linea stem (sixth and fifth
plane cut). Statistical correlation between both stems in terms of cyclic micromotion was ana-
lyzed by means of Pearson R” coefficient (R* = 0.838 normal gait cycle and R* = 0.775 for vigor-
ous gait cycle, respectively). In both stems, beyond the initial irreversible migration, relative
micromotions remain stable describing a stationary cycle (stacked up curves at the bottom of
the charts).

Charts of Fig 7A and 7B show the effect of introducing press-fit. The average amplitude
(mean value for the twelve homologue pairs of nodes at each plane cut) decreases at all the
studied plane cuts for both stems. Amplitudes for all the plane cuts become closer: the behav-
iour for each stem is more uniform. The increase in the amplitude of load cycle yields to bigger
micromotion amplitudes.

Table 2. Press-fit level and circumferential stress for Minihip stem at every plane cut.

Circumferential Stresses (MPa)

Plane Cut 6
Plane Cut 5
Plane Cut 4
Plane Cut 3
Plane Cut 2
Plane Cut 1

doi:10.1371/journal.pone.0158411.t002

PRESS-FIT 1 (0.56 kN) PRESS-FIT 2 (1.12 kN) PRESS-FIT 3 (2.60 kN)
28.99 48.44 121.09
14.66 29.21 68.09
7.09 14.34 33.41
6.88 14.29 32.66
6.02 12.13 28.92
10.51 19.42 43.54
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Fig 4. Micromotions along Plane Cut 5 (friction coefficient p = 0.5). (A) Linea stem. (B) Minihip stem.

doi:10.1371/journal.pone.0158411.g004
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Fig 5. Micromotions along plane cuts for Linea stem (friction coefficient p = 0.5). Normalized length in charts corresponds to the developed length for
each plane cut starting at medial point in counter clock wise sense. Curves correspond to the different instants in gait cycle.

doi:10.1371/journal.pone.0158411.9005

Press-fit is believed to stabilize cementless stems, limiting the relative motion at bone inter-
face. Charts of Fig 7A and 7B clearly show this trend: average amplitude of cyclic motion
diminishes as press-fit level increases. Another conclusion to point out is that the relative dif-
ference of amplitude along each plane is smaller when introducing press-fit. This effect can be
related to the fact that press-fit introduces a compression state on the stem that makes it work
less as a solid rigid, prevailing the complete elastic subsidence. Figures also show the increasing
effect of amplitude as the load scenario becomes greater: a “vigorous” gait cycle increases
micromotion amplitude.

Differences between press-fit levels are fairly similar, showing a very uniform behaviour
along the stem. The general motion pattern exhibited higher amplitude of micromotion for the
Minihip stem compared to the Linea stem. Conversely to it, micromotion increased towards
the bottom of the stem. The increased load level of gait cycle led to similar results in the Linea
stem: it augmented the amplitude. Press-fit levels decreased micromotion as the contact pres-
sure generated grew. A similar effect was also observed here: micromotion levels tended to be
more uniform between each other whenever press-fit was applied, the stem has a less solid
rigid motion.

The influence of the coefficient of friction was also studied, although its dissipating effect
was appreciable it was minor, in accordance with previous works [26, 29]. From friction coeffi-
cient value from 0.3 to 0.5, a noticeable decrease in micromotions is observed. Beyond a value
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doi:10.1371/journal.pone.0158411.9006

of 0.5 a stable behaviour was observed, with equivalent results for the relative movements
between stems and bone.

The load transmission mechanism between stem and bone depends on the eccentricities
(ers> emms) between load application point and mechanical axis of the femur (Figs 8A and 9A),
yielding to a lever effect with an associated bending moment. This effect can be observed in
Figs 8B and 9B.

Load transmission mechanism is based on compression stresses transmitted by contact: a
primary compression and a secondary one, marked with A and B, respectively, in Figs 8B and
9B. Vertical components of primary and secondary compression resist the vertical load F, and
the corresponding bending moment F*e is counterbalanced with the pair of horizontal forces
Fap and Fpy. The latter forces equilibrate each other.

Discussion

In 2006 was published the first work of simulation by FE to study the micro-movement
between the bone and one short stem (Mayo) and the possibility of reducing the contact-stress
in relation to the geometrical design and the extension coating of the stem [17].

Since 2006 to the best of our knowledge, the present work is the first that employs FE simu-
lation to study the micromotions that occur at bone-stem interface of short cementless stems

PLOS ONE | DOI:10.1371/journal.pone.0158411 July 8, 2016 10/19
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doi:10.1371/journal.pone.0158411.g007
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in the postoperative period; other studies by FE have been performed to study bone remodel-
ling and stress-shielding after the implantation of short stem [30, 31]. The micromotions have
also been studied in vitro [4, 5, 32].

Short stems have been introduced to preserve more bone stock, but have raised doubts as to
whether they are able to maintain primary stability, essential to allow osseointegration and sta-
bility for ensuring the survival of the femoral stem, as an early migration leads to loosening
[14].

Many factors influence primary stability: press-fit level, implant design, mechanical quality
of patient’s bone, size of the implant, weight of the patient, or implant material [15]. Among all
these factors, press-fit is believed to be the key one. Press-fit level remains uncertain: the sur-
geon is guided by visual and auditory clues when deciding if the implant is “firmly” seated.
This variable, in practice, must lie within a range which limits micromotions and prevents the
femur from being fractured by the stem. The amplitude of micromotions should be in the
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Fig 9. Coronal plane. View of principal flux stresses. Proximal femur with/without Minihip stem. (A)
Maximum principal stress. (B) Minimum principal stress.

doi:10.1371/journal.pone.0158411.9009
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range 50-150 microns to achieve good osseointegration, higher amplitude of micromotions
leads to the formation of fibrous tissue and future implant loosening [16].

In view of the obtained results, the average amplitude of micromotions for both stems lies
below the aforementioned critical limits of 50-150 pm. All the average amplitudes correspond-
ing to each plane cut lay below this critical threshold. Although micromotions at the first and
second plane cut (out of the hydroxyapatite coated area) don’t play an important role in
osseointegration, their amplitudes are post-processed in order to analyze the stem mechanics
completely. Therefore, it can be concluded that the general mechanical performance of both
stems is suitable for bone ingrowth. Studies in vitro performed with fresh human femurs have
shown that short stems have an amplitude of micromotion less than 150 microns [5, 32], in
accordance with our findings.

Despite a certain correlation between both stems in terms of cyclic micromotion is observed
for the two types of gait cycle (R* = 0.838 normal gait cycle and R* = 0.775 for vigorous gait
cycle, respectively), the mechanical behaviour is different: maximum displacement values are
obtained at the metaphyseal zone in Linea stem whereas they are obtained at the diaphyseal
zone in Minihip stem. The values are more uniform along the Linea stem.

The initial stem subsidence obtained at the beginning of the simulation has been reported
by other authors in clinical studies [33, 34] and in other in vitro studies [4, 19, 35]. Results in
terms of the averaged cyclic micromotion and initial migration are in accordance with Kadir
[19], which used the Alloclassic stem in an “in vitro” study, ranging initial subsidence from 30
to 35 um and the amplitude of the cyclic micromotion from 4 to 10 pum. However, the obtained
results disagree with Fottner [35], which uses the Metha prosthesis and SUMMIT prosthesis,
ranging initial subsidence from 290 to 430 um and a cyclic micromotion from 60 to 80 pm for
the first one, and with averages values of 400 um of subsidence and 40 um of cyclic micromo-
tion, for the second one. On the other hand, Westphal [4] uses Proxima stem with subsidence
ranging from 300 to 400 pm and with a mean cyclic amplitude of 50 um. Both studies were
realized using cadaveric samples. These comparisons are only qualitative, as prosthesis designs
differ; size and age of donors, and loading tests vary. Other authors, in studies by means of
radiostereometric analysis with tantalum markers, conclude that the subsidence in a short stem
is less than in standard stems [11, 36].

With respect to load transmission, cementless stems transmit load through friction and
pairs of opposite forces. Their design (especially marked for the Linea stem) exhibits a wide
profile at the proximal area decreasing towards the bottom point. Although every manufac-
turer boasts that its commercial stems are purely metaphyseal, it is not totally true. In fact, the
results show that a lever effect is produced in both stems with horizontally placed components,
the lever effect being higher in the Minihip stem and producing high values of compressive
stresses, both in the proximal and distal areas of the stem in contact with bone.

When studying the load transmission, it can be observed that the stem receives the hip load
(main vertical component) at a distance (ers, eps) from its longitudinal axis, yielding to a
lever effect. That eccentricity produces a bending moment additional to the vertical load. Con-
sequently tension stresses are developed along the outer side of the stem and compression ones
through its inner side. During the very initial stage after implanting these cementless stems, no
osseointegration is initiated. Therefore, contact surfaces are not able to transmit tension
stresses because they would produce a contact loss. This effect can be observed at point C in
Figs 7A and 8A: tension flux along the stem is interrupted at that location.

Load eccentricities are within the same range (e;s/~eps), but the Minihip stem has its com-
pression zones A and B (Figs 7 and 8) closer to each other than the Linea stem. As a conse-
quence lever arms are smaller, increasing horizontal components at the primary and secondary
compression areas up to 80% with respect to the Linea stem. The surface in contact in the
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Minihip stem is lower than in the Linea stem, so vertical load resisted by contact is therefore
lower, increasing also the vertical component at points A and B. Compression flux at distal
part is more inclined in the Linea stem. This fact suggests that vertical and horizontal compo-
nents at point B are nearly equal, while for the Minihip, they are almost purely horizontal. This
assumption can also be applied for the proximal part. It can be noticed that the loading mecha-
nism at the proximal part for the Minihip stem is different: it scarcely compresses the bone,
suggesting that load at this point is resisted by circumferential traction stresses.

Consequently stress-shielding decreases from the Linea stem to the Minihip. The stem
design influences the load transmission and therefore a greater or lesser stress-shielding,
although in all short stems stress-shielding is lower than in conventional stems [10, 30, 37].
Other authors think that proximal load transmission is more physiological in the short stem,
but stress-shielding remains in these models [32, 36, 38].

In light of these assertions, indications of use for each stem clearly match the clinical indica-
tions. High bone stock and bone quality are required to select a short stem, since loads trans-
mitted to the bone are higher and surface in contact is smaller. This affirmation is linked to the
fact that it’s indicated for young patients with high bone quality [7, 39], although good results
have also been published in older people [40, 41].

In designs having more internal load transmission an obvious improvement in stress-shield-
ing occurs in Gruen zone 7 [30, 37, 42]. Each design varies the stress-shielding and if this is
less, it will have better adaptive remodeling and less loss of bone mass density (BMD) in the
proximal femur [10, 43]. The surgical technique is very important, above all in the conservation
of femoral neck and correct placement of the stem to obtain a good stem support in the proxi-
mal femur [4, 44]. However, a longer neck can condition limb length discrepancy [45]. In any
case, preoperative planning and the choosing of the correct size of stem are necessary [46].

The present work confirms that the amplitude of micromotions in the postoperative period
does not condition the secondary stability of short stems required for achieving osseointegra-
tion, as confirmed by other clinical works on patients who were operated with short-stems of
different designs over several follow-up periods [6-9, 36, 40, 41, 47].

The length of the stem does not affect the stability [5, 48] of short stems if there is a good
anchorage in the area metaphyseal-epiphyseal femoral. The literature has removed the doubts
about stability in these stems [7]. A good primary stability allows for a good osseointegration.
This leads us to conclude, in agreement with other authors, that short stems are an excellent
surgical option for the treatment of osteoarthritis of the hip and osteonecrosis of the femoral
head, especially in young people with good bone quality and functional high demand, with
excellent results in the medium and long term [7, 40, 42, 44, 49-51]. That allows the patients to
participate in several sports, except in high impact activities [52]. The implantation of a short
stem is a technique that allows mini invasive surgery (MIS) and with less complications than in
the implantation of standard prostheses [53, 54]. Although there is a 10 year follow-up period
work is reported in the literature 8], future work should be carried out to validate, support and
contrast the presented simulations with clinical evidence over a longer period of follow-up
[55].

The observed biomechanical behaviour corroborates our clinical results, although they are
referred only to a 5 year follow-up period. In conclusion, short stems are a good alternative to con-
ventional stems in THA, being the Minihip the most advisable because its better load transmission.

Limitations of the Present Study

There is no experimental validation, neither application of a cohort with different ages nor
femur sizes. Only one cadaveric sample has been used in this study, which means that the effect
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of age, size, etc. was not taken into account. No biological effects (regeneration or bony
ingrowth) were simulated. The relative motion magnitudes reported cannot be directly com-
pared to in vivo magnitudes or relative interface motion values reported in the literature.

Concerning numerical simulations, the usual limitations inherent to this kind of studies are
present. So, the bone was modelled in a simplified way as a linear elastic isotropic material,
whereas its actual behaviour is close to an orthotropic material; although dynamic loading are
applied to the implant in the actual gait cycle, only equivalent static loading was considered in
this work. Finally, other physiological factors were not taken into account: age, gender and
bone condition.

Conclusions

With our work of simulation by FE we can deduce that the amplitude of micro-movements of
short stems in the postoperative period are compatible with achieving osseointegration and
secondary stability of the stem, in accordance with previously published studies using radio-
stereometric analysis, in vitro studies or clinical follow-up. However, it is clear that the clinical
follow-up with short stems, on average 5 years in different published papers, is not enough and
that new studies will be needed with more years of follow up to confirm the results obtained
from the FE simulation in the present work.

Supporting Information

S1 Fig. A and B. Stems. (A) Minihip stem. (B) Linea stem.
(TIF)

S2 Fig. A and B. FE model of both implanted stems. (A) Linea stem. (B) Minihip stem.
(TIF)

S3 Fig. Hip reaction forces and abductor muscle forces values during gait cycle correspond-
ing to a normal gait cycle and a “vigorous” gait cycle.
(TIF)

S4 Fig. A and B. Micromotions along Plane Cut 5 (friction coefficient u = 0.5). (A) Linea
stem. (B) Minihip stem.
(TIF)

S5 Fig. Micromotions along plane cuts for Linea stem (friction coefficient p = 0.5). Normal-
ized length in charts corresponds to the developed length for each plane cut starting at medial

point in counter clock wise sense. Curves correspond to the different instants in gait cycle.
(TTF)

S6 Fig. Micromotions along plane cuts for Minihip stem (friction coefficient u = 0.5). Nor-
malized length in charts corresponds to the developed length for each plane cut starting at
medial point in counter clock wise sense. Curves correspond to the different instants in gait
cycle.

(TTF)

S7 Fig. A and B. Average amplitude of micromotions for different press-fit levels and gait
load cycle (friction coefficient p = 0.5, Titanium alloy). (A) Linea stem. (B) Minihip stem.
(TIF)

S8 Fig. A and B. Coronal plane. View of principal flux stresses. Proximal femur with/with-
out Linea stem. (A) Maximum principal stress. (B) Minimum principal stress.
(TIF)
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S9 Fig. A and B. Coronal plane. View of principal flux stresses. Proximal femur with/with-
out Minihip stem. (A) Maximum principal stress. (B) Minimum principal stress.
(TIF)

S1 Table. Press-fit level and circumferential stress for Linea stem at every plane cut.
(TIF)

S2 Table. Press-fit level and circumferential stress for Minihip stem at every plane cut.
(TIF)

Author Contributions

Conceived and designed the experiments: LG AH SG EI. Performed the experiments: SG EI
Analyzed the data: SG AH EI JM JG-A LG. Wrote the paper: SG AH EI JM JG-A LG.

References
1. Charnley J. Arthroplasty of the hip. A new operation. Lancet. 1961; 1(7187):1129-32. PMID: 15898154

2. Harris WH. The first 50 years of total hip arthroplasty: lessons learned. Clin Orthop Relat Res. 2009;
467(1):28-31. doi: 10.1007/s11999-008-0467-1 PMID: 18982399

3. Nho SJ, Kymes SM, Callaghan JJ, Felson DT. The burden of hip osteoarthritis in the United States: epi-
demiologic and economic considerations. J Am Acad Orthop Surg. 2013; 21 Suppl 1:S1-6. doi: 10.
5435/JAA0S-21-07-S1 PMID: 23818185

4. Westphal M, Bishop n, Honl m, Hille e, Puschel k, Morlock mM. Migration and cyclic motion of a new
short-stemmed hip prosthesis—a biomechanical in vitro study. Clin Biomech (Bristol, Avon). 2006; 21
(8):834—-40.

5. BiegerR, Ignatius A, Decking R, Claes L, Reichel H, Durselen L. Primary stability and strain distribution
of cementless hip stems as a function of implant design. Clin Biomech (Bristol, Avon). 2012; 27(2):158—
64.

6. Wittenberg RH, Steffen R, Windhagen H, Bucking P, Wilcke A. Five-year results of a cementless short-
hip-stem prosthesis. Orthop Rev (Pavia). 2013; 5(1):e4.

7. KimYH, Park JW, Kim JS, Kang JS. Long-term results and bone remodeling after THA with a short,
metaphyseal-fitting anatomic cementless stem. Clinical orthopaedics and related research. 2014; 472
(3):943-50. doi: 10.1007/s11999-013-3354-3 PMID: 24163094

8. von Lewinski G, Floerkemeier T. 10-year experience with short stem total hip arthroplasty. Orthopedics.
2015; 38(3 Suppl):S51-6. doi: 10.3928/01477447-20150215-57 PMID: 25826634

9. Albers A, Aoude AA, Zukor DJ, Huk OL, Antoniou J, Tanzer M. Favorable Results of a Short, Tapered,
Highly Porous, Proximally Coated Cementless Femoral Stem at a Minimum 4-Year Follow-Up. The
Journal of arthroplasty. 2015.

10. Salemyr M, Muren O, Ahl T, Boden H, Eisler T, Stark A, et al. Lower periprosthetic bone loss and good
fixation of an ultra-short stem compared to a conventional stem in uncemented total hip arthroplasty.
Acta orthopaedica. 2015; 86(6):659-66. doi: 10.3109/17453674.2015.1067087 PMID: 26134386

11.  Acklin YP, Jenni R, Bereiter H, Thalmann C, Stoffel K. Prospective clinical and radiostereometric analy-
sis of the Fitmore short-stem total hip arthroplasty. Archives of orthopaedic and trauma surgery. 2016;
136(2):277-84. doi: 10.1007/s00402-015-2401-9 PMID: 26739137

12. Maier MW, Streit MR, Innmann MM, Kruger M, Nadorf J, Kretzer JP, et al. Cortical hypertrophy with a
short, curved uncemented hip stem does not have any clinical impact during early follow-up. BMC Mus-
culoskelet Disord. 2015; 16:371. doi: 10.1186/s12891-015-0830-9 PMID: 26627999

13. Kobayashi A, Donnelly WJ, Scott G, Freeman MA. Early radiological observations may predict the
long-term survival of femoral hip prostheses. The Journal of bone and joint surgery British volume.
1997; 79(4):583-9. PMID: 9250743

14. Krismer M, Biedermann R, Stockl B, Fischer M, Bauer R, Haid C. The prediction of failure of the stem in
THR by measurement of early migration using EBRA-FCA. Einzel-Bild-Roentgen-Analyse-femoral
component analysis. The Journal of bone and joint surgery British volume. 1999; 81(2):273-80. PMID:
10204934

15. Viceconti M, Brusi G, Pancanti A, Cristofolini L. Primary stability of an anatomical cementless hip stem:
a statistical analysis. J Biomech. 2006; 39(7):1169-79. PMID: 15927191

PLOS ONE | DOI:10.1371/journal.pone.0158411 July 8, 2016 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158411.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158411.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158411.s011
http://www.ncbi.nlm.nih.gov/pubmed/15898154
http://dx.doi.org/10.1007/s11999-008-0467-1
http://www.ncbi.nlm.nih.gov/pubmed/18982399
http://dx.doi.org/10.5435/JAAOS-21-07-S1
http://dx.doi.org/10.5435/JAAOS-21-07-S1
http://www.ncbi.nlm.nih.gov/pubmed/23818185
http://dx.doi.org/10.1007/s11999-013-3354-3
http://www.ncbi.nlm.nih.gov/pubmed/24163094
http://dx.doi.org/10.3928/01477447-20150215-57
http://www.ncbi.nlm.nih.gov/pubmed/25826634
http://dx.doi.org/10.3109/17453674.2015.1067087
http://www.ncbi.nlm.nih.gov/pubmed/26134386
http://dx.doi.org/10.1007/s00402-015-2401-9
http://www.ncbi.nlm.nih.gov/pubmed/26739137
http://dx.doi.org/10.1186/s12891-015-0830-9
http://www.ncbi.nlm.nih.gov/pubmed/26627999
http://www.ncbi.nlm.nih.gov/pubmed/9250743
http://www.ncbi.nlm.nih.gov/pubmed/10204934
http://www.ncbi.nlm.nih.gov/pubmed/15927191

@’PLOS ‘ ONE

Biomechanics of Two Short Stems for THA

16.

17.

18.

19.

20.

21.

22,

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Jasty M, Bragdon C, Burke D, O'Connor D, Lowenstein J, Harris WH. In vivo skeletal responses to
porous-surfaced implants subjected to small induced motions. The Journal of bone and joint surgery
American volume. 1997; 79(5):707—14. PMID: 9160943

Ruben RB, Folgado J, Fernandes PR. Shape optimization of uncemented hip prostheses. Virtual and
Physical Prototyping. 2006; 1(3):147-58.

Baharuddin MY, Salleh SH, Zulkifly AH, Lee MH, Noor AM, Harris ARA, et al. Design process of
cementless femoral stem using a nonlinear three dimensional finite element analysis. BMC Musculos-
kelet Disord. 2014; 15.

Abdul-kadir mR, Hansen u, Klabunde r, Lucas d, Amis a. Finite element modelling of primary hip stem
stability: the effect of interference fit. Journal of biomechanics. 2008; 41(3):587-94. PMID: 18036531

Monea aG, Pastrav IC, Mulier m, Van der perre g, Jaecques sV. Numerical simulation of the insertion
process of an uncemented hip prosthesis in order to evaluate the influence of residual stress and con-
tact distribution on the stem initial stability. Computer methods in biomechanics and biomedical engi-
neering. 2014; 17(3):263-76. doi: 10.1080/10255842.2012.681644 PMID: 22548243

Rho jY, Hobatho mC, Ashman rB. Relations of mechanical properties to density and CT numbers in
human bone. Med Eng Phys. 1995; 17(5):347-55. PMID: 7670694

Carter dr hw. The compressive behavior of bone as a two-phase porous structure. The Journal of bone
and joint surgery American volume. 1977; 59((7)):954-62. PMID: 561786

Lotz jC, Gerhart tN, Hayes wC. Mechanical properties of metaphyseal bone in the proximal femur. Jour-
nal of biomechanics. 1991; 24(5):317—29. PMID: 2050708

Bergmann gEa. Orthoload data base. Loading of Orthopaedic Implants. www.orthoload.com. 2013.

Abdul Kadir M, Kamsah N, Mohlisun N. Interface Micromotion of Cementless Hip Arthroplasty: Collared
vs Non-collared Stems. In: Abu Osman N, Ibrahim F, Wan Abas W, Abdul Rahman H, Ting H-N, editors.
Kuala Lumpur International Conference on Biomedical Engineering 2008, 4th ed. IFMBE Proceedings.

21. Berlin Heidelberg: Springer; 2008. p. 428-32.

Shirazi-adl a, Dammak m, Paiement g. Experimental determination of friction characteristics at the tra-
becular bone/porous-coated metal interface in cementless implants. Journal of biomedical materials
research. 1993; 27(2):167-75. PMID: 8436573

Viceconti M, Muccini R, Bernakiewicz M, Baleani M, Cristofolini L. Large-sliding contact elements accu-
rately predict levels of bone-implant micromotion relevant to osseointegration. Journal of biomechanics.
2000; 33(12):1611-8. PMID: 11006385

Spears iR, Morlock mM, Pfleiderer m, Schneider e, Hille e. The influence of friction and interference on
the seating of a hemispherical press-fit cup: a finite element investigation. Journal of biomechanics.
1999; 32(11):1183-9. PMID: 10541068

Rancourt d, Shirazi-adl a, Drouin g, Paiement g. Friction properties of the interface between porous-sur-
faced metals and tibial cancellous bone. Journal of biomedical materials research. 1990; 24(11):1503—
19. PMID: 2279983

Lerch m, Kurtz a, Stukenborg-colsman c, Nolte i, Weigel n, Bouguecha a, et al. Bone remodeling after
total hip arthroplasty with a short stemmed metaphyseal loading implant: finite element analysis vali-
dated by a prospective DEXA investigation. Journal of orthopaedic research: official publication of the
Orthopaedic Research Society. 2012; 30(11):1822-9.

Lerch M, Weigel N, Windhagen H, Ettinger M, Thorey F, Kurtz A, et al. Finite element model of a novel
short stemmed total hip arthroplasty implant developed from cross sectional CT scans. Technol Health
Care. 2013; 21(5):493-500. PMID: 24252858

Bieger R, Ignatius A, Reichel H, Durselen L. Biomechanics of a short stem: In vitro primary stability and
stress shielding of a conservative cementless hip stem. Journal of orthopaedic research: official publi-
cation of the Orthopaedic Research Society. 2013; 31(8):1180-6.

Schmidutz F, Graf T, Mazoochian F, Fottner A, Bauer-Melnyk A, Jansson V. Migration analysis of a
metaphyseal anchored short-stem hip prosthesis. Acta orthopaedica. 2012; 83(4):360-5. doi: 10.3109/
17453674.2012.712891 PMID: 22900913

Freitag T KT, Fuchs M, Jung S, Reichel H, Bieger R. A prospective cohort study on the short column
femoris-preserving (CFP) stem using RSA and DXA. Primary stability but no prevention of proximal
bone loss in 27 patients followed for 2 years. Arch Orthop Trauma Surg. 2014; 84(1):32-9.

Fottner a, Schmid m, Birkenmaier ¢, Mazoochian f, Plitz w, Volkmar j. Biomechanical evaluation of two
types of short-stemmed hip prostheses compared to the trust plate prosthesis by three-dimensional
measurement of micromotions. Clin Biomech (Bristol, Avon). 2009; 24(5):429-34.

Lazarinis S, Mattsson P, Milbrink J, Mallmin H, Hailer NP. A prospective cohort study on the short col-
lum femoris-preserving (CFP) stem using RSA and DXA. Primary stability but no prevention of proximal

PLOS ONE | DOI:10.1371/journal.pone.0158411

July 8,2016 17/19


http://www.ncbi.nlm.nih.gov/pubmed/9160943
http://www.ncbi.nlm.nih.gov/pubmed/18036531
http://dx.doi.org/10.1080/10255842.2012.681644
http://www.ncbi.nlm.nih.gov/pubmed/22548243
http://www.ncbi.nlm.nih.gov/pubmed/7670694
http://www.ncbi.nlm.nih.gov/pubmed/561786
http://www.ncbi.nlm.nih.gov/pubmed/2050708
http://www.orthoload.com
http://www.ncbi.nlm.nih.gov/pubmed/8436573
http://www.ncbi.nlm.nih.gov/pubmed/11006385
http://www.ncbi.nlm.nih.gov/pubmed/10541068
http://www.ncbi.nlm.nih.gov/pubmed/2279983
http://www.ncbi.nlm.nih.gov/pubmed/24252858
http://dx.doi.org/10.3109/17453674.2012.712891
http://dx.doi.org/10.3109/17453674.2012.712891
http://www.ncbi.nlm.nih.gov/pubmed/22900913

@’PLOS ‘ ONE

Biomechanics of Two Short Stems for THA

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

bone loss in 27 patients followed for 2 years. Acta orthopaedica. 2013; 84(1):32-9. doi: 10.3109/
17453674.2013.765623 PMID: 23343375

Freitag T, Hein MA, Wernerus D, Reichel H, Bieger R. Bone remodelling after femoral short stem
implantation in total hip arthroplasty: 1-year results from a randomized DEXA study. Archives of ortho-
paedic and trauma surgery. 2016; 136(1):125-30. doi: 10.1007/s00402-015-2370-z PMID: 26613788

Kress AM, Schmidt R, Nowak TE, Nowak M, Haeberle L, Forst R, et al. Stress-related femoral cortical
and cancellous bone density loss after collum femoris preserving uncemented total hip arthroplasty: a
prospective 7-year follow-up with quantitative computed tomography. Archives of orthopaedic and
trauma surgery. 2012; 132(8):1111-9. doi: 10.1007/s00402-012-1537-0 PMID: 22622793

Thorey F, Hoefer C, Abdi-Tabari N, Lerch M, Budde S, Windhagen H. Clinical results of the metha short
hip stem: a perspective for younger patients? Orthop Rev (Pavia). 2013; 5(4):e34.

Kim YH, Park JW, Kim JS. Behaviour of the ultra-short anatomic cementless femoral stem in young and
elderly patients. Int Orthop. 2013; 37(12):2323-30. doi: 10.1007/s00264-013-2044-9 PMID: 23925881

Patel RM, Smith MC, Woodward CC, Stulberg SD. Stable fixation of short-stem femoral implants in
patients 70 years and older. Clinical orthopaedics and related research. 2012; 470(2):442-9. doi: 10.
1007/s11999-011-2063-z PMID: 21927967

Kim YH, Choi Y, Kim JS. Comparison of bone mineral density changes around short, metaphyseal-fit-
ting, and conventional cementless anatomical femoral components. The Journal of arthroplasty. 2011;
26(6):931-40. doi: 10.1016/j.arth.2010.10.001 PMID: 21130598

Logroscino G, Ciriello V, D'Antonio E, De Tullio V, Piciocco P, Magliocchetti Lombi G, et al. Bone inte-
gration of new stemless hip implants (proxima vs. nanos). A DXA study: preliminary results. Int J Immu-
nopathol Pharmacol. 2011; 24(1 Suppl 2):113-6.

Floerkemeier T, Gronewold J, Berner S, Olender G, Hurschler C, Windhagen H, et al. The influence of
resection height on proximal femoral strain patterns after Metha short stem hip arthroplasty: an experi-
mental study on composite femora. Int Orthop. 2013; 37(3):369—77. doi: 10.1007/s00264-012-1725-0
PMID: 23271689

Schmidutz F, Beirer M, Weber P, Mazoochian F, Fottner A, Jansson V. Biomechanical reconstruction
of the hip: comparison between modular short-stem hip arthroplasty and conventional total hip arthro-
plasty. Int Orthop. 2012; 36(7):1341-7. doi: 10.1007/s00264-011-1477-2 PMID: 22262250

Schmidutz F, Steinbruck A, Wanke-Jellinek L, Pietschmann M, Jansson V, Fottner A. The accuracy of
digital templating: a comparison of short-stem total hip arthroplasty and conventional total hip arthro-
plasty. Int Orthop. 2012; 36(9):1767-72. doi: 10.1007/s00264-012-1532-7 PMID: 22476451

Renkawitz T, Santori FS, Grifka J, Valverde C, Morlock MM, Learmonth ID. A new short uncemented,
proximally fixed anatomic femoral implant with a prominent lateral flare: design rationals and study
design of an international clinical trial. BMC Musculoskelet Disord. 2008; 9:147. doi: 10.1186/1471-
2474-9-147 PMID: 18983669

Ostbyhaug PO, Klaksvik J, Romundstad P, Aamodt A. Shortening of an anatomical stem, how short is
short enough? An in vitro study of load transfer and primary stability. Proceedings of the Institution of
Mechanical Engineers Part H, Journal of engineering in medicine. 2013; 227(5):481-9. doi: 10.1177/
0954411912471779 PMID: 23637258

Ettinger M, Ettinger P, Lerch M, Radtke K, Budde S, Ezechieli M, et al. The NANOS short stem in total
hip arthroplasty: a mid term follow-up. Hip international: the journal of clinical and experimental
research on hip pathology and therapy. 2011; 21(5):583-6.

Gustke K. Short stems for total hip arthroplasty: initial experience with the Fitmore stem. The Journal of
bone and joint surgery British volume. 2012; 94(11 Suppl A):47-51. doi: 10.1302/0301-620X.94B11.
30677 PMID: 23118380

Floerkemeier T, Budde S, Gronewold J, Radtke K, Ettinger M, Windhagen H, et al. Short-stem hip
arthroplasty in osteonecrosis of the femoral head. Archives of orthopaedic and trauma surgery. 2015;
135(5):715-22. doi: 10.1007/s00402-015-2195-9 PMID: 25801808

Schmidutz F, Grote S, Pietschmann M, Weber P, Mazoochian F, Fottner A, et al. Sports activity after
short-stem hip arthroplasty. Am J Sports Med. 2012; 40(2):425-32. doi: 10.1177/0363546511424386
PMID: 21993977

McElroy MJ, Johnson AJ, Mont MA, Bonutti PM. Short and standard stem prostheses are both viable
options for minimally invasive total hip arthroplasty. Bull NYU Hosp Jt Dis. 2011; 69 Suppl 1:S68-76.
PMID: 22035489

Molli RG, Lombardi AV Jr., Berend KR, Adams JB, Sneller MA. A short tapered stem reduces intrao-
perative complications in primary total hip arthroplasty. Clinical orthopaedics and related research.
2012; 470(2):450-61. doi: 10.1007/s11999-011-2068-7 PMID: 21971877

PLOS ONE | DOI:10.1371/journal.pone.0158411

July 8,2016 18/19


http://dx.doi.org/10.3109/17453674.2013.765623
http://dx.doi.org/10.3109/17453674.2013.765623
http://www.ncbi.nlm.nih.gov/pubmed/23343375
http://dx.doi.org/10.1007/s00402-015-2370-z
http://www.ncbi.nlm.nih.gov/pubmed/26613788
http://dx.doi.org/10.1007/s00402-012-1537-0
http://www.ncbi.nlm.nih.gov/pubmed/22622793
http://dx.doi.org/10.1007/s00264-013-2044-9
http://www.ncbi.nlm.nih.gov/pubmed/23925881
http://dx.doi.org/10.1007/s11999-011-2063-z
http://dx.doi.org/10.1007/s11999-011-2063-z
http://www.ncbi.nlm.nih.gov/pubmed/21927967
http://dx.doi.org/10.1016/j.arth.2010.10.001
http://www.ncbi.nlm.nih.gov/pubmed/21130598
http://dx.doi.org/10.1007/s00264-012-1725-0
http://www.ncbi.nlm.nih.gov/pubmed/23271689
http://dx.doi.org/10.1007/s00264-011-1477-2
http://www.ncbi.nlm.nih.gov/pubmed/22262250
http://dx.doi.org/10.1007/s00264-012-1532-7
http://www.ncbi.nlm.nih.gov/pubmed/22476451
http://dx.doi.org/10.1186/1471-2474-9-147
http://dx.doi.org/10.1186/1471-2474-9-147
http://www.ncbi.nlm.nih.gov/pubmed/18983669
http://dx.doi.org/10.1177/0954411912471779
http://dx.doi.org/10.1177/0954411912471779
http://www.ncbi.nlm.nih.gov/pubmed/23637258
http://dx.doi.org/10.1302/0301-620X.94B11.30677
http://dx.doi.org/10.1302/0301-620X.94B11.30677
http://www.ncbi.nlm.nih.gov/pubmed/23118380
http://dx.doi.org/10.1007/s00402-015-2195-9
http://www.ncbi.nlm.nih.gov/pubmed/25801808
http://dx.doi.org/10.1177/0363546511424386
http://www.ncbi.nlm.nih.gov/pubmed/21993977
http://www.ncbi.nlm.nih.gov/pubmed/22035489
http://dx.doi.org/10.1007/s11999-011-2068-7
http://www.ncbi.nlm.nih.gov/pubmed/21971877

el e
@ ) PLOS ‘ ONE Biomechanics of Two Short Stems for THA

55. van Oldenrijk J, Molleman J, Klaver M, Poolman RW, Haverkamp D. Revision rate after short-stem total
hip arthroplasty: a systematic review of 49 studies. Acta orthopaedica. 2014; 85(3):250-8. doi: 10.
3109/17453674.2014.908343 PMID: 24694271

PLOS ONE | DOI:10.1371/journal.pone.0158411 July 8, 2016 19/19


http://dx.doi.org/10.3109/17453674.2014.908343
http://dx.doi.org/10.3109/17453674.2014.908343
http://www.ncbi.nlm.nih.gov/pubmed/24694271

