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Abstract

Purpose

Fixation of proximal femoral megaprostheses is achieved in the diaphyseal isthmus. We hy-

pothesized that after extended bone resection including the proximal part of the isthmus a

reduced length of fixation will affect the stability and fixation characteristics of these mega-

prostheses. The aim of this study was to analyze in a validated sawbone model with extend-

ed proximal femoral defects which types of implants have sufficient primary stability to allow

osteointegration and to describe their fixation characteristics.

Methods

Four different cementless megaprostheses were implanted into 16 Sawbones with an

AAOS type III defect after resection 11cm below the lesser trochanter involving the proximal

isthmus. To determine the primary implant stability relative micromotions between bone and

implant were measured in relation to a cyclic torque of 7Nm applied on the longitudinal axis

of the implant. We determined the fixation characteristics of the different implant designs by

comparing these relative micromotions along the longitudinal stem axis.

Results

In the tested sawbones all studied implants showed sufficient primary stability to admit bone

integration with relative micromotions below 150µm after adapting our results to physiologic

hip joint loadings. Different fixation characteristics of the megaprostheses were determined,

which could be explained by their differing design and fixation concepts.
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Conclusions

Cementless megaprostheses of different designs seem to provide sufficient primary stability

to bridge proximal femoral defects if the diaphyseal isthmus is partially preserved. In our

sawbone model the different implant fixation patterns can be related to their stem designs.

No evidence can be provided to favor one of the studied implants in this setting. However,

femoral morphology is variable and in different isthmus configurations specific implant de-

signs might be appropriate to achieve the most favorable primary stability, which enables

bone integration and consequently long term implant stability.

Introduction
Implantation of megaprostheses after resection of bone tumors allows for reconstruction of the
bone defect [1]. Cementless fixation of these implants in the femoral diaphysis of the predomi-
nantly younger patients is commonly intended, as this seems to correlate with lower rates of
aseptic loosening [2–4]. Loosening constitutes a decrease in secondary implant stability, which
develops after bone ingrowth into the fixating parts of cementless prostheses. As formation of
secondary stability is based on the initial press-fit fixation of the implant, so-called primary sta-
bility [5], a correlation between this factor for early bone integration and aseptic loosening ex-
ists [6, 7].

To achieve an adequate primary stability with press-fit, cementless stems rely on tight con-
tact to the cortical bone. Interaction between implant design and the shape of the femoral canal
determine this contact. The tightest area of the femur, which is the isthmus, might therefore be
a crucial factor in implant stability. Depending on the extent of bone resection, this portion of
the femur can be affected. Consequently the reduction of the femoral isthmus leads to different
fixation conditions of cementless megaprostheses.

In a previous study of primary stability of megaprostheses of the proximal femur [8] we
could show that adequate fixation conditions were achieved if the entire femoral isthmus was
intact (AAOS II bone defect [9], Fig 1). However, there is no data describing the fixation prop-
erties of cementless megaprostheses in bone defects affecting the femoral isthmus. Therefore,
the aim of this study was to evaluate the influence of bone defect extension to the isthmus on
the fixation of different cementless megaprostheses. Thus, in an AAOS III bone defect [9], pro-
viding only the distal part of femoral isthmus (Fig 1), primary stability of potentially different
fixating stems in comparison to each other as well as to their stability in the AAOS type II bone
defect [8] should be studied. We hypothesized that in extended proximal defects (AAOS III
bone defect) differences in stem design would result in a difference in primary rotational stabil-
ity. Because the proximal part of the isthmus is absent and the stems are consequently im-
planted in the femur more distally with widening cortices below the isthmus, we expected
compromised primary stability in stems relying on more distal fixation.

Material and Methods
Four cementless megaprostheses of the proximal femur are included in this study. Different ge-
ometries, surface modifications and design specifications (Fig 2) should offer different fixation
methods. Some of the stems are available in multiple lengths. We chose comparable lengths to
focus on the effect of bone defect size and remaining implant-bone contact area on the implant
stability. The straightMegasystem-C (Group A: size 18, length 130 mm, LINK GmbH,
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Hamburg, Germany) stem has a conical design with a narrowed distal tip. The stem is fluted
and porous-coated over its full length. The curved Modular Universal Tumor And Revision

Fig 1. Used segmental AAOS defects of the proximal femur. The femoral isthmus region has
been colored.

doi:10.1371/journal.pone.0129149.g001
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SystemMUTARS (Group B: size 17, length 120 mm, Implantcast GmbH, Buxtehude, Ger-
many) stem has a hexagonal cross-section and a hydroxyapatite coating. In contrast to the rest
of the stem, the design of the distal tip is cylindrical with a polished surface. The straight stem
of the Global Modular Replacement System GMRS (Group C: size 17, length 125 mm, Stryker
Orthopaedics, Mahwah, USA) can be divided into three sections. Proximally, four longitudinal
expansions can be found along the cylindrical stem. The porous-coated surface of the stem is
proximally coated with hydroxyapatite. In contrast, there is no surface modification at the dis-
tally narrowed taper. The Segmental System (Group D: size 18, length 130 mm, Zimmer Inc.,
Warsaw, USA) stem is made of a CoCrMo-alloy instead of the TiAl6V4-alloy of the other com-
pared stems. Proximally, a Trabecular Metal sleeve is attached followed by a cylindrical part of
the stem without surface or design modifications. Further distal sharp fluted fins are completed
by a double-slotted end of the stem.

In a previous study we analyzed primary stability of these four megaprostheses in an AAOS
II bone defect with preserved isthmus [8]. In accordance to this study, we prepared sixteen

Fig 2. Schematic cross sections of all four stem designs in comparison.

doi:10.1371/journal.pone.0129149.g002
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synthetic femora (composite bone 4th generation (#3406), Sawbones Europe, Malmö, Sweden)
with a standardized segmental AAOS III bone defect [9] to study the influence of bone defect
extension. Therefore the implant supporting femoral isthmus was partially resected by an
osteotomy 11 cm distal to the lesser trochanter (Fig 1). A group size of n = 4 was shown to be
sufficient based on statistical power analysis within a similar experimental set-up [8]; therefore,
four bones were allocated to each implant group. An experienced surgeon carried out rasping
of the bone and evaluated the subsequently performed X-ray control. A standardized protocol
[8] was used to obtain comparable conditions; however, bone bed preparation of the prostheses
was carried out according to each manufacturer’s instructions. Stems were implanted in a stan-
dardized manner using a material testing device. For this, a setting of 2 kN followed by 4 kN
applying 25 cycles each was used, simulating intraoperative impaction forces of the surgeon
and the first careful post-op loadings of the patient himself. A second X-ray controlled the final
implant fit within the synthetic bone.

The bones were fixed distally. Using two actuators with weights and a rope system, a cyclic
torque of ±7 Nm was applied at the proximal end of the implant around its longitudinal axis.
Subsequently, three-dimensional micromotions of the implant (Fig 3: measuring points #1-#4)
and of the bone (Fig 3: measuring points #5-#10) were measured with six LVDT’s arranged in
a 3-2-1-setup at each measurement point. Relative micromotions at the implant-bone-interface
could be calculated based on a comparison of these absolute micromotions at each measuring
level. The distribution of these relative micromotions along the longitudinal stem axis allows
for the determination of the area of main fixation for each implant, as low relative micromo-
tions correspond with tight fixation. The whole method of implant stability characterization
has been described precisely and validated in our previous studies [8, 10–13].

The characteristic fixation behavior in the presence of a proximal femoral isthmus resecting
AAOS type III defect of all different stems are displayed in Fig 4. Each graph reflects the mea-
sured micromotions in mdeg/Nm of the femur (dotted line) and the implant (continuous line).
Relative motions at the implant-bone interface are marked in orange. The X-rays of each im-
plant show further information about the contact areas of bone and implant.

Extent of relative micromotions is displayed in Fig 5. The measured micromotions in mdeg/
Nm were converted to μm and extrapolated to an extreme case of joint loading (35 Nm in case
of stumbling [14]). Loadings have been performed with downscaled loads to allow a compara-
ble and non-destructive measurement; however, a linear correlation of motion and loading was
shown [11]. All implant designs are separately displayed and compared directly to the smaller
AAOS type II defects as previously published [8].

Statistics:A priori sample size estimation (α error = 0.05; decisive power of 0.80) was per-
formed based on the results of a similar experimental set-up [8]. Using a statistic software
(G�Power version 3.1.9.2, University Duesseldorf, Germany), a maximum group size of n = 4
was determined to be sufficient to characterize fixation characteristics of a single stem as well
as to compare different implant groups using ANOVA. In addition, post hoc power analyses
(α error = 0.05; groups = 4; measurements = 4) with ANOVA were performed for each mea-
sured implant group. Here, a power of 98–100% was achieved for each group, although the
highest standard deviation within the groups was chosen as standard deviation parameter for
each group within calculation of power. Analyses of variance were used to characterize the fixa-
tion of each megaprosthesis and to compare the fixation characteristics of all different implant
designs. The results of this study were compared to those from our previous study [8] with an
analysis of variance and Student’s T-tests to identify an influence of remaining femoral isthmus
length on implant fixation. A “least significant difference” test (LSD) was used as a post-hoc
test. A p-value<0.05 was considered to be significant. Data were expressed as means ± SD
(standard deviation).
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Results
Within Group A (Megasystem-C), the lowest relative micromotions were measured in the
proximal part of the stem near the proximal isthmus (Table 1; ~#1: 9.27±2.59 mdeg/Nm vs.
~#2: 7.05±1.34 mdeg/Nm; p = 0.06). The highest relative micromotions were located further
distal at the distal end of the stem (~#4: 25.69±0.73 mdeg/Nm). Both proximal measuring
points differ significantly compared to the points more distally located (each comparison
p<0.01). The proximally significant lower micromotions indicate a proximal fixation

Fig 3. Measurement points of the implant (orange; #1-#4) and bone (blue; #5-#10) at different
measuring levels.

doi:10.1371/journal.pone.0129149.g003
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Fig 4. Rotational stability of a) Megasystem-C, b) MUTARS, c) GMRS and d) Segmental System in
mdeg/Nm.

doi:10.1371/journal.pone.0129149.g004

Fig 5. Converted relative micromotions in extreme case of stumbling [14] of a) Megasystem-C, b)
MUTARS, c) GMRS and d) Segmental System in μmcompared to AAOS defect type II [8].

doi:10.1371/journal.pone.0129149.g005
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characteristic in the extended AAOS type III defect. This implant fixation characteristic shows
no significant difference to the smaller bone defect [8] (p = 0.06).

Within Group B (MUTARS), the lowest relative micromotions were measured in the mid-
dle part of the stem near the isthmus (~#2: 6.68±1.61 mdeg/Nm vs. ~#3: 7.07±1.83 mdeg/Nm;
p = 0.74). The highest relative micromotions were located further distally at the distal end of
the stem (~#4: 13.37±1.43 mdeg/Nm). Both isthmus measuring points differ significantly com-
pared to the distal point (each comparison p<0.01) and to the proximal measuring point (~#2:
p<0.01 and ~#3: p = 0.02). The measured micromotions indicate a total or isthmus fixation
characteristic in the extended AAOS type III defect. This overall implant fixation characteristic
shows no significant difference to the smaller bone defect [8] (p = 0.14).

Within Group C (GMRS) lowest relative micromotions were measured in the proximal part
of the stem near the proximal isthmus (~#1: 5.30±0.47 mdeg/Nm vs. ~#2: 5.24±2.19 mdeg/
Nm; p = 0.97). The highest relative micromotions were located further distally at the distal end
of the stem (~#4: 14.53±3.46 mdeg/Nm). Both proximal measuring points differ significantly
compared to the distal point (each comparison p<0.01). The proximally significant lower
micromotions indicate a proximal fixation characteristic in the extended AAOS type III defect.
This implant fixation characteristic differs compared to the smaller bone defect (Fig 5)
(p = 0.03), in which a distal fixation characteristic was determined [8].

Within Group D (Segmental System), the lowest relative micromotions were measured in
the proximal part of the stem near the proximal isthmus (~#1: 0.94±0.13 mdeg/Nm vs. ~#2:
0.48±0.38 mdeg/Nm; p = 0.86). The highest relative micromotions were located further distal
at the distal end of the stem (~#4: 16.66±5.07 mdeg/Nm). Both proximal measuring points dif-
fer significantly compared to the point more distally located (each comparison p<0.01). The
proximally significant lower micromotions indicate a proximal fixation characteristic in the en-
larged AAOS type III defect. This implant fixation characteristic is comparable to the smaller
bone defect [8] (p = 0.55).

Apart from the fixation characteristics, the magnitude of relative micromotions at the differ-
ent measuring levels vary between both bone defects in Group A, B and C (Fig 5). Except for
the proximal part of the stem, the relative micromotions in Group A increased with bone defect
extension, even significantly in the middle part of the implant (AAOS type II vs. AAOS type
III; ~#2: p = 0.02 and ~#3: p = 0.01). In Group B all relative micromotions slightly decreased
with widened bone resection, especially at the proximal part of the stem (AAOS type II vs.
AAOS type III; p = 0.02); however, the overall fixation characteristic did not change with

Table 1. Relative micromotions of all implant groups (A-D) andmeasurement points (from proximal to distal) described asmeans (Ø) and standard
deviations (SD).

Relative micromotion in mdeg/Nm

Group proximal prox. isthmus dist. isthmus distal

A Ø 9.27 7.05 17.48 25.69

±SD 2.59 1.34 0.47 0.73

B Ø 10.40 6.68 7.07 13.37

±SD 1.79 1.61 1.83 1.43

C Ø 5.30 5.24 9.97 14.53

±SD 0.47 2.19 2.99 3.46

D Ø 0.94 0.48 7.42 16.66

±SD 0.13 0.38 5.28 5.07

Group A: Megasystem-C; Group B: MUTARS; Group C: GMRS; Group D: Segmental System.

doi:10.1371/journal.pone.0129149.t001
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increased defect size. The proximal relative micromotions in Group C decreased significantly
with bone defect extension (AAOS type II vs. AAOS type III; ~#1: p = 0.03 and ~#2: p<0.05)
and increased distally. In contrast to Groups A-C, extent of relative micromotions at the differ-
ent measuring levels between both bone defects was comparable in Group D. However, a ten-
dency of decreasingly proximal micromotions and increasingly distal micromotions could be
observed in the AAOS type III defect.

Discussion
Aseptic loosening of megaprostheses is a relevant clinical problem [2, 4, 15, 16], especially con-
sidering the mostly young patients undergoing resection of bone tumors and reconstruction of
the resulting defect with such implants.

The extent of required bone resection determines the fixation conditions. If the femoral isth-
mus remains intact, reliable cementless fixation of the implant can be achieved in this bone sec-
tion with strong cortices [8]. If more of the proximal femur has to be resected, it can be
suspected that the fixation might be complicated, as only the distal part of isthmus and widen-
ing cortical bone below are available (Fig 1). The AAOS defect classification [9], which consid-
ers mainly preserved bone for press-fit implantation, is commonly used [17], well
reproducible, and the resulting defects correspond to resections in orthopaedic oncology. We
therefore applied this classification to create standardized segmental defects. In a previous
study [8] primary stability of megaprostheses in bones with maintained isthmus were studied.
To analyze how altered fixation conditions influence the primary implant stability, we extend-
ed the femoral defect according to an AAOS type III defect with partial resection of the
femoral isthmus.

Adapting the obtained results to physiological hip joint loadings according to Bergmann
[14] all implants showed relative micromotions below 150 μm between bone and implant.
Therefore, all implants might provide sufficient primary stability in an AAOS type III defect to
allow bone integration [6, 7, 18]. However, maximum appearing relative micromotions in
Group A and Group D increased from small AAOS type II defect [8] (A: 78.17±12.10 μm and
D: 47.21±5.89 μm) to an extended AAOS type III defect (A: 96.61±2.75 μm and D: 59.47
±18.11 μm). In contrast, maximum relative micromotions in Group B and Group C decreased
with widened defect situation (small defect[8]: B: 68.82±11.53 μm and C: 82.27±26.66 μm vs.
extended defect: B: 57.73±6.20 μm and C: 51.88±12.36 μm).

TheMegasystem-C (Group A) exhibited a proximal fixation behavior with significantly less
relative micromotions at both proximal when compared to both distal measurement points
(Fig 4). The fixation was comparable to the AAOS type II defect [8] but a tendency toward a
more homogeneous fixation pattern at the proximal stem was observed (Fig 5). The different
shape of bone can explain the subtle change in fixation pattern, even though the stems can be
characterized as proximal fixation in both defect types. The AAOS type II defect ends approxi-
mately 1cm above the isthmus. Therefore the most proximal part of the stem might not have
been in close contact to the bone, as this narrows at this level to form the isthmus below (Fig 1).

It could be assumed, that the forces consequently could be more equally distributed in the
AAOS type III defect and even though the fixation pattern still consists in locking in the nar-
rowest part of the femur, peak forces with the associated risk of fracturing might be reduced as
indicated by the significant change of relative micromotions at the proximal isthmus (Figs 4
and 5).

Due to the widening bone below the isthmus and the conical stem design (Fig 2), the relative
micromotions at the distal part of the implant increase, which was significant at the distal isth-
mus (Fig 4).
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For theMUTARS system (Group B), a homogenous fixation pattern in the isthmus could
be demonstrated with significantly less primary stability at the proximal and distal stem parts
(Fig 4). This hasn’t changed compared to the AAOS type II defect and can be explained by the
stem design. It achieves stability with the cylindrical and curved shape (Fig 2) according to the
distance with cortical contact. Apart from the very proximal part of the stem, no significant dif-
ferences in respect to the extent of relative micromotions could be observed. The significantly
increased primary stability proximally could be attributed to closer contact between the proxi-
mal stem and the isthmus in the AAOS type III defect, as already discussed for theMegasys-
tem-C.

A proximal fixation pattern of the GMRS (Group C) could be established with significantly
lower micromotions proximally and at the proximal isthmus compared to the distal measure-
ment points. Considering the distally accentuated fixation in the AAOS type II defect [8], a sig-
nificant change in fixation pattern was detected. As expected for implants with distal fixation,
this change has to be attributed to the varied fixation conditions, as the distal part of the stem
does not engage in the widening cortices below the isthmus to the same extent as within the
isthmus. Surprisingly, the change considering the extent of micromotions is more pronounced
at the proximal stem and proximal isthmus, where the reductions reach statistical significance
(Fig 5). Furthermore the maximum relative micromotions of the whole stem were lower in the
AAOS type III compared to type II defect [8]. As discussed earlier, a reduction in micromo-
tions very proximally could be explained by the direct contact of the stem to the bone in the
isthmus, which might have been prevented by the widening bone above the isthmus in AAOS
type II defect. Considering the cylindrical design of the GMRS, we initially did not expect a dis-
tally accentuated fixation but a more homogenous fixation as observed with theMUTARS. In
contrast to the latter, the GMRS stem is straight (Fig 2) and therefore the tip of the stem might
have been in contact with the cortex of the bowed femur, resulting in less micromotions distal-
ly. In this case, a further subsidence of the stem and therefore engagement of the proximal ex-
pansions with the bone might have been avoided in the AAOS type II defect. With the
widening cortices below the isthmus, a jamming of the stem tip might be prevented, which
would allow optimal stem insertion and could explain the proximally significantly reduced
micromotions as a result of the now effective proximal expansions.

The Segmental system (Group D) shows a proximal fixation pattern with significantly
higher primary stability of the proximal measuring points, which has not changed by variation
of the bone defect. Compared to AAOS type II defect no significant changes of relative micro-
motions could be observed, although a slight increase in relative micromotions at the distal
stem could be explained by the impaired fixation conditions below the isthmus.

As we are simulating clinical situations, limitations of this study have to be considered. The
experimental setup used is limited due to several factors; however, as earlier studies with simi-
lar methods could be confirmed clinically [10,11], we are convinced that our methods reflects a
highly scientific standard. Applying a pure axial torque did not reflect all forces occurring in-
vivo (e.g. within walking, stair climbing, etc.) [19]; nevertheless the torque chosen represents a
high relevance for stem loosening in case of distortion. As a benefit compared to other studies,
the axial torque application with ropes allowed to measure motions free of guided counterac-
tions. The decreased torque of 7 Nm compared to other studies showing more realistic in-vivo
loads [19] is another limitation. A decreased torque was used to allow a non-destructive mea-
surement and to correspond to an expected moderate post-operative loading in case of such
large defect situations. A linear correlation between force and motion could be confirmed in
the past [11]. The non-destructive measurement is essential for consecutive motion analysis
with LVDT’s at multiple measuring points, which also is a limiting factor.
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Besides the level of resection, which we chose according to the clinically relevant AAOS clas-
sification [17], bone defects can also affect the integrity of the cortical bone. In this study the
cortices of the sawbones were intact, which might not reflect the situation during a revision
surgery after aseptic loosening of total hip arthroplasty but should correspond to oncologic re-
sections in healthy bone of young patients.

Moreover, the shape and dimensions of the proximal femur can be variable between pa-
tients [20, 21], for which we did not account by using standardized sawbones in order to obtain
reliable measurements. Although the femoral canal is prepared according to the shape of the
implanted stem, our results might not be applicable to femora with a substantially different
morphology compared to the tested sawbones in which the shape of the isthmus was character-
ized by parallel cortices over its entire distance (Fig 1).

For these sawbones mechanical characteristics could be demonstrated, which were consis-
tent with cadaveric femurs at a lower variability [22, 23]. Nevertheless deviations of the saw-
bone properties from human bone properties can influence the validity of the obtained results.
In addition, the normalized bone quality of the Sawbone might differ to the bone quality of a
patient after a long and drug intensive therapy. With the applied study protocol and identical
sawbones, however, clinically sound results in primary and revision surgery could be demon-
strated in earlier studies [10, 11].

Megaprostheses with different designs were purposely chosen to study the effect of varied
fixation conditions on their primary stability. Unfortunately their length varied slightly and
one of the stems is only available in a curved form. Besides their shape and surfaces, these fac-
tors might also influence the different performance of stems and therefore limit the significance
of our results. Biological effects cannot be studied in this biomechanical model, and as a result,
the effect of hydroxyapatite coating or Trabecular Metal sleeves, which presumably will en-
hance bone integration [24, 25], cannot be assessed. The same is true for other factors leading
to aseptic loosening, for which primary stability is only a prerequisite. This might also explain
relevant clinical aseptic loosening rates, although we did establish an adequate implant fixation
in our study.

In conclusion, we could demonstrate in this setting after partial resection of the femoral
isthmus probably sufficient primary stability of all implants to allow bone integration and
hence possible achievement of secondary stability to avoid aseptic loosening. After extension of
the bone defect for most implants no significant change in fixation pattern was observed as
long as a portion of the femoral isthmus was preserved for press-fit fixation. For the cylindrical
stem with previously distal fixation, a significant conversion to a proximal fixation pattern was
observed with an increase of its overall primary stability. Due to widening cortices below the
isthmus in the AAOS type III bone defect most implants showed a tendency toward increased
relative micromotions at the tip of the stem.

For clinical application the results of this study implicate that all analyzed megaprostheses
provide adequate primary stability if the isthmus is at least partially preserved. The potential
consequences of different force transmissions of implant and bone as stress shielding and thigh
pain [18] are beyond the scope of this study. Nevertheless, the consideration of these aspects
could influence surgeons in their choice of implants.

As we could not provide evidence to favor one of the studied implants in terms of superior
primary stability, we can accordingly not recommend the application of a specific implant.
However, our results were obtained in a sawbone model in which the femoral morphology was
characterized by an isthmus with parallel cortices over a longer distance. The fixation condi-
tions might be different in femora with a shorter, more converging, and narrower isthmus in
which conical stems might be more appropriate.
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Therefore the variability in the dimensions and shapes of the proximal femur [20, 21]
should be considered to choose the implant which best provides tight diaphyseal contact over a
long distance in the femoral isthmus to reconstruct extended proximal femoral bone defects.

Acknowledgments
We thank Dipl. rer.soc. Simone Gantz (University Heidelberg, Germany) for
biometrical consulting.

Author Contributions
Conceived and designed the experiments: SK JN EJ JPK. Performed the experiments: JDG SK
JN. Analyzed the data: JN EJ JPK. Contributed reagents/materials/analysis tools: EJ JPK JN.
Wrote the paper: SK JN.

References
1. Heisel C, Kinkel S, Bernd L, Ewerbeck V (2006) Megaprostheses for the treatment of malignant bone

tumours of the lower limbs. Int Orthop 30(6):452–457. PMID: 16967279

2. Henderson ER, Groundland JS, Pala E, Dennis JA, Wooten R, Cheong D, et al. (2011) Failure mode
classification for tumor endoprostheses: retrospective review of five institutions and a literature review.
J Bone Joint Surg Am 93(5):418–429. doi: 10.2106/JBJS.J.00834 PMID: 21368074

3. Kinkel S, Lehner B, Kleinhans JA, Jakubowitz E, Ewerbeck V, Heisel C (2010) Medium to long-term re-
sults after reconstruction of bone defects at the knee with tumor endoprostheses. J Surg Oncol 101
(2):166–169. doi: 10.1002/jso.21441 PMID: 19924724

4. Mittermayer F, Krepler P, Dominkus M, Schwameis E, Sluga M, Heinzl H, et al. (2001) Long-term fol-
lowup of uncemented tumor endoprostheses for the lower extremity. Clin Orthop Relat Res ( 388):167–
177. PMID: 11451116

5. Bensmann G (1990) Cementless fixation of endoprostheses. Biomed Tech (Berl) 35 Suppl 3:44–47.
PMID: 2078759

6. Ducheyne P, De Meester P, Aernoudt E (1977) Influence of a functional dynamic loading on bone in-
growth into surface pores of orthopedic implants. J Biomed Mater Res 11(6):811–838. PMID: 591524

7. Pilliar RM, Lee JM, Maniatopoulos C (1986) Observations on the effect of movement on bone ingrowth
into porous-surfaced implants. Clin Orthop Relat Res ( 208):108–113. PMID: 3720113

8. Kinkel S, Graage JD, Kretzer JP, Jakubowitz E, Nadorf J (2013) Influence of stem design on the primary
stability of megaprostheses of the proximal femur. Int Orthop 37(10):1877–1883. doi: 10.1007/s00264-
013-2052-9 PMID: 23955817

9. D'Antonio J, McCarthy JC, Bargar WL, Borden LS, CappeloWN, Collis DK, et al. (1993) Classification
of femoral abnormalities in total hip arthroplasty. Clin Orthop Relat Res ( 296):133–139. PMID:
8222415

10. Jakubowitz E, Bitsch RG, Heisel C, Lee C, Kretzer JP, Thomsen MN (2008) Primary rotational stability
of cylindrical and conical revision hip stems as a function of femoral bone defects: an in vitro compari-
son. J Biomech 41(14):3078–3084. doi: 10.1016/j.jbiomech.2008.06.002 PMID: 18809179

11. Gortz W, Nagerl UV, Nagerl H, Thomsen M (2002) Spatial micromovements of uncemented femoral
components after torsional loads. J Biomech Eng 24(6):706–713.

12. Jakubowitz E, Kinkel S, Nadorf J, Heisel C, Kretzer JP, ThomsenMN (2011) The effect of multifilaments
and monofilaments on cementless femoral revision hip components: an experimental study. Clin Bio-
mech (Bristol, Avon) 26:257–261. doi: 10.1016/j.clinbiomech.2010.11.004 PMID: 21146907

13. PepkeW, Nadorf J, Ewerbeck V, Streit MR, Kinkel S, Gotterbarm T, et al. (2014) Primary stability of the
Fitmore stem: biomechanical comparison. Int Orthop 38(3):483–8. doi: 10.1007/s00264-013-2138-4
PMID: 24146175

14. Bergmann G, Graichen F, Rohlmann A (1993) Hip joint loading during walking and running, measured
in two patients. J Biomech 26(8):969–990. PMID: 8349721

15. Ilyas I, Pant R, Kurar A, Moreau PG, Younge DA (2002) Modular megaprosthesis for proximal femoral
tumors. Int Orthop 26(3):170–173. PMID: 12073111

16. Shin DS, Weber KL, Chao EY, An KN, Sim FH (1999) Reoperation for failed prosthetic replacement
used for limb salvage. Clin Orthop Relat Res ( 358):53–63. PMID: 9973976

Primary Stability of Proximal Femoral Megaprostheses

PLOS ONE | DOI:10.1371/journal.pone.0129149 June 1, 2015 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/16967279
http://dx.doi.org/10.2106/JBJS.J.00834
http://www.ncbi.nlm.nih.gov/pubmed/21368074
http://dx.doi.org/10.1002/jso.21441
http://www.ncbi.nlm.nih.gov/pubmed/19924724
http://www.ncbi.nlm.nih.gov/pubmed/11451116
http://www.ncbi.nlm.nih.gov/pubmed/2078759
http://www.ncbi.nlm.nih.gov/pubmed/591524
http://www.ncbi.nlm.nih.gov/pubmed/3720113
http://dx.doi.org/10.1007/s00264-013-2052-9
http://dx.doi.org/10.1007/s00264-013-2052-9
http://www.ncbi.nlm.nih.gov/pubmed/23955817
http://www.ncbi.nlm.nih.gov/pubmed/8222415
http://dx.doi.org/10.1016/j.jbiomech.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18809179
http://dx.doi.org/10.1016/j.clinbiomech.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21146907
http://dx.doi.org/10.1007/s00264-013-2138-4
http://www.ncbi.nlm.nih.gov/pubmed/24146175
http://www.ncbi.nlm.nih.gov/pubmed/8349721
http://www.ncbi.nlm.nih.gov/pubmed/12073111
http://www.ncbi.nlm.nih.gov/pubmed/9973976


17. Haddad FS, Masri BA, Garbuz DS, Duncan CP (1999) Femoral Bone Loss in Total Hip Arthroplasty:
Classification and Preoperative Planning. J Bone Joint Surg Am 81(10):1483–98.

18. Engh CA, Bobyn JD, Glassman AH (1987) Porous-coated hip replacement. The factors governing
bone ingrowth, stress shielding, and clinical results. J Bone Joint Surg Br 69(1):45–55. PMID: 3818732

19. Bergmann G, Graichen F, Rohlmann A, Bender A, Heinlein B, Duda GN (2010) Realistic loads for test-
ing hip implants. Biomed Mater Eng 20:65–75. doi: 10.3233/BME-2010-0616 PMID: 20592444

20. Laine HJ, Lehto MU, Moilanen T (2000) Diversity of proximal femoral medullary canal. J Arthroplasty
15(1):86–92. PMID: 10654468

21. Merle C, WaldsteinW, Gregory JS, Goodyear SR, Aspden RM, Aldinger PR, et al. (2014) Howmany
different types of femora are there in primary hip osteoarthritis? An active shape modeling study. J
Orthop Res 32(3):413–22. doi: 10.1002/jor.22518 PMID: 24249665

22. Cristofolini L, Viceconti M, Cappello A, Toni A (1996) Mechanical validation of whole bone composite
femur models. J Biomech 29(4):525–535. PMID: 8964782

23. Heiner AD, Brown TD (2001) Structural properties of a new design of composite replicate femurs and
tibias. J Biomech 34(6):773–81. PMID: 11470115

24. Bolognesi MP, Pietrobon R, Clifford PE, Vail TP (2004) Comparison of a hydroxyapatite-coated sleeve
and a porous-coated sleeve with a modular revision hip stem. A prospective, randomized study. J Bone
Joint Surg Am 86(12):2720–2725 PMID: 15590859

25. Bobyn JD, Stackpool GJ, Hacking SA, Tanzer M, Krygier JJ (1999) Characteristics of bone ingrowth
and interface mechanics of a new porous tantalum biomaterial. J Bone Joint Surg Br 81(5):907–914.
PMID: 10530861

Primary Stability of Proximal Femoral Megaprostheses

PLOS ONE | DOI:10.1371/journal.pone.0129149 June 1, 2015 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/3818732
http://dx.doi.org/10.3233/BME-2010-0616
http://www.ncbi.nlm.nih.gov/pubmed/20592444
http://www.ncbi.nlm.nih.gov/pubmed/10654468
http://dx.doi.org/10.1002/jor.22518
http://www.ncbi.nlm.nih.gov/pubmed/24249665
http://www.ncbi.nlm.nih.gov/pubmed/8964782
http://www.ncbi.nlm.nih.gov/pubmed/11470115
http://www.ncbi.nlm.nih.gov/pubmed/15590859
http://www.ncbi.nlm.nih.gov/pubmed/10530861

