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Abstract

Purpose Total hip arthroplasty (THA) has become a highly frequent orthopaedic procedure. Multiple approaches have been
made to design the femoral component for THA with a mechanical behaviour as close as possible to a natural femur. The
aim of this study was to compare different combinations of design and biomechanical properties of THA prostheses and
their impact on stress shielding of the periprosthetic bone.

Methods Virtual implantation of different stem designs (straight standard stem, straight short stem, anatomical short stem)
by finite element analysis based on in vivo data from computer tomography was performed. For each stem, three grades of
stiffness were generated, followed by a strain analysis.

Results Reduction of stem stiffness led to less stress shielding. Implantation of an anatomical short-stem prosthesis with
low stiffness provided the most physiological strain-loading effect (p <0.001).

Conclusion A combination of a short and an anatomically designed stem with a low stiffness might provide a more physi-
ological strain transfer during THA. Biomechanical properties of the femoral component for THA should be considered as
a multifactorial function of dimensions, design, and stiffness.

Keywords Stress shielding - Short stem - THA - Hip - Bone remodelling - Hollow stem

Introduction Because of the current demographic trend and increasing

numbers of THA implantations, surgeons are challenged by

Total hip arthroplasty (THA) is one of the most significant
milestones in orthopaedic surgery. First efforts to replace the
femoral head with ivory were made in the nineteenth century.
Since these early days, significant technological progress was
made in implant development including advances like the
Charnley®-prosthesis or the Zweymiiller®-stem [1].
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an increasing number of complex revision procedures [2].
Therefore, the primary goal for further developments in
THA is the longest possible survival of the bone-implant
interfaces including the implants themselves. Apart from
polyethylene abrasion, periprosthetic stress shielding with
concomitant reduction of the bone mass is a well-known
phenomenon which leads to non-physiological bone
remodelling processes [2, 3].

The desire to preserve as much bone material as possible
in THA, which provides an appropriate backup in case
revision surgery is necessary, led to new implant designs
and properties. Short-stem prostheses initiated by Morrey
in 1989 have been designed for this reason [4]. So far, many
studies have shown that these short-stemmed prostheses
result in a significantly higher preservation of bone stock
compared to standard prostheses [5—-8].

An additional approach to mimic biomechanical properties
of the hip with a THA was initiated by Morscher and Mathys
with the so-called “isoelastic” composite hip stem [9]. However,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00264-023-05825-7&domain=pdf
http://orcid.org/0000-0001-6113-3577

1982

International Orthopaedics (2023) 47:1981-1987

problems with stem ingrowth and early failure of this prosthesis
led to the disappearance of this implant from the market [10].
Based on the findings with the “isoelastic”” composite hip stem,
Gross and Abel investigated whether a hollow hip stem can
provide a strain load situation close to a real bone [11]. They
developed an optimised hollow stem structure in a theoretical
approach. Other authors used similar approaches to design a
femoral component of the THA that shows a physiological
behaviour close to that of natural bone [12-15]. However,
because of unwarranted or harmful side effects, none of these
implants are currently used in clinical routine.

Each of the above studies examined only one characteris-
tic effect after implantation of the respective hip stem pros-
thesis, either the influence of stem length or the influence
of stem stiffness. No study looked at the combination of
these two different parameters. To fill this knowledge gap,
the combination of different implant properties was the sub-
ject of the present study. Based on a validated in vivo data
set, virtual hip stem implantation within the framework of
a finite element analysis (FEA) was performed [16]. Three
typical types of stem designs combined with different stem
stiffnesses were tested for their strain load and their consecu-
tive effects on the femoral bone.

Materials and Methods
Ethics

The Medical Ethics Committee of the University of Marburg
approved this study (number of ethical approval: 84/96).
Written informed consent was obtained from all study par-
ticipants before participation.

Materials

The study is based on computed tomography (CT) data
from a 75-year-old woman suffering from hip osteoarthri-
tis. Validated data from her right femur were used for the
analysis [16]. Characteristics of the three different stem pros-
theses including their specifications such as manufacturer,
implanted size, size-specific length, largest depth of the stem
body, and stem type are shown in Table 1.

Table 1 Specifications of all investigated stems

Methods

Analytical methods were chosen as described previously
[17]. Scanner settings (Somatom® Plus-4, Siemens, Erlan-
gen, Germany) and transformation of CT voxels to finite
elements (FE) analysis were adjusted as described previ-
ously [16, 17].

To evaluate the impact of the different stem design/
stiffness combinations on periprosthetic bone structure, a
classic strain analysis for each combination of stem type
and stem stiffness was conducted. Virtual implantation of
the different stem designs was performed with FE software
Ansys® (Ansys 14.5.7, Ansys Inc., Canonsburg, USA),
and a geometrical matrix for each stem was generated
according to Schmitt et al., 1997 [18]. It was assumed
that stems showed a stable and rigid bonding with full
calcar contact.

Inspired by the full metal jacket principle of bullets, a
double-layer hip stem with a titanium shell and a bone-
marrow-like core was developed. A similar approach was
realised in the form of the Epoch® prosthesis (Zimmer
Inc, Warsaw, USA), however in different material layer
order [19]. In our study, every stem was designed in three
different phenotypes: full-body titanium (FB), double layer
with a 1.32-mm big shell (BS), and double layer with a
0.66-mm small shell (SS). In FEA, the double layer con-
cept was realised by assigning bone-marrow-like elastic
modulus to the stem’s core (Fig. 1).

Based on the work of Pauwels and according to Stolk
and colleagues, 347% of the body weight were applied
as the resulting head force during strain loading [20, 21].
Three-dimensional directions of this force were defined
according to Lengsfeld and colleagues [22]. Additional
muscle forces were disregarded while those show a wide
variance in vivo and produce no bias in case the same
loads were used for each model [23].

During the solution process, the gradient solver (default
settings) of the FE software was used for the strain simu-
lation process after the hip centre force was applied [17].
Slice-by-slice analysis was followed by linear analysis
with full resolution as described previously [11, 12, 17].
Periprosthetic regions of interest (ROI) were defined for
each stem type accordingly [24].

Stem Manufacturer Stem size Stem type Length Max. thickness
Fitmore® Zimmer®, Warsaw, USA Ad Short, anatomical 93 mm 14 mm
Ecofit Short® Implantcast®, Buxtehude, Germany 6.25 Short, straight 97 mm 12 mm
CLS Spotorno® Zimmer®, Warsaw, USA 8 Standard, straight 146 mm 17 mm
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Fig.1 Virtually generated finite element models of the Fitmore®-
prosthesis. The figure shows the modelling of the hollow stems with
thinning shells. A Full-bodied original stem, B double-layer stem

Statistical Analysis

Statistical analysis was performed with statistical software
package SPSS® Version 24 (IBM, Armonk, North Cas-
tle, New York, USA). Groups were compared using the
Kruskal-Wallis-H test with Dunn’s post hoc test and a Bon-
ferroni correction for multiple testing [25]. The dependent
variable strain energy density was calculated as integral of
the area below the fitting curves divided into 20 equidistant
sections.

Results
Full resolution analysis

Full-resolution analysis demonstrated advantages of the ana-
tomical short stem with regard to the stress-shielding effect
at the proximal femur.

Figure 2 shows strain patterns of all 9 combinations
in full resolution for the bone from the trochanteric tip
to the diaphyseal area. Particularly in the metadiaphyseal
area, short stems provide a biomechanical behaviour that

14

with a 1.32-mm big shell, and double-layer stem with a 0.66-mm
small shell (C). Graphics were taken from Ansys®

is closer to human physiology compared to the behaviour
of the standard stem. Strain load differed significantly
between the three types of the Fitmore® stems (FB, BS,
SS; ;(2:20.04, p <0.001). Type Fitmore® SS showed a
reduced stress shielding effect compared to the Fitmore®
FB (p <0.001) while the stress shielding effect of the Fit-
more® FB and the Fitmore® BS did not differ statisti-
cally (p=0.919). Furthermore, when the stiffness of the
stem was reduced, the strain load of the natural femur did
not differ to the standard stem (CLS Spotorno®, y>=5.21,
p=0.074) or the straight short stem (Ecofit Short®,
7°=0.04, p=0.979).

Strain analysis of the periprosthetic bone

Reducing the stiffness of the stem had the greatest effect on
stress shielding in the calcar region.

Table 2 shows the results of the strain energy density
(SED) change after virtual implantation for each stem-
design/stiffness combination compared to a natural femur
without prosthesis. Strain reduction was seen in medial
regions of the bone after the implantation of full-bodied
stems. In contrast, in the lateral regions, the SED increased
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Fig.2 SED-Changes after
virtual stem implantation
[MPa]. X-axis is defined by the
anatomical location starting
from trochanteric tip and ends
three centimetres below the
CLS Spotorno® prosthesis

tip. The different stem types
(Fitmore® FB (blue), Fitmore®
BS (red), Fitmore® SS (green),
Ecofit Short® FB (violet),
Ecofit Short® BS (petrol),
Ecofit Short® SS (orange), CLS
Spotorno® FB (light blue),
CLS Spotorno® BS (light red),
and CLS Spotorno® SS (light
green)) were taken for stress
analysis. Only the anatomi-

cal stem (Fitmore®) offers a
reduced stress shielding effect
by reducing its stiffness to a
small shell (p <0.001)

Table 2 SED-changes [MPa] in Gruen’s zones (ROI) of all stem vari-

ations

SED - Change [in Mpa]
8,0

6,0

4,0 /\J
. e

—
IANASNY =

——Fitmore FB =——Fitmore BS ——Fitmore SS ——Ecofit FB  ——Ecofit BS
——Ecofit SS Spotorno FB==Spotorno BS——Spotorno SS

for most of the other simulations. With a reduction of stem
stiffness, in the medial bone regions, less stress shielding
was induced. In contrast to the anatomical short stem, other

SED-Changes [MPa]

stem types showed a lower strain gain in the lateral regions.

FB BS SS Like the abovementioned findings, a clear reduction of the
Fitmore® stress sh.ielding effect appeared only in proximal medial
ROI 1 0.034 0.617 1019 ~ bomeregions. , ,
ROL2 1201 2001 5985 Overall, these results showed that implantation of an ana-
ROL3 1739 2005 L636 tomical.short stem prosthesis.together with a .small. titanium
ROL4 5140 1853 2151 .shell (Fltmor‘e® SS) resulted in the most physiological load-
ROI 5 ~1.644 ~1.151 1397  ingeffect (Fig. 3).
ROI 6 —-1.322 —0.190 0.000
ROI 7 —2.808 -0.275 1.655 Di .
Ecofit® Short Iscussion
ROI'1 0.588 1.592 1.252 . .
ROI 2 1683 2313 0.627 THA is a frequently performed orthopaedic pro.cedure.
ROI 3 1531 1614 0.593 Numerous aPproaches hjave.: been mé}de t.o design .the
ROI 4 0314 0313 0322 femoral stem in a way to mimic the physmloglcal behaYlour
ROIS 0943 0983 ~1.190 of a .natura.l femur a§ close as posm.ble.. Therefore, with a
ROIL6 0357 0322 0340 multlfactor{al analysis, several compmatlons of sten'l lenth
ROL7 _4084 0123 2012 and stem stiffness were analysed with regard to their strain
load and their consecutive effects on the femoral bone. The
CLS Spotorno® . . L
ROL 1 0173 0.989 1015 results 'of this stgdy indicated that.the comb1.nat10n of an
ROI 2 0.197 0293 ~0.294 anat(.)mmally demgned. shor't stem “'/lth a low stiffness might
ROI 3 0443 0769 0,938 p.r0v1de the most physiological strain transfer to the femoral
ROI 4 0567 ~0.942 _pops  Sideafter THA. o ,
ROI S _3319 2697 _2884 However, the current. study is .11m1ted by the V1rt.ual
ROL6 2780 1548 ~1793 approach (?f THA stem 1mplantat1.on and th.e numer@al
ROI7 3057 —0.858 0397 method. It is unclear how data obtained from implantation

simulations with FE software translate into the clinical
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Fig.3 SED-Changes after virtual implantation of a Fitmore® stem
[MPa]. The figure shows the distribution of strain energy in the
femoral bone under force application. Reduction of the stress shield-
ing shown by higher values is predominantly present in the medial

setting without considering the biological effects of
the bone. Our findings should be validated in DEXA or
cadaver studies as a next step to obtain further data on
the biomechanical physiology of the different stem types.
This information might be a prerequisite for the design of
a prospective clinical trial.

In this study, a previously validated set of FE data
was used to analyse the impact of different stem designs
and properties during THA on stress shielding and
bone remodelling [2, 3, 11, 16, 17]. While dual X-ray
absorptiometry (DEXA) can be useful for descriptive
examinations with lower radiation doses than CT-based
methods, DEXA cannot perform simulations like a virtual
implantation [26].

Few mathematical approaches have been performed to
transfer bone density values to elastic modulus [27-29].
Since FE models provide consistent bony strain patterns
and are independent from the density-modulus relation-
ship, it was possible to use a linear relationship according
to studies from Ciarelli and colleagues [27]. Furthermore,
common problems of a CT-based approach such as par-
tial volume effects, fat errors, or metal artefacts had no
impact on the results because the same dataset was used
for each simulation [16]. An isolated resultant force on the

SED [Mpa]

.4
8.4
16.1
23.8
315
39.2
46.9
54.6
62.3
70

A0L0NEENN

regions. Force absorption by the stem decreases as the metal shell
becomes thinner. A full-bodied original stem, B double-layer stem
with a 1.32-mm big shell, and double-layer stem with a 0.66-mm
small shell (C). Graphics were taken from Ansys®

hip centre verified by telemetric in vivo measurements was
chosen because of widely varying effects of muscle forces
on the SED [30].

Most research articles on THA employ a classification
of zonal radiographic bone looseness described by Gruen
and colleagues [24]. Since CT-based data sets provide
high-resolution results, it became possible to analyse
bones with a slice-by-slice technique including full three-
dimensional information [26]. Like others, we used this
approach to provide full slice resolution with a linear
analysis [11, 17, 31].

Currently, there are multiple concepts to reduce stress
shielding during THA [4, 5, 9, 11-15, 31]. In this context,
stem design has become a research objective since the
early days of THA. Many authors studied the behaviour
of straight, tapered, and anatomical designs [12, 32-34].
Mostly, they found that anatomically designed stems
produced the most physiological strain load for the bone
remodelling processes [33]. However, with inconsistent
study results, a real advantage for the clinical outcome
remained questionable [32]. An established method to
reduce stress shielding during THA by design variations
has been found for the group of short stems [5, 35, 36].
Short stems with fixation techniques defined by osteotomy
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level are considered to provide a maximum of bone stock
preservation until a first aseptic revision surgery is needed
[7, 37]. However, the implantation of short stems has
produced new problems including a potentially increased
risk for periprosthetic fractures [6, 8]. In this context, it
appears that consideration of stem design and length are
not the one and only perfect solution for bone remodelling
phenomenon after THA.

Therefore, other study groups analysed how stress
shielding would be affected by using implants with a
reduced stem stiffness such as low-stiffness composite
prostheses like the Epoch® [13-15]. All those studies
could describe reduced shielding when the rigidity of
the femoral component was decreased [9, 11, 12, 19, 31,
32, 38]. However, new complications arose soon such as
early failure of the stems [10]. Furthermore, interface
shear stress between the implant and the periprosthetic
bone increased with a lower stiffness and could lead to
the loosening of the implant [11, 39]. Gross and Abel
described that these effects could be reduced by the
implantation of a hollow stem compared to a composite
stem [11]. In this context, Bobyn and colleagues described
that different components of stiffness must be considered
for bone protection strategies in THA with stems [31].
They emphasised that the stiffness of the stem with
an axial-, a compression-, a bending-, and a torsion-
component must be considered when protection strategies
are evaluated. Thereby, the component of the axial
stiffness appears to be the most important parameter. If a
stem was made hollow and more flexible, the axial stress
was reduced most effectively if the so-called “threshold
of flexibility” was reached with a very thin metal shell.
A reduction in stem stiffness leads to a considerable
effect on bone reactions, a phenomenon characterised
as “threshold of flexibility”. However, the “threshold of
flexibility” is only measurable when the elastic modulus of
the implant falls below an individually defined threshold.
In this context, other authors described the biomechanical
behaviour of the femoral component during THA as a
multifactorial function of fixation, material property,
and design [40]. Bobyn and colleagues characterised the
term of a “structural stiffness” which consists of stem
geometry and elastic modulus. Both parameters were
fitted into a close physiological window, the so-called
“physioelasticity” [12].

Our findings appear to be the first effort to combine
different current approaches to reduce stress-shielding
effects in the proximal femur during THA in a FE analysis
on in vivo data. Considering the multifactorial function, the
best bone protection was found if an anatomic short stem
with a reduced stiffness was used. Because only a very
small titanium shell showed an effect on strain patterns,
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we could confirm the theory of a critical threshold from
Bobyn and colleagues [31]. A combination of the different
concepts for stem design, stem modulus, and stem length
could further improve stem quality and lead to a most
physiological stem.

Conclusion

Based on the result of this study, a combination of a short and an
anatomically designed stem with a low stiffness might provide
a more physiological strain transfer during THA than other
available stems without these properties. The biomechanical
properties of the femoral component should be considered
a multifactorial function including dimensions, design, and
stiffness. Further research with translational approaches into
clinical practice is needed to understand the impact of hip stem
function on bone remodelling processes and to find the optimal
stem with a minimal stress-shielding effect.

Author contribution RB and JS conceived and designed the
experiments. RB performed the experiments. RB, JAG, and JS
analysed the data. CS performed the statistical analysis. RB, JAG, and
JS wrote the paper. All authors read and approved the final version of
the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability Data is available by the corresponding author.

Code availability Not applicable.

Declarations

Ethical approval The Medical Ethics Committee of the University of
Marburg approved this study (number of ethical approval: 84/96).

Consent to participate Written informed consent was obtained from
all study participants before participation.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/

International Orthopaedics (2023) 47:1981-1987

1987

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Scheerlinck T, Druyts P, Casteleyn PP (2004) The use of pri-
mary total hip arthroplasty in university hospitals of the European
Union. Acta Orthop Belg 70(3):231-239

Jahnke A, Engl S, Altmeyer C, Jakubowitz E, Seeger JB, Rickert
M et al (2014) Changes of periprosthetic bone density after a
cementless short hip stem: a clinical and radiological analysis.
Int Orthop 38(10):2045-2050

Lengsfeld M, Giinther D, Pressel T, Leppek R, Schmitt J, Griss P
(2002) Validation data for periprosthetic bone remodelling theo-
ries. J Biomech 35(12):1553-1564

Morrey BF (1989) Short-stemmed uncemented femoral component
for primary hip arthroplasty. Clin Orthop Relat Res 249:169-175
Hochreiter J, Mattiassich G, Ortmaier R, Steinmair M, Anderl C (2020)
Femoral bone remodeling after short-stem total hip arthroplasty: a
prospective densitometric study. Int Orthop 44(4):753-759

Feyen H, Shimmin AJ (2014) Is the length of the femoral component
important in primary total hip replacement? Bone Joint J 96-b(4):442-8
Ishaque BA, Gils J, Wienbeck S, Donle E, Basad E, Stiirz H
(2009) Results after replacement of femoral neck prostheses -
thrust plate prosthesis (TPP) versus ESKA cut prosthesis. Z
Orthop Unfall 147(1):79-88

Bishop NE, Burton A, Maheson M, Morlock MM (2010) Biomechanics
of short hip endoprostheses—the risk of bone failure increases with
decreasing implant size. Clin Biomech (Bristol, Avon) 25(7):666-674
Morscher EW, Dick W (1983) Cementless fixation of “isoelas-
tic” hip endoprostheses manufactured from plastic materials. Clin
Orthop Relat Res 176:77-87

Adam F, Hammer DS, Pfautsch S, Westermann K (2002) Early
failure of a press-fit carbon fiber hip prosthesis with a smooth
surface. J Arthroplasty 17(2):217-223

Gross S, Abel EW (2001) A finite element analysis of hollow
stemmed hip prostheses as a means of reducing stress shielding
of the femur. J Biomech 34(8):995-1003

Bobyn JD, Mortimer ES, Glassman AH, Engh CA, Miller JE,
Brooks CE (1992) Producing and avoiding stress shielding. Labo-
ratory and clinical observations of noncemented total hip arthro-
plasty. Clin Orthop Relat Res 274:79-96

Thien TM, Thanner J, Kéarrholm J (2012) Fixation and bone
remodeling around a low-modulus stem seven-year follow-up of
arandomized study with use of radiostereometry and dual-energy
x-ray absorptiometer. J Arthroplasty 27(1):134-42.el

Schmidt J, Hackenbroch MH (1994) The Cenos hollow stem in
total hip arthroplasty: first experiences in a prospective study.
Arch Orthop Trauma Surg 113(3):117-120

Hartzband MA, Glassman AH, Goldberg VM, Jordan LR, Crown-
inshield RD, Fricka KB et al (2010) Survivorship of a low-stiff-
ness extensively porous-coated femoral stem at 10 years. Clin
Orthop Relat Res 468(2):433—440

Lengsfeld M, Burchard R, Giinther D, Pressel T, Schmitt J, Lep-
pek R et al (2005) Femoral strain changes after total hip arthro-
plasty—patient-specific finite element analyses 12 years after
operation. Med Eng Phys 27(8):649-654

Burchard R, Braas S, Soost C, Graw JA, Schmitt J (2017) Bone
preserving level of osteotomy in short-stem total hip arthroplasty
does not influence stress shielding dimensions - a comparing finite
elements analysis. BMC Musculoskelet Disord 18(1):343
Schmitt J, Lengsfeld M, Leppek R, Alter P (1997) [Fully auto-
mated generation of hip prosthesis voxel models of the femur
for finite element analysis. Comparison of direct and subsequent
prosthesis implantation]. Biomed Tech (Berl) 42(6):150-5
Glassman AH, Crowninshield RD, Schenck R, Herberts P (2001)
A low stiffness composite biologically fixed prosthesis. Clin
Orthop Relat Res 393:128-136

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Pauwels F (1935) Der Schenkelhalsbruch, ein mechanisches
Problem. Beil. Heft zur Z orth Chir 63

Stolk J, Verdonschot N, Huiskes R (2001) Hip-joint and abductor-
muscle forces adequately represent in vivo loading of a cemented
total hip reconstruction. J Biomech 34(7):917-926

Lengsfeld M, Kaminsky J, Merz B, Franke RP (1996) Sensitivity
of femoral strain pattern analyses to resultant and muscle forces
at the hip joint. Med Eng Phys 18(1):70-78

Bergmann G, Bender A, Dymke J, Duda G, Damm P (2016) Stand-
ardized loads acting in hip implants. PLoS One 11(5):e0155612
Gruen TA, McNeice GM, Amstutz HC (1979) “Modes of failure”
of cemented stem-type femoral components: a radiographic analy-
sis of loosening. Clin Orthop Relat Res 141:17-27

Kruskal WH, Wallis WA (1952) Use of ranks in one-criterion
variance analysis. J Am Stat Assoc 47(260):583—-621

Shim VB, Pitto RP, Anderson IA (2012) Quantitative CT with finite
element analysis: towards a predictive tool for bone remodelling
around an uncemented tapered stem. Int Orthop 36(7):1363-1369
Ciarelli MJ, Goldstein SA, Kuhn JL, Cody DD, Brown MB (1991)
Evaluation of orthogonal mechanical properties and density of human
trabecular bone from the major metaphyseal regions with materials
testing and computed tomography. J Orthop Res 9(5):674-682
Keller TS, Mao Z, Spengler DM (1990) Young’s modulus, bend-
ing strength, and tissue physical properties of human compact
bone. J Orthop Res 8(4):592-603

Snyder SM, Schneider E (1991) Estimation of mechanical properties
of cortical bone by computed tomography. J Orthop Res 9(3):422-431
Bergmann G, Graichen F, Rohlmann A (1993) Hip joint loading
during walking and running, measured in two patients. ] Biomech
26(8):969-990

Bobyn JD, Glassman AH, Goto H, Krygier JJ, Miller JE, Brooks CE
(1990) The effect of stem stiffness on femoral bone resorption after
canine porous-coated total hip arthroplasty. Clin Orthop Relat Res
261:196-213

Glassman AH, Bobyn JD, Tanzer M (2006) New femoral designs:
do they influence stress shielding? Clin Orthop Relat Res 453:64-74
Laine HJ, Puolakka TJ, Moilanen T, Pajaméki KJ, Wirta J, Lehto
MU (2000) The effects of cementless femoral stem shape and
proximal surface texture on ‘fit-and-fill’ characteristics and on
bone remodeling. Int Orthop 24(4):184-190

Pitto RP, Hayward A, Walker C, Shim VB (2010) Femoral bone
density changes after total hip arthroplasty with uncemented taper-
design stem: a five year follow-up study. Int Orthop 34(6):783-787
Freitag T, Hein MA, Wernerus D, Reichel H, Bieger R (2016)
Bone remodelling after femoral short stem implantation in total
hip arthroplasty: 1-year results from a randomized DEXA study.
Arch Orthop Trauma Surg 136(1):125-130

McCalden RW, Korczak A, Somerville L, Yuan X, Naudie DD
(2015) A randomised trial comparing a short and a standard-
length metaphyseal engaging cementless femoral stem using
radiostereometric analysis. Bone Joint J 97-b(5):595-602

Falez F, Casella F, Papalia M (2015) Current concepts, classification, and
results in short stem hip arthroplasty. Orthopedics 38(3 Suppl):S6-13
Hazlehurst KB, Wang CJ, Stanford M (2014) A numerical
investigation into the influence of the properties of cobalt chrome
cellular structures on the load transfer to the periprosthetic femur
following total hip arthroplasty. Med Eng Phys 36(4):458-466
Cheal EJ, Spector M, Hayes WC (1992) Role of loads and pros-
thesis material properties on the mechanics of the proximal femur
after total hip arthroplasty. J Orthop Res 10(3):405-422
Knutsen AR, Lau N, Longjohn DB, Ebramzadeh E, Sangiorgio SN
(2017) Periprosthetic femoral bone loss in total hip arthroplasty:
systematic analysis of the effect of stem design. Hip Int 27(1):26-34

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Stress shielding effect after total hip arthroplasty varies between combinations of stem design and stiffness—a comparing biomechanical finite element analysis
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and Methods
	Ethics
	Materials
	Methods
	Statistical Analysis

	Results
	Full resolution analysis
	Strain analysis of the periprosthetic bone

	Discussion
	Conclusion
	References


