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femur versus human cadaveric
specimens: A validation study
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Abstract
Postoperative periprosthetic femoral fracture following hip replacement has been the subject of many varied experimen-
tal approaches. Cadaveric samples offer realistic fit and fracture patterns but are subject to large between-sample varia-
tion. Composite femurs have not yet been validated for this purpose. We compared the results of composite femurs to
cadaveric femurs using an established methodology. In vitro postoperative periprosthetic fracture results using axial-
rotational loading were compared between 12 composite femurs and nine fresh frozen femurs, which were implanted
with an otherwise identical collarless (6 composite vs 4 cadaveric) or collared (6 composite vs 5 cadaveric) cementless
femoral stem using identical methodology. Fracture torque and rotational displacement were measured and torsional
stiffness and rotational work prior to fracture were estimated. Fractures patterns were graded according to the Unified
Classification System. Fracture torque, displacement, torsional stiffness and fracture patterns for cadaveric and compo-
site femurs were similar between groups. There was a trend for a greater rotational displacement in the cadaveric
groups, which lead to a decrease in torsional stiffness and a significantly greater rotational work prior to fracture for all
cadaveric specimens (collarless stems: 10.51 [9.71 to 12.57] vs 5.21 [4.25 to 6.04], p = 0.01 and for collared stems: 15.38
[14.01 to 17.05] vs 5.76 [4.92 to 6.64], p = 0.01). Given comparable fracture torque and the similarity in fracture patterns
for fracture trials using composite samples versus cadaveric femurs, the use of composite femur models may be a rea-
sonable choice for postoperative periprosthetic femoral fracture studies within certain limitations.
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Introduction

Postoperative periprosthetic fracture of the femur fol-
lowing total hip replacement (PFF) with a cementless
femoral stem occurs in up to 5% of cases1,2 and has an
associated 1 year mortality of 11 to 13%.3,4

The risk of PFF is strongly associated with a range
of cementless stem implant characteristics5–9 and the
study of contribution of stem design features has gained
in popularity over the past decade. Studies use a range
of methodology with the choice of specimen largely
between composite femur10–13 and cadaveric speci-
mens.5,6,14,15 The majority of studies, regardless of spe-
cimen choice use fracture loads (axial load or torque) at
the moment of fracture as the primary outcome.16

Cadaveric samples can offer realistic implant fit,
loading and fracture patterns but these benefits are off-
set by the large between-sample variation which occurs
when testing groups of cadaveric specimens. Variability
can be overcome using pairwise comparison of results
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in bilateral femur pairs,5,6 but this limits the experiment
to the testing of one variable per pair of femurs.
Composite femurs are a valid and highly uniform speci-
men choice when comparing whole bone composite
femurs to whole bone cadaveric specimens16,17and do
not require ethical approval or specialised handling
and storage techniques to use effectively. However,
validation has largely focused on the mechanical prop-
erties of the complete femur and validation to date
relies on a single study comparing composite femur
models to a single cadaveric femur trial.13

In this study we aimed to compare in-vitro results of
PFF simulated methods using composite femur speci-
mens to results using cadaveric specimens using identi-
cal loading protocols.

Methods

To assess the validity of a composite femur model,
results from tests using fresh frozen femur specimens
were compared to results from tests using an osteo-
porotic femur composite model. Specimens from the
fresh frozen cadaver trials have been published previ-
ously as part of a separate study.6

Specimen preparation

Cadaveric specimens. This study was performed in accor-
dance with local ethical guidelines and regulations of
Hamburg University School of Medicine and the
University of Leeds. Fresh frozen human female femora
were dissected within 48-hours post-mortem, frozen at
220�C (2 freeze-thaw cycles per specimen), defrosted
overnight before biomechanical testing and kept wet
with saline solution and impermeable covers.

Preparation was been previously described6 and spe-
cimens were stripped of soft tissue and underwent com-
puter tomography scanning (CT, Brilliance 16 CT;
Philips Healthcare, Hamburg, Germany) to screen for
pre-existing bony pathology which would bias results
and to estimate bone mineral density.

Composite femur preparation. Composite femurs
(Osteoporotic femur, 10 PCF Solid Foam core with
16mm Canal, Medium, SawBones, WA) contained 10
PCF low-density cancellous, thin walled low-density
cortical shell, overall length 45.5 cm, and 16mm hollow
canal.18‘Osteoporotic femur’ models are intended to
mimic the specific biomechanical properties of a real
osteoporotic femur and were selected since they were
likely to more closely match those in the cadaveric test-
ing group. Pre-operative implant size selection and
neck cut to recreate preoperative offset and leg length
was planned using proprietary software (IMPAX
Orthopaedic Tools, Agfa Healthcare) following plain
anteroposterior radiographs with a 25mm diameter
scaling ball. Preparation and implantation was

performed according to manufacturer’s guidance by a
single experienced surgeon (JL) to minimize variability.

After preparation, distal femoral resection was per-
formed so that 40mm of specimen remained between
the stem tip and the distal fixative. Specimens were
fixed into steel pots using a rapid setting resin fixative
(cadaveric femurs: polymethylmethacrylate and compo-
site femurs: G&B Epoxy Acrylate Resin, G&B
Fissaggi, UK) in an identical alignment to those in the
cadaveric group (six degrees of valgus in the coronal
plane). Femurs were implanted with an appropriately
sized fully coated cementless femoral stem with and
without a medial calcar collar (Corail, DePuy Synthes,
Leeds UK) in accordance with manufacturer guidelines
and underwent visual inspection (composite femurs) or
CT (cadaveric specimens) to screen for intraoperative
fractures.

Experimental setup

The test set up was adapted from previous methods11

and details of this adaptation have been previously pub-
lished.6 In the adapted method the femoral stem had a
36mm femoral head attached to the trunnion which
was then held in a custom clamp (Figure 1). The speci-
men was subjected to a vertical load of 1500N for 10 s
and then an additional rotational displacement of 45�
in 1 s. An axialrotational method was chosen because
this has previously been shown to reproduce PFF at the
level of the stem10,11,16 and may be a common mechan-
ism of injury in early PFF around cementless stems.

For composite femora tests, the potted specimen was
secured distally into a clamp which was secured to the
base of the materials testing machine and the specimen
position was adjusted in two planes to ensure precise
positioning. Simulated PFF were conducted using an

Figure 1. Experimental setup.
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identical loading regimen in a material testing machine
(cadaveric femurs: MTS 858.2; Eden Prairie, MN, USA
and composite femurs: ElectroPuls E10000, Instron,
USA). In composite femur trials rotation was applied
directly to the femoral head using a custom clamp that
additionally ensured that the rotation axes was aligned
to the femoral axes.

Fracture torque and rotational displacement were
measured and torsional stiffness (rotary displacement
divided by torque) and rotational work prior to frac-
ture were estimated (area under rotatory displacement
torque curve). Fractures were classified according to
the unified classification system (UCS)20 and each trial
was recorded to establish fracture mechanism using
video camera equipment (cadaveric GoPro 4, GoPro,
California, USA and composite femurs used GoPro
Hero 8, GoPro, California, USA).

Statistical methods

Data were tested for normality using a Shapiro-Wilks
test and comparisons between cadaveric and composite
femur groups were conducted using a Mann-Whitney
U test, with significance set at p \ 0.05. Comparisons
were stratified by implant collar, since this has been
shown to affect the mechanical properties prior to
fracture.5,6

Results

The baseline demographics for cadaveric femur donors
are shown in Table 1. Results demonstrated statistically
similar values for fracture torque, fracture displacement
and torsional stiffness for cadaveric and composite
femurs (Table 2). Results in the cadaveric tests dis-
played a greater variability in results versus composite
femur results. There was a non-significant trend for a
greater rotational displacement at fracture in the cada-
veric groups but this failed to reach statistical signifi-
cance. This observation lead to a non-significant
decrease in torsional stiffness for all cadaveric speci-
mens ( p range 1.0 to 0.1) and a significantly greater
rotational work prior to fracture in cadaveric versus
composite femurs (collarless stems: 10.51 [9.71 to
12.57] vs 5.21 [4.25 to 6.04], p=0.01 and for collared
stems: 15.38 [14.01 to 17.05] vs 5.76 [4.92 to 6.64],
p=0.01).

Fracture resulted in UCS B2 fractures in all trials.
Subjective assessment of fracture pattern demonstrated
similar patterns of fracture in cadaveric and composite
femur testing (Figures 2 and 3), although there was sub-
jectively greater velocity of the fracture fragments from
the composite femur specimens in comparison to the
cadaveric specimens.

Discussion

This study has demonstrated comparable fracture tor-
que and fracture patterns between composite femur
and cadaveric femur trials. Rotational work in cadave-
ric femurs was greater than that recorded in composite
femurs with the same loading regimen. This was largely
because cadaveric femur trials fractured at a greater
median rotational displacement but this difference did
not reach statistical significance.

This study confirms that the results obtained with
composite femur specimens are largely comparable to
those results from testing using cadaveric femur trials
in this study and elsewhere using similar methods,5

with some important differences. Whilst the fracture
torque was comparable between composite and human
femurs the composite femurs appear to be stiffer than
cadaveric counterparts and fracture occurred at smaller
angular displacements in comparison to cadaveric spe-
cimens. Whole human femur stiffness follows a rate
dependent relationship,21 with strength and stiffness
increasing with loading rate. The stiffness of whole
composite femurs has been found to be constant over a
range of loading rates22 and comparable to human spe-
cimens in torsional and axial loading.17 When the stem
is placed under axial load, the stem can move indepen-
dently of the femur under high loading rates5,6 and the
implant-femur construct stiffness is dependent on the
mechanical properties of the stem, the stem-bone inter-
face and the bone. The internal foam of the composite
femur is homogenous and does not represent the varia-
tion seen in mechanical strength and mineral density
within human femurs.23 This may make the stiffness of
foam adjacent to the stem greater than that which is
seen in human specimens and reduce relative stem-
femur displacement under high load conditions. In
addition the coefficient of friction between a stem and
artificial bone is dissimilar to human trabecular bone24

and may lead to differing results when loads are trans-
ferred across the stem-bone interface. During prepara-
tion of the cadaveric femurs it was noted that the foam
did not behave in a similar way to normal trabecular
bone. The Corail hip system uses an impaction broach-
ing technique to prepare the femur for implantation.25

The broaching technique was not easy to replicate in
the composite femur and the foam did not appear to
compress against the broach in a similar way. In addi-
tion, foam particles which are broached tended to fall
into the void in the central portion of the composite
femur specimen. Absence of a compressed trabecular

Table 1. Basic demographics of cadaveric femur donors.

Result

n 9
Age (median [IQR]) 76.00 [69.00 to 81.00]
Height (median [IQR]) 158.00 [157.00 to 167.00]
Female sex n (%) 9 (100%)
BMD (Range) 1.08 to 1.34 gHA/cm3

Note: IQR denotes interquartile range, BMD is bone mineral density

and gHA/cm3 is grams of hydroxyapatite per cubic centimetre.
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layer in the composite femur is likely to change the
stem-bone interface mechanics and may account for
some differences in rotational stiffness seen in this
study.

Previous studies assessing neck of femur fracture
patterns in composite femur models have found frac-
ture patterns which are both consistent with cadaveric
and embalmed femurs13,26 unrealistic patterns27 and
also unrealistic stability when the mechanical properties
of ‘fixed’ composite femur fractures are tested.28 In this
study, the pattern of fracture between composite and
human femurs in an axial loading model was very simi-
lar and in agreement with a small study including just
one cadaveric trial.13 This would suggest that the failure

mechanism is similar between composite and human
femurs during axial loaded PFF simulations.

For researchers hoping to use similar composite
femur specimens mentioned in this study it is worth
commenting on the practical constraints experienced
by the authors. The Osteoporotic composite femur spe-
cimens had a very thin cortical shell which in compari-
son to the cancellous foam were incredibly fragile and
in future work, care should be taken during manipula-
tion, preparation and implantation of the femur since
inadvertent fracture is much more likely than standard
composite femurs which represent adult anatomy.

The main limitation in this study is small sample
sizes in both cadaveric and composite femur groups.
Given the precious resource which cadaveric samples
represent, this is a common drawback of biomechanical
testing. Reassuringly the results of the composite femur
tests are also similar to other results, which used a

Table 2. Comparison of biomechanical results between trials conducted with cadaveric and composite femur specimens.

Group

Implant Composite femur Cadaveric femur p

Collarless n 6 4
Rotational displacement at fracture in Rad
(median [IQR])

0.33 [0.32, 0.34] 0.44 [0.41, 0.46] 0.20

Torque at fracture in Nm (median [IQR]) 45.12 [39.13, 48.09] 41.91 [35.67, 51.35] 0.67
Rotational work in Joules (median [IQR]) 5.21 [4.25, 6.04] 10.51 [9.71, 12.57] 0.01*
Torsional stiffness in Nm/rad (median [IQR]) 138.79 [122.53, 140.59] 113.33 [74.46, 151.52] 1.00

Collared n 6 5
Rotational displacement at fracture in radians
(median [IQR])

0.29 [0.27, 0.31] 0.50 [0.37, 0.55] 0.07

Torque at fracture in Nm (median [IQR]) 48.41 [42.60, 50.27] 48.63 [44.62, 58.61] 0.72
Rotational work in Joules (median [IQR]) 5.76 [4.92, 6.64] 15.38 [14.01, 17.05] 0.01*
Torsional stiffness in Nm/rad (median [IQR]) 158.36 [152.61, 163.54] 147.05 [97.41, 153.03] 0.10

Note. IQR is interquartile range. * indicates statistical significance at p \ 0.05.

Figure 2. Comparison of collarless fracture pattern between
human cadaveric specimens (top row) and osteoporotic
sawbones (bottom row). Fracture occur in a similar position on
the proximal femur. Fracture fragment acceleration is noticeably
less in the cadaveric versus composite models.

Figure 3. An example of fracture patterns which occurred
after collared cementless stem trials with cadaveric specimen
(A) and composite femur specimen (B).
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similar, although non-identical methodology.5 The
small sample sizes reduce the power of our comparisons
and further work should seek to validate composite
femur models with larger sample sizes. This study uti-
lised two different fixatives, which may have contribu-
ted to the variation between experiments. Although the
loading methodology has been used widely in previous
work, further work should seek to improve loading
conditions to maximise repeatability and validity to
typical periprosthetic fractures. We were not able to
quantify relative motion between stem and femur,
which would have enabled interesting comparison of
implant behaviour during rotational loading. Future
work should seek to integrate methods which allow
accurate quantification of implant displacement and
foam deformation. This study only compares the results
with a torsional loading model. Even though this model
has been used previously and produces clinically valid
fracture patterns around cementless stems, testing
should also look to validate the use of composite
femurs with a range of loading methods.

Given the reduced variability of results and compa-
rable fracture torque and the similarity in fracture pat-
terns from the fracture trials using composite samples
versus cadaveric femurs, the use of composite femur
models is a reasonable choice where maximum fracture
torque is the outcome of choice.

Acknowledgements

The views expressed are those of the author(s) and not
necessarily those of the NIHR or the Department of
Health and Social Care.

Declaration of conflicting interests

The author(s) declared the following potential conflicts
of interest with respect to the research, authorship,
and/or publication of this article: The authors declare
limited conflicts of interest which are detailed in the
accompanying declaration form.

Funding

The author(s) disclosed receipt of the following finan-
cial support for the research, authorship, and/or publi-
cation of this article: Professor Pandit is a NIHR
Senior Investigator. Mr Jonathan Lamb is a Specialist
Registrar, and his PhD was funded by Leeds BRC.
This article presents independent research funded by
the National Institute for Health Research (NIHR)
Leeds Biomedical Research Centre (BRC) and the Sir
John Charnley Trust.

ORCID iDs

Jonathan N Lamb https://orcid.org/0000-0002-0166-
9406
Todd Stewart https://orcid.org/0000-0002-6868-9938

References

1. Abdel MP, Houdek MT, Watts CD, et al. Epidemiology

of periprosthetic femoral fractures in 5417 revision total

hip arthroplasties: a 40-year experience. Bone Joint J

2016; 98-B: 468–474.
2. Chatziagorou G, Lindahl H, Garellick G, et al. Incidence

and demographics of 1751 surgically treated peripros-

thetic femoral fractures around a primary hip prosthesis.

Hip Int 2019; 29(3): 282–288.
3. Gitajn IL, Heng M, Weaver MJ, et al. Mortality follow-

ing surgical management of vancouver B periprosthetic

fractures. J Orthop Trauma 2017; 31: 9–14.
4. Bhattacharyya T, Chang D, Meigs JB, et al. Mortality

after periprosthetic fracture of the femur. J Bone Joint

Surg Am 2007; 89: 2658–2662.
5. Johnson AJ, Desai S, Zhang C, et al. A calcar collar is

protective against early torsional/spiral periprosthetic

femoral fracture: a paired cadaveric biomechanical analy-

sis. 2020; 102(16): 1427–1433.
6. Lamb JN, Baetz J, Messer-Hannemann P, et al. A calcar

collar is protective against early periprosthetic femoral

fracture around cementless femoral components in pri-

mary total hip arthroplasty. 2019; 101-B: 779–786.
7. Carli AV, Negus JJ and Haddad FS. Periprosthetic

femoral fractures and trying to avoid them: what is the

contribution of femoral component design to the

increased risk of periprosthetic femoral fracture? Bone

Joint J 2017; 99-B: 50–59
8. Watts CD, Abdel MP, Lewallen DG, et al. Increased risk of

periprosthetic femur fractures associated with a unique cement-

less stem design. Clin Orthop Relat Res 2015; 473: 2045–2053.
9. Miles B, Walter WL, Kolos E, et al. A plasma-sprayed

titanium proximal coating reduces the risk of peripros-

thetic femoral fracture in cementless hip arthroplasty.

Bio-Med Mater Eng 2015; 25: 267–278.
10. Ginsel BL, Morishima T, Wilson LJ, et al. Can larger-

bodied cemented femoral components reduce peripros-

thetic fractures? A biomechanical study. Arch Orthop

Trauma Surg 2015; 135: 517–522.
11. Morishima T, Ginsel BL, Choy GG, et al. Periprosthetic

fracture torque for short versus standard cemented hip

stems: an experimental in vitro study. J Arthroplasty

2014; 29: 1067–1071.
12. Klasan A, Baumlein M, Dworschak P, et al. Short stems

have lower load at failure than double-wedged stems in a

cadaveric cementless fracture model. Bone Joint Res 2019;

8: 489-494
13. Jones C, Aqil A, Clarke S, et al. Short uncemented stems

allow greater femoral flexibility and may reduce peri-

prosthetic fracture risk: a dry bone and cadaveric study.

J Orthop Traumatol 2015; 16: 229–235.
14. Harris B, Owen JR, Wayne JS, et al. Does femoral com-

ponent loosening predispose to femoral fracture?: an in

vitro comparison of cemented hips. Clin Orthop Relat Res

2010; 468: 497–503.
15. Rupprecht M, Sellenschloh K, Grossterlinden L, et al.

Biomechanical evaluation for mechanisms of peripros-

thetic femoral fractures. J Trauma 2011; 70: E62–E66.
16. Jakubowitz E and Seeger JB. Periprosthetic fractures:

concepts of biomechanical in vitro investigations. Inter-

national Orthopaedics 2015; 39: 1971–1979.

Lamb et al. 977

https://orcid.org/0000-0002-0166-9406
https://orcid.org/0000-0002-0166-9406
https://orcid.org/0000-0002-6868-9938


17. Gardner MP, Chong AC, Pollock AG, et al. Mechanical
evaluation of large-size fourth-generation composite
femur and tibia models. Ann Biomed Eng 2010; 38:
613–620.

18. SawBones. Osteoporotic femur, composite, 10 PCF solid
foam with 16 mm canal, medium, https://www.sawbo-
nes.com/femur-medium-left-composite-reduced-cortical-
and-cancellous-density-osteoporotic3503.html (2020,
accessed 15 May 2020).

19. Van Eynde E, Hendrickx M and Scheerlinck T. Unce-
mented femoral stem design influences the occurrence
rate of postoperative fractures after primary hip arthro-
plasty: a comparison of the Image and Profile stems. Acta
Orthopaedica Belgica 2010; 76: 189–198.

20. Duncan CP and Haddad FS. The unified classification
system (UCS): improving our understanding of peripros-
thetic fractures. Bone Joint J 2014; 96-B: 713–716.

21. Courtney AC, Wachtel EF, Myers ER, et al. Effects of
loading rate on strength of the proximal femur. Calcif
Tissue Int 1994; 55: 53–58.

22. Zdero R, Shah S, Mosli M, et al. The effect of load appli-
cation rate on the biomechanics of synthetic femurs. Proc
Inst Mech Eng H J Eng Med 2010; 224: 599–605.

23. Oftadeh R, Perez-Viloria M, Villa-Camacho JC, et
al. Biomechanics and mechanobiology of trabecular
bone: a review. J Biomech Eng 2015; 137: 0108021–
01080215.

24. Grant JA, Bishop NE, Götzen N, et al. Artificial
composite bone as a model of human trabecular
bone: the implant-bone interface. J Biomech 2007;
40: 1158–1164.

25. Vidalain J-P, Selmi T, Beverland D, et al. The Corail�
Hip System: A Practical Approach Based on 25 Years of

Experience. Germany: Springer Berlin Heidelberg,
2011.

26. Topp T, Müller T, Huss S, et al. Embalmed and fresh fro-
zen human bones in orthopedic cadaveric studies: which
bone is authentic and feasible? Acta Orthopaedica 2012;
83: 543–547.

27. Bir C, Andrecovich C, DeMaio M, et al. Evaluation of

bone surrogates for indirect and direct ballistic fractures.
Forensic Sci Int 2016; 261: 1–7.

28. Basso T, Klaksvik J, Syversen U, et al. A biomechanical
comparison of composite femurs and cadaver femurs
used in experiments on operated hip fractures. J Biomech

2014; 47: 3898–3902.

978 Proc IMechE Part H: J Engineering in Medicine 236(7)

https://www.sawbones.com/femur-medium-left-composite-reduced-cortical-and-cancellous-density-osteoporotic3503.html
https://www.sawbones.com/femur-medium-left-composite-reduced-cortical-and-cancellous-density-osteoporotic3503.html
https://www.sawbones.com/femur-medium-left-composite-reduced-cortical-and-cancellous-density-osteoporotic3503.html

