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Background

Bone anchored prostheses have recently been
implemented in the field of limb replacement,
as it alleviates many of the issues surrounding
the conventional socket interfaces.!-3%
However, due to the direct skeletal
attachment, serious injury and damage can
occur through excessive loading events such
as a fall.381 For this reason, it is essential to
understand the range of loads experienced
within bone anchored prostheses to: optimize
the design of componentry; provide safety
solutions; and tailor rehabilitation programs
accordingly.[& 10, 11, 14, 15, 36-61]

Aim

The aim of this study was to review the
current literature targeting direct measurement
of the forces and moments within bone
anchored prostheses, to provide a synthesis of
the range of loads observed.

Method

A literature search was conducted to identify
all articles related to the loading of bone
anchored prostheses during: rehabilitation
exercises; a variety of everyday activities; and
adverse events (e.g., a fall). Studies were
screened by examining whether direct
measurement  techniques (e.q., load
transducers) were used to assess the three-
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dimensional forces and moments occurring
within the Dbone anchored fixation of
individuals with a transfemoral amputation.[®
10, 11, 14, 15, 36-40, 42, 44, 46-48] The three axes were
defined as: Anterior Posterior (AP), Medial
Lateral (ML), and Axial or Long (LG). The
loading data were presented in raw units
(Newtons) and a percentage of bodyweight (%
BW) where possible.[*l The data was mapped
graphically to display the forces and moments
for each activity analyzed across all studies.

Results

Table 1. Combined average value and
standard deviation (in brackets) for the
forces and moments applied on each axes of
the bone anchored prostheses during
everyday activities.

Axis Force Moment
(N) (Nm)
AP 127 (41) 17 (20)
ML 100 (35) 21 (16)
LG 793 (102) 5(3)

This study included 11 articles published
between 1990 and 2016. Frossard et al. (2010)
presented data from a subject falling, reporting
the largest recorded loading values, where a
maximum force of 1145 N, and moment of
153 Nm, occurred along the long axis and
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medial-lateral axis of the prostheses
respectively, which corresponds to 126 % BW
and 16.8 % BWm.l For everyday activities,
the combined average of the maximum values
and corresponding standard deviations for
each axes are shown in Table 1, which
displays a small portion of the results.

Discussion and Conclusion

The range of loads presented in this study has
implications for a variety of areas in the
utilisation of bone anchored prostheses. For
example, the mean and maximum loading
values for everyday activities can be used in
the design and optimisation of system
components, and limits can be established for
safety devices. Additionally, rehabilitation
programs can be tailored to accommodate
these verified loads which regularly occur
through daily living. This study highlighted
the limited loading information available, and
the requirement for further research into the
loads experienced by bone anchored
prostheses.

Overall, this study has demonstrated the large
range of loads that occur within bone anchored
prostheses, and provides a starting point for
the optimisation of this technology.

References

1. Leijendekkers, R.A., G. van Hinte, J.P.
Frolke, H. van de Meent, M.W.
Nijhuis-van der Sanden, and J.B. Staal,
Comparison of bone-anchored
prostheses and socket prostheses for
patients with a lower extremity
amputation: a systematic review.
Disabil Rehabil, 2016: p. 1-14.

2. Potter, B., From Bench to Bedside: A
Perfect Fit? Osseointegration Can
Improve Function for Patients with
Amputations. Clinical Orthopaedics
and Related Research, 2015: p. 1-3.

3. van Eck, C.F. and R.L. McGough,
Clinical outcome of osseointegrated

XVIth ISPO World Congress.2017

©w

prostheses for lower extremity
amputations: a systematic review of
the literature. Current Orthopaedic
Practice, 2015. 26(4): p. 349-357.
Haggstrom, E., K. Hagberg, B.
Rydevik, and R. Branemark,
Vibrotactile evaluation:
osseointegrated versus socket-
suspended transfemoral prostheses. J
Rehabil Res Dev, 2013. 50(10): p.
1423-34.

Hagberg, K., E. Hansson, and R.
Branemark, Outcome of Percutaneous
Osseointegrated Prostheses for Patients
With Unilateral Transfemoral
Amputation at Two-Year Follow-Up.
Arch Phys Med Rehabil, 2014. 95(11):
p. 2120-2127.

Branemark, R., O. Berlin, K. Hagberg,
P. Bergh, B. Gunterberg, and B.
Rydevik, A novel osseointegrated
percutaneous prosthetic system for the
treatment of patients with transfemoral
amputation: A prospective study of 51
patients. Bone Joint J, 2014. 96(1): p.
106-113.

Van de Meent, H., M.T. Hopman, and
J.P. Frolke, Walking ability and quality
of life in subjects with transfemoral
amputation: a comparison of
osseointegration with socket
prostheses. Arch Phys Med Rehabil,
2013. 94(11): p. 2174-2178.

Lee, W., L. Frossard, K. Hagberg, E.
Haggstrom, D. Lee Gow, S. Gray, and
R. Branemark, Magnitude and
variability of loading on the
osseointegrated implant of
transfemoral amputees during walking.
Med Eng Phys, 2008. 30(7): p. 825-
833.

Tranberg, R., R. Zugner, and J.
Karrholm, Improvements in hip- and
pelvic motion for patients with
osseointegrated trans-femoral
prostheses. Gait Posture, 2011. 33(2):
p. 165-8.

Page 2 of 6



A synthesis of the range of loads applied on the residuum of individuals with transfemoral

amputation fitted with bone-anchored prostheses

10.

11.

12.

13.

14.

15.

Frossard, L., N. Stevenson, J.
Smeathers, D. Lee Gow, S. Gray, J.
Sullivan, C. Daniel, E. H&ggstrom, K.
Hagberg, and R. Branemark, Daily
activities of a transfemoral amputee
fitted with osseointegrated fixation:
continuous recording of the loading for
an evidence-based practice.
Kinesitherapie Revue, 2006. 6(56-57):
p. 53-62.

Frossard, L., K. Hagberg, E.
Haggstrom, D. Lee Gow, R.
Branemark, and M. Pearcy, Functional
Outcome of Transfemoral Amputees
Fitted With an Osseointegrated
Fixation: Temporal Gait
Characteristics. JPO Journal of
Prosthetics and Orthotics, 2010. 22(1):
p. 11-20.

Hagberg, K., R. Branemark, B.
Gunterberg, and B. Rydevik,
Osseointegrated trans-femoral
amputation prostheses: Prospective
results of general and condition-
specific quality of life in 18 patients at
2-year follow-up. Prosthetics and
Orthotics International, 2008. 32(1): p.
29-41.

Hagberg, K. and R. Branemark, One
hundred patients treated with
osseointegrated transfemoral
amputation prostheses-rehabilitation
perspective. J Rehabil Res Dev, 2009.
46(3): p. 331-44.

Lee, W., L. Frossard, K. Hagberg, E.
Haggstrom, and R. Branemark,
Kinetics analysis of transfemoral
amputees fitted with osseointegrated
fixation performing common activities
of daily living. Clinical Biomechanics,
2007. 22(6): p. 665-673.

Frossard, L., N. Stevenson, J.
Smeathers, E. Haggstrom, K. Hagberg,
J. Sullivan, D. Ewins, D. Lee Gow, S.
Gray, and R. Branemark, Monitoring
of the load regime applied on the
osseointegrated fixation of a trans-

XVIth ISPO World Congress.2017

16.

17.

18.

19.

20.

21.

22.

femoral amputee: a tool for evidence-
based practice. Prosthet Orthot Int,
2008. 32(1): p. 68-78.

Hagberg, K., E. Haggstrom, M. Uden,
and R. Branemark, Socket versus
bone-anchored trans-femoral
prostheses: hip range of motion and
sitting comfort. Prosthet Orthot Int,
2005. 29(2): p. 153-163.

Webster, J.B., T. Chou, M. Kenly, M.
English, T.L. Roberts, and R.D.
Bloebaum, Perceptions and
Acceptance of Osseointegration
Among Individuals With Lower Limb
Amputations: A Prospective Survey
Study. JPO Journal of Prosthetics and
Orthotics, 2009. 21(4): p. 215-222.
Pitkin, M., C. Cassidy, R.
Muppavarapu, R. J, M. Shevtsov, O.
Galibin, and S. Rousselle, New method
of fixation of in-bone implanted
prosthesis. J Rehabil Res Dev, 2013.
50(5): p. 709-722.

Pitkin, M., Design features of implants
for direct skeletal attachment of limb
prostheses. J Biomed Mater Res A,
2013. 101(11): p. 3339-48.

Pitkin, M., J. Pilling, and G.
Raykhtsaum, Mechanical properties of
totally permeable titanium composite
pylon for direct skeletal attachment. J
Biomed Mater Res B Appl Biomater,
2012. 100(4): p. 993-9.

Pitkin, M., G. Raykhtsaum, J. Pilling,
Y. Shukeylo, V. Moxson, V. Duz, J.
Lewandowski, R. Connolly, R.S.
Kistenberg, J.F.t. Dalton, B. Prilutsky,
and S. Jacobson, Mathematical
modeling and mechanical and
histopathological testing of porous
prosthetic pylon for direct skeletal
attachment. J Rehabil Res Dev, 20009.
46(3): p. 315-30.

Khemka, A., L. Frossard, S.J. Lord, B.
Bosley, and M. Al Muderis,
Osseointegrated total knee replacement

Page 3 of 6



A synthesis of the range of loads applied on the residuum of individuals with transfemoral

amputation fitted with bone-anchored prostheses

23.

24.

25.

26.

27.

28.

29.

connected to a lower limb prosthesis: 4
cases. Acta Orthop, 2015: p. 1-5.
Juhnke, D., J. Beck, S. Jeyapalina, and
H. Aschoff, Fifteen years of experience
with Integral-Leg-Prosthesis: Cohort
study of artificial limb attachment
system. Journal of Rehabilitation
Research and Development, 2015.
52(4): p. 407-420.

Hillock, R., J. Keggi, R. Kennon, E.
McPherson, T. Clyburn, D. Brazil, and
T. McTighe, A Global Collaboration -
Osteointegration Implant (Ol) for
Transfemoral Amputation - Case
Report. Reconstructive review - Joint
Implant Surgery & Research
Foundation, 2013. 3(2): p. 50-54.
Aschoff, H.-H. and R. McGough, The
Endo-Exo Femoral Prosthesis: a new
rehabilitation concept following above
knee amputation. Journal of Bone and
Joint Surgery, British Volume, 2012.
94-B(SUPP XXXIX): p. 77.

Aschoff, H., R. Kennon, J. Keggi, and
L. Rubin, Transcutaneous, distal
femoral, intramedullary attachment for
above-the-knee prostheses: an endo-
exo device. J Bone Joint Surg Am,
2010. 92 Suppl 2(Supplement 2): p.
180-6.

Kang, N.V., C. Pendegrass, L. Marks,
and G. Blunn, Osseocutaneous
integration of an intraosseous
transcutaneous amputation prosthesis
implant used for reconstruction of a
transhumeral amputee: Case report.
The Journal of Hand Surgery, 2010.
35(7): p. 1130-1134.

Pendegrass, C.J., A.E. Goodship, and
G.W. Blunn, Development of a soft
tissue seal around bone-anchored
transcutaneous amputation prostheses.
Biomaterials, 2006. 27(23): p. 4183-
91.

Piotr Prochor, S.P., Eugeniusz
Sajewicz, Biomechanical evaluation of
a novel Limb Prosthesis

XVIth ISPO World Congress.2017

31.

32.

33.

34.

35.

36.

Osseointegrated Fixation System
designed to combine the advantages of
interference-fit and threaded solutions.
2016.

Pitkin, M., C. Cassidy, R.
Muppavarapu, and D. Edell, Recording
of Electric Signal Passage Trough a
Pylon in Direct Skeletal Attachment of
Leg Prostheses. IEEE Transaction and
Biomedical Engineering, 2012. 59(5):
p. 1349-1353.

Pitkin, M., One lesson from
arthroplasty to osseointegrationin
search for better fixation of in-bone
implanted prosthesis. Journal of
Rehabilitation Research &
Development, 2008. 45(4): p. 6-14.
Pitkin, M., On the way to total
integration of prosthetic pylon with
residuum. J Rehabil Res Dev, 2009.
46(3): p. 345-60.

Pitkin, M., G. Raykhtsaum, O.V.
Galibin, M.V. Protasov, J.V.
Chihovskaya, and 1.G. Belyaeva, Skin
and bone integrated prosthetic pylon: a
pilot animal study. J Rehabil Res Dev,
2006. 43(4): p. 573-80.

Branemark, R., P.I. Branemark, B.
Rydevik, and R.R. Myers,
Osseointegration in skeletal
reconstruction and rehabilitation: a
review. J Rehabil Res Dev, 2001.
38(2): p. 175-81.

van der Linde, H., C.J. Hofstad, A.C.
Geurts, K. Postema, J.H. Geertzen, and
J. van Limbeek, A systematic literature
review of the effect of different
prosthetic components on human
functioning with a lower-limb
prosthesis. J Rehabil Res Dev, 2004.
41(4): p. 555-70.

Frossard, L., R. Tranberg, E.
Haggstrom, M. Pearcy, and R.
Branemark, Fall of a transfemoral
amputee fitted with osseointegrated
fixation: loading impact on residuum.

Page 4 of 6



A synthesis of the range of loads applied on the residuum of individuals with transfemoral

amputation fitted with bone-anchored prostheses

37.

38.

39.

40.

41.

42.

Gait & Posture, 2009. 30(Supplement
2): p. S151-S152.

Frossard, L.A., R. Tranberg, E.
Haggstrom, M. Pearcy, and R.
Branemark, Load on osseointegrated
fixation of a transfemoral amputee
during a fall: loading, descent, impact
and recovery analysis. Prosthet Orthot
Int, 2010. 34(1): p. 85-97.

Frossard, L.A., Load on
osseointegrated fixation of a
transfemoral amputee during a fall:
Determination of the time and duration
of descent. Prosthet Orthot Int, 2010.
34(4): p. 472-87.

Vertriest, S., S. Pather, P. Sondergeld,
and L. Frossard, Rehabilitation
programs after the implantation of
transfemoral osseointegrated fixations
for bone-anchored prostheses: a
scoping review protocol. JBI Database
of Systematic Reviews and
Implementation Reports, 2017. 15(2):
p. 1-13.

Vertriest, S., P. Coorevits, K. Hagberg,
R. Branemark, E.E. Haggstrom, G.
Vanderstraeten, and L.A. Frossard,
Static load bearing exercises of
individuals with transfemoral
amputation fitted with an
osseointegrated implant: Loading
compliance. Prosthet Orthot Int, 2017.
In press.

Dumas, R., R. Branemark, and L.
Frossard, Gait analysis of transfemoral
amputees: errors in inverse dynamics
are substantial and depend on
prosthetic design. IEEE Trans Neural
Syst Rehabil Eng, 2016. PP(99): p. 1-
1.

Vertriest, S., P. Coorevits, K. Hagberg,
R. Branemark, E. Haggstrom, G.
Vanderstraeten, and L. Frossard, Static
load bearing exercises of individuals
with transfemoral amputation fitted
with an osseointegrated implant:
reliability of kinetic data. IEEE Trans

XVIth ISPO World Congress.2017

43.

44,

45.

46.

47.

48.

Neural Syst Rehabil Eng, 2015. 23(3):
p. 423-30.

Frossard, L., J. Beck, M. Dillon, M.
Chappell, and J.H. Evans,
Development and preliminary testing
of a device for the direct measurement
of forces and moments in the
prosthetic limb of transfemoral
amputees during activities of daily
living. Journal of Prosthetics and
Orthotics, 2003. 15(4): p. 135-142.
Frossard, L., E. Haggstrom, K.
Hagberg, and P. Branemark, Load
applied on a bone-anchored
transfemoral prosthesis:
characterisation of prosthetic
components — A case study Journal of
Rehabilitation Research &
Development, 2013. 50(5): p. 619-
634.

Frossard, L., L. Cheze, and R. Dumas,
Dynamic input to determine hip joint
moments, power and work on the
prosthetic limb of transfemoral
amputees: ground reaction vs knee
reaction. Prosthet Orthot Int, 2011.
35(2): p. 140-9.

Frossard, L., N. Stevenson, J. Sullivan,
M. Uden, and M. Pearcy,
Categorization of Activities of Daily
Living of Lower Limb Amputees
During Short-Term Use of a Portable
Kinetic Recording System: A
Preliminary Study. JPO Journal of
Prosthetics and Orthotics, 2011. 23(1):
p. 2-11.

Frossard, L., D.L. Gow, K. Hagberg,
N. Cairns, B. Contoyannis, S. Gray, R.
Branemark, and M. Pearcy, Apparatus
for monitoring load bearing
rehabilitation exercises of a
transfemoral amputee fitted with an
osseointegrated fixation: a proof-of-
concept study. Gait Posture, 2010.
31(2): p. 223-8.

Frossard, L., K. Hagberg, E.
Haggstrom, and R. Branemark, Load-

Page 5 of 6



A synthesis of the range of loads applied on the residuum of individuals with transfemoral

amputation fitted with bone-anchored prostheses

49.

50.

ol.

52.

53.

54.

55.

relief of walking aids on
osseointegrated fixation: instrument for
evidence-based practice. IEEE Trans
Neural Syst Rehabil Eng, 2009. 17(1):
p. 9-14.

Stenlund, P., M. Trobos, J. Lausmaa,
R. Branemark, P. Thomsen, and A.
Palmquist, Effect of load on the bone
around bone-anchored amputation
prostheses. J Orthop Res, 2016: p. n/a-
n/a.

Hayashi, Y., N. Tsujiuchi, Y. Matsuda,
and Y. Tsuchiya, Analysis of trans-
femoral prosthetic gait based on the
computational modelling and the
principal component analysis of six-
axis force/moment. Transactions of the
JSME (in Japanese), 2015. advpub.
Koehler, S.R., Y.Y. Dhaher, and A.H.
Hansen, Cross-validation of a portable,
six-degree-of-freedom load cell for use
in lower-limb prosthetics research. J
Biomech, 2014. 47(6): p. 1542-1547.
Stephenson, P. and B.B. Seedhom,
Estimation of forces at the interface
between an artificial limb and an
implant directly fixed into the femur in
above-knee amputees. Journal of
Orthopaedic Science, 2002. 7(3): p.
192-297.

Berme, N., P. Lawes, S. Solomonidis,
and J.P. Paul, A shorter pylon
transducer for measurement of
prosthetic forces and moments during
amputee gait. Engineering in
Medicine, 1975. 4(4): p. 6-8.

Nietert, M., N. Englisch, P. Kreil, and
G. Alba-Lopez, Loads in hip
disarticulation prostheses during
normal daily use. Prosthetics and
Orthotics International, 1998. 22(3): p.
199-215.

Mollaret, E. and M. Bertrand
Marchand, Osseointegration of the
lower limb: Reduction of mechanical

XVIth ISPO World Congress.2017

57.

58.

59.

60.

61.

strain on the abutment. Annals of
Physical and Rehabilitation Medicine,
2015. 58, Supplement 1: p. e18.
Newcombe, L., M. Dewar, G.W.
Blunn, and P. Fromme, Effect of
amputation level on the stress
transferred to the femur by an artificial
limb directly attached to the bone. Med
Eng Phys, 2013. 35(12): p. 1744-1753.
Lee, W.C., J.M. Doocey, R.
Branemark, C.J. Adam, J.H. Evans,
M.J. Pearcy, and L.A. Frossard, FE
stress analysis of the interface between
the bone and an osseointegrated
implant for amputees--implications to
refine the rehabilitation program. Clin
Biomech (Bristol, Avon), 2008.
23(10): p. 1243-50.

Tomaszewski, P.K., N. Verdonschot,
S.K. Bulstra, and G.J. Verkerke, A
comparative finite-element analysis of
bone failure and load transfer of
osseointegrated prostheses fixations.
Ann Biomed Eng, 2010. 38(7): p.
2418-217.

Helgason, B., H. Palsson, T.P.
Runarsson, L. Frossard, and M.
Viceconti, Risk of failure during gait
for direct skeletal attachment of a
femoral prosthesis: a finite element
study. Med Eng Phys, 2009. 31(5): p.
595-600.

Dumas, R., L. Cheze, and L. Frossard,
Load during prosthetic gait: Is direct
measurement better than inverse
dynamics? Gait & Posture, 2009.
30(Supplement 2): p. S86-S87.
Dumas, R., L. Cheze, and L. Frossard.
Load during prosthetic gait: is direct
measurement better than inverse
dynamics? in European Society of
Movement Analysis in Adults and
Children (ESMAC) 18th Annual
General Meeting. 2009. London, UK.

Page 6 of 6



