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ABSTRACT

The influence of mechanical loading upon bone growth and remodelling has been
widely studied. It has been suggested that functional bone growth is evident within
the human adult pelvis, where the internal trabecular structure is purported to align to
the principal strain trgectories induced during bipedal locomotion. Ontogenetic
studies of the juvenile pelvis have observed that trabecular bone growth becomes
progressively ordered from an initial randomised patterning. This has lead to theories
linking the gradual structural optimisation of trabecular bone to the mechanical
forces associated with the development of juvenile locomotion. However, recent
studies have observed partially optimised trabecular structures within the human fetal
and neonatal pelvis, in contrast to previous observations. The possible genetic and
mechanical factors which cause the in utero formation of these trabecular structures,
which are usually associated with a weight bearing function, remains unknown.
Therefore, this thesis aimed to investigate the influence of the mechanical strains

associated with juvenile movements, upon the growth of pelvic trabecular bone.

Biomechanical analyses were performed on digitissd models of juvenile pelvic
specimens belonging to the Scheuer collection. Digitised models of a prenatal, 1
year, 8 year and 19 year old pelvis were constructed through processing mirco-
computed tomography scan data. A geometric morphometric reconstruction
technique was devised which enabled the creation of hemi-pelvic models from
originally disarticulated bone specimens. This reconstruction technique was validated
through a close morphological comparison between a reconstructed hemi-pelvis, and
its originally articulated CT data. The muscular and joint forces associated with in
utero movements and bipedal locomotion, were computed through muscul oskel etal

simulations. A prenatal musculoskeletal model was constructed to replicate the in



utero mechanical environment, and simulated interactions between the fetal leg and
the womb wall. The forces associated with bipedal locomotion were evaluated
through analysis of a pre-defined subject-specific musculoskeletal model. An attempt
was made to validate the modelling technique of atering generic muscul oskel etal
models to create subject-specific representations. However, comparisons between
computed and experimentally recorded muscle activities proved inclusive, athough
this was attributed to uncertainties in the accuracy of the experimental data. A series
of finite element analyses computed the strain distributions associated with the
predicted musculoskeletal loading. A range of load regimes were applied to each
juvenile pelves, and were based upon the computed muscul oskeletal forces and the
maximum isometric force capabilities of the pelvic muscles. However, despite the
differences between the applied load regimes, the predicted von Mises and
compressive strain distributions displayed similarities for al the ages analysed. All
the predicted distributions were characterised by high strains within the inferior
ilium, which correlated to a region of high trabecular organisation. The high strain
magnitudes then travelled superiorly in either a gradual or rapid dissipation, both of
which did not produce a distribution which correlated to the pelvic trabecular
histomorphometry. Therefore, no strain distribution was predicted with divergence of
the inferior strains to the anterior and posterior regions of the ilium, as observed with

the trabecular trgjectories within the pelvis.

As the predicted von Mises and compressive strain distributions failed to match the
complete iliac trabecular histomorphometry, it was suggested that the in utero
formation of partially optimised trabecular growth is possibly due to generic factors.
This thesis provided initia investigations into the musculoskeletal and mechanical
loading of the juvenile pelvis, athough future work is required to devel op the applied

modelling techniques to fully determine the influence of the mechanical strains.
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L1ST OF FIGURES

Figure 2.1. Cross section of the proximal femur showing the hollow
intramedullary canal and the dense trabecular network within the femoral
head.

Figure 2.2. Cross section of the pelvic bone showing the two blades of
cortical bone separated by an internal trabecular network.

Figure 2.3. Bone remodelling in response to mechanical loading, showing an
increase in remodelling when experiencing strains beyond the threshold
range of 50-1500p¢ (reproduced from Martin, 2000).

Figure 2.4. The pelvic girdle formed through the articulation of the two hip
(innominate bones) and the sacrum at the SIJ and pubic symphysis (adapted
from Gray, 1987).

Figure 2.5. Bony landmark features of the adult innominate.

Figure 2.6. Fusion of the individual innominate bones to form the acetabulum
and the structura division into quadrants.

Figure 2.7.The standardised gait cycle defined between two consecutive heel
strikes, and consisting of single leg and double support phases (left leg is
illustrated in black, right leg isillustrated in grey) (reproduced from Wood et
al. (2009)).

Figure 2.8. Trabecular bone organisation within the adult ilum, showing the
regions of the posterior trgjectory (pt), anterior trgjectory (at), superior
medial region (sm), trabecular chiasma region (tc), sciatic notch region (sn)
and acetabular roof (ar) (reproduced from Cunningham and Black, 2009b).

Figure 2.9. Locations of the primary ossification centres of the developing
pelvis (reproduced from Scheuer and Black, 2000).

Figure 2.10. Composition of the triradiate cartilage which separates the
juvenile pelvic bones (reproduced from Scheuer and Black, 2000).

Figure 2.11. Hip joint reaction forces during the gait cycle calculated for a
typical patient by Bergmann et a. (2001), showing the resultant reaction
(black) and the  orthogonal force components which are positive medially
(red), anteriorly (green) and superiorly (blue) (data taken from Bergmann et
al. (2001)).

Figure 2.12. Lower extremity MS modelling of the () complex muscular
anatomy performed by Heller et a. (2001) and (b) the simplified muscle
grouping devised by Heller et al. (2005) (reproduced from Heller et a.
(2005)).

Figure 2.13. The generic MS Lower Extremity Model within AnyBody.
Figure 2.14. Modelling of the 3D geometries of the rectus femoris (blue) and

vastus intermedius (purple) performed by Blemker and Delp (2006)
(reproduced from Blemker and Delp (2006).
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Figure 2.15. Experimental loading of a pelvis in which the iliac crest is
submerged in resin, and the hip joint force is replicated through a prosthetic
femoral head attached to aload cell (parts A-D) (reproduced from Anderson
et al., 2005).

Figure 2.16. The pelvic FE model of Dalstra and Huiskes (1995), consisting
of 2,662 8-noded brick and 4-noded membrane elements (reproduced from
Dalstra and Huiskes (1995)).

Figure 2.17. The ML boundary condition model of Phillips et a. (2007)
which utilised spring and connector elements to represent soft tissue
attachments and the SIJ respectively (reproduced from Phillips et a. (2007)).

Figure 2.18. The medial and lateral von Mises stress distribution of the (a)
cortical and (b) trabecular bone of the ML model of Phillips et al. (2007)
(reproduced from Phillips et al. (2007)).

Figure 3.1. Prenatal specimen (NP7) of the Scheuer collection comprising of
both innominate bones and mummified cartilage.

Figure 3.2. A puCT slice through the prenatal ilium, cartilaginous acetabulum
and ischium, showing (a) the grey scale variation between the bone and
cartilage, and (b) thresholding of the grey scale gradient defining the whole
structure as one material.

Figure 3.3. Digitised modelling of the right prenatal hemi-pelvis showing; (a)
thresholding of all material comprising of both bone and cartilage, (b)
reduction of the thresholding range to eliminate cartilage and highlight the
limited development of the pelvic bone, (c) reconstruction of the pelvic bone
of the right hemi-pelvis, (d) the medial and lateral view of the reconstructed
right hemi-pelvis with connecting cartilage (shown in green) (e) and the
medial and latera view of the right hemi-pelvis after smoothing iterations to
eliminate blemishes on the bone cortex.

Figure 3.4. Manual segmentation of the pelvic bone border (purple outline)
and the thresholding detection and definition of the triradiate cartilage
(yellow outline).

Figure 3.5. Digitised volumetric models of the 1yr old ilium (left), ischium
(middle) and pubis (right) after manual segmentation to reconstruct a
continuous cortex.

Figure 3.6. Digitised volumetric models of the 8yr old ilium (left), ischium
(middle) and pubis (right) after manual segmentation to reconstruct a
continuous cortex.

Figure 3.7. Digitised volumetric models of the 19yr left and right
innominates, which displayed damage to the right ASIS and left superior
pubic symphysis (indicated by the black circles).

Figure 4.1. Flowchart of the four stages of the morphometric reconstruction
modelling procedure.

Figure 4.2. Landmark configuration of the morphometric dataset.
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Figure 4.3. Digitised modelling of the (@) 19yr old hemi-pelvis, which was
(b) warped to an estimated mean landmark configuration with an iliac depth
of 104mm (the spheres show the location of the 27 landmarks used in the
morphometric analysis).

Figure 4.4. Digitisation of the 9yr old left hemi-pelvis showing, (a) the
originally articulated structure and (b) the disarticul ated bones.

Figure 4.5. Overlay of the disarticulated 9yr old pelvic bones within the
warped templ ate.

Figure 4.6. The reconstructed 9yr old hemi-pelvis.

Figure 4.7. Multivariate regression analysis of the juvenile pelvic form,
showing (a) PC1 vs PC2 (b) PC1 vs PC3 (c) PC2 vs PC3 (+ = original
morphometric dataset, B = warped template, + = origina articulated hemi-
pelvis, = = reconstructed hemi-pelvis).

Figure 4.8. Overlay of the original and reconstructed 9yr old hemi-pelvic
models through aignment of the ilium (the originally articulated model is
shown in purple).

Figure 4.9. Displacement between specific ischia and pubic landmarks on
the originally articulated and reconstructed 9yr old hemi-pelves.

Figure 4.10. The FE models of the (a) originally articulated, (b) reconstructed
and (c) comparative hemi-pelves, each meshed with tota of ~220,000
elements.

Figure 4.11. The resultant hip joint reaction force of the averaged patient
reported by Bergmann et al. (2001) (1 = point of heel strike, 2 = point of
maximal force, 3 = point of toe off and 4 = point of minimal force) (data
taken from Bergmann et al. (2001)).

Figure 4.12. The simplistic loading regime which comprised of constraining
the superior ilium through four nodes (2 nodes medial; 2 nodes lateral) and
loading the abturator foramen through two nodes (one at the point closest to
theischia tuberosity; one at the point closest to the pubic symphysis).

Figure 4.13. The minimum principal strain of the trabecular bone and
cartilage for the originaly articulated (left), disarticulated (middle) and
comparative (right) hemi-pelves under hip joint loading at (a) heel strike, (b)
point of maximal force, (c) toe off, (d) point of minimal force and (e) the
simplistic loading regime.

Figure 4.14. The minimum principa strain of the cortical bone for the
originally articulated (left), disarticulated (middle) and comparative (right)
hemi-pelves under hip joint loading at (a) heel strike, (b) point of maximal
force, (c) toe off, (d) point of minimal force and (e) the simplistic loading
regime.

Figure 4.15. Morphometric warping of a (a) 19yr old hemi-pelvis to the
morphologies of (b) another adult, (c) a 9yr old and (d) a juvenile with a PD
of 90mm.

Figure 4.16. Positioning of the 10 landmarks around the acetabulum and
obturator foramen of the warped hemi-pelves.
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Figure 4.17. The p values of the PCA analysis of the warped adult (red), 9yr
old (green) and juvenile (yellow) forms (the dotted line indicates a p value
0.05% where statistical difference was determined).

Figure 4.18. Procedure for reconstructing the cartilaginous prenatal
acetabulum, showing (@) the origina volumetric model, (b) overlay of the
warped template to estimate the missing cartilage, and (¢) the find
reconstructed hemi-pelvis.

Figure 4.19. Morphometric reconstruction of the 1yr old specimen, showing
the (a) siting of disarticulated bones within the origina hemi-pelvic template,
(b) initial alteration of the template to fit the morphology of the re-articulated
bones, (c) further alteration to ensure continuity between the re-articul ated
bones and warped template, and (d) the final reconstructed lyr old hemi-
pelvis.

Figure 4.20. Morphometric reconstruction of the 8yr old specimen, showing
the (a) siting of the disarticulated bones within the initial warped template,
(b) scaled increase in the warped template size to fit the general shape of the
acetabulum, and (c) the final reconstructed 8yr old hemi-pelvis.

Figure 4.21. Recongtruction of the pubic symphysis of the 19yr old left
innominate, showing (a) the origina volumetric model, (b) overlay of the
reflected right pubic symphysis, (¢) manual segmentation of the reflected
right pubic symphysis to model the omitted material, and (d) the final
smoothed model of the reconstructed left pubic symphysis.

Figure 4.22. Reconstruction of the ASIS of the 19yr old right innominate,
showing (&) the origina volumetric model, (b) overlay of the reflected left
ASIS, () manual segmentation of the reflected left ASIS to model the
omitted material, and (d) the final smoothed model of the reconstructed right
ASIS.

Figure 4.23. Reconstructed digitised volumetric models of the left and right
19yr old hemi-pelves.

Figure 5.1. Fetal positioning at 38 weeks gestation characterised by a high
hip and knee flexion (reproduced from Moore and Persaud, 2008).

Figure 5.2. Pelvic landmarks and measures used for predictive HJC location
techniques (adapted from Kirkwood et al. (1999)).

Figure 5.3. The estimated HJC locations of the prenatal pelvis using methods
of (1) Bell et a. (1989), (2) Bell et a. (1990), (3) Seidd et a. (1995), (4)
OrthoTrak and (5) Harrington et al. (2007).

Figure 5.4. Estimated coordinates of the prenatal HJC produced by the
predictive methods.

Figure 5.5. Egtimation of the femoral HJC via defining a boundary box
around the femoral head and determining the point of intersection of the
three anatomica planes.

Figure 5.6. Articulation of the prenatal hip joint (the spheres represent the
landmarks of the origin and insertion points of the muscles spanning the
joint).
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Figure 5.7. Modelling the weight of the upper body and the lower leg acting
through the HJC and the midpoint between media and lateral femora
epicondyles respectively.

Figure 5.8. Modedling of the gluteal muscles, showing the single line
representation of the maximus (blue), and the “fanning” of the medius (red)
and minimus (green).

Figure 5.9. Muscle wrapping of the (a) iliacus and (b) gluteus maximus
around defined cylinders.

Figure 5.10. The muscular architecture of the prenatal MS model at (a) 0°
and (b) 120° hip joint flexion.

Figure 5.11. Muscle forces calculated by the prenatal MS model when the
hip joint was rotated to a 120° flexion angle.

Figure 5.12. Muscle forces calculated by the prenatal model when the hip
joint was rotated from a 120° flexion angle to a neutral position (0°).

Figure 5.13. Adult modelling within AnyBody, showing (a) the Lower
Extremity Model of the AMMRV 1.2 and (b) a subject-specfic model created
in this study.

Figure 5.14. The forces of the anterior thigh muscles during the gait cycle
predicted by the Lower Extremity Model.

Figure 5.15. The forces of the medial thigh muscles during the gait cycle
predicted by the Lower Extremity Model.

Figure 5.16. The forces of the posterior medial thigh muscles during the gait
cycle predicted by the Lower Extremity Model.

Figure 5.17. The forces of the muscles in the gluteal region during the gait
cycle predicted by the Lower Extremity Model.

Figure 5.18. The hip joint reaction during the gait cycle predicted by the
Lower Extremity Model, showing the resultant reaction (black) and the
orthogonal force components which were positive medially (red), anteriorly
(green) and superiorly (blue).

Figure 5.19. Comparison between the calculated muscle force of the subject-
specific MS model (red) and the muscle activity measured through EMG
(blue) for the biceps femoris.

Figure 5.20. Comparison between the calculated muscle force of the subject-
specific MS model (red) and the muscle activity measured through EMG
(blue) for the rectus femoris.

Figure 5.21. Comparison between the calculated muscle force of the subject-
specific MS model (red) and the muscle activity measured through EMG
(blue) for thetibialis anterior.

Figure 5.22. Comparison between the calculated muscle force of the subject-
specific MS model (red) and the muscle activity measured through EMG
(blue) for the gastrocnemius medialis.
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Figure 6.1. The mesh of the 19yr old pelvis within AMIRA, showing the
mirrored contralateral pelvis with a lower element density compared to the
left hemi-pelvis.

Figure 6.2. FE modelling of the 19yr old (a) pelvis with a hyperelastic pubic
disc and constrained SIJ, and (b) left hemi-pelvis with a constrained SIJ and
pubic symphysis.

Figure 6.3. Modelling a layer of cartilage through defining volumes within
the articulation area of the SIJ.

Figure 6.4. The cortical von Mises stress distribution (MPa) of the 19yr old
left hemi-pelvis produced by the varying methods of constraining the pelvis,
showing (a) model 1, (b) model 2, (c) model 3 and (d) model 4.

Figure 6.5. The trabecular von Mises stress distribution (MPa) of the 19yr
old left hemi-pelvis produced by the varying methods constraining the pelvis,
showing (a) model 1, (b) model 2, (c) model 3 and (d) model 4.

Figure 6.6. The cortical von Mises stress distribution (MPa) of the 19yr old
left hemi-pelvis produced by the MS loading at the (a) 1st, (b) 2nd, (c) 3rd,
(d) 4th, (e) 5th, (f) 6th, (g) 7th and (h) 8th phase of the gait cycle.

Figure 6.7. The trabecular von Mises stress distribution (MPa) of the 19yr
old left hemi-pelvis produced by the MS loading at (a) 1st, (b) 2nd, (c) 3rd,
(d) 4th, (e) 5th, (f) 6th, (g) 7th and (h) 8th phase of the gait cycle.

Figure 6.8. The trabecular von Mises strain distribution of the 19yr old |eft
hemi-pelvis produced by the MS loading at the (a) 1st, (b) 2nd, (c) 3rd, (d)
4th, (e) 5th, (f) 6th, (g) 7th and (h) 8th phase of the gait cycle.

Figure 6.9. The trabecular minimum principa strain distribution of the 19yr
old left hemi-pelvis produced by the MS loading at the (a) 1st, (b) 2nd, (c)
3rd, (d) 4th, (e) 5th, (f) 6th, (g) 7th and (h) 8th phase of the gait cycle.

Figure 6.10. The mechanical response of the 19yr old left hemi-pelvis when
loaded with cumulative maximal forces at their corresponding line of actions
during the gait cycle; showing, () corticad von Mises stress (MPa), (b)
trabecular von Mises stress (MPa), (c) trabecular von Mises strain and (d)
trabecular minimum principal strain.

Figure 6.11. The mechanical response of the 19yr old left hemi-pelvis when
loaded with cumulative maximal forces at lines of actions taken during a
standing position; showing, (a) cortica von Mises stress (MPa), (b)
trabecular von Mises stress (MPa), (c) trabecular von Mises strain and (d)
trabecular minimum principal strain.

Figure 6.12. The FE model of the prenatal hemi-pelvis containing a total of
204,383 10-noded tetrahedral and 17,446 4-noded shell e ements.

Figure 6.13. The cortical von Mises stress (MPa) distribution of the prenatal
right hemi-pelvis produced by the MS loading associated with a passive (a)
2° extension, and (b) 2° flexion of the 120° flexed hip joint, and (c) the
cumulated maximal loading.
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Figure 6.14. The trabecular von Mises strain distribution of the prenatal right
hemi-pelvis produced by the MS loading associated with a passive (a) 2°
extension, and (b) 2° flexion of the 120° flexed hip joint, and (c) the
cumul ative maximal loading.

Figure 6.15. The trabecular minimum principal strain of the prenata right
hemi-pelvis produced by the MS loading associated with a passive (a) 2°
extension, and (b) 2° flexion of the 120° flexed hip joint, and (c) the
cumul ative maximal 1oading.

Figure 6.16. The cortical von Mises stress (MPa) distribution of the prenatal
right hemi-pelvis produced by the M S loading associated with a resisted (a)
2° extension, and (b) 2° flexion of the 120° flexed hip joint, and (c) the
cumul ative maximal loading.

Figure 6.17. The trabecular von Mises strain distribution of the prenatal right
hemi-pelvis produced by the MS loading associated with a resisted (a) 2°
extension, and (b) 2° flexion of the 120° flexed hip joint, and (c) the
cumul ative maximal 1oading.

Figure 6.18. The trabecular minimum principa strain distribution of the
prenatal right hemi-pelvis produced by the MS loading associated within a
resisted (a) 2° extension, and (b) 2° flexion of the 120° flexed hip joint, and
(c) the cumulative maximal loading.

Figure 6.19. The trabecular minimum principal strain distribution produced
when applying the cumulative maximal loading regime of the passive hip
joint movement and varying the triradiate modulus to (a) 5SMPa, (b) 20MPa,
(c) 30MPaand (d) 50M Pa.

Figure 6.20. The mechanical response of the prenata right hemi-pelvis when
loaded with 1% of the cumulative maximum forces associated with the gait
cycle; showing, (@) cortical von Mises stress (MPa), (b) trabecular von Mises
strain and (c) trabecular minimum principal strain.

Figure 6.21. The trabecular minimum principa strain distribution of the
prenatal right hemi-pelvis produced by 0.01% of the maximum isometric
muscle forces and a hip joint force of (a) 0 BW, (b) 1x BW, (c) 2x BW, (d)
5x BW and (e) 10x BW at the lines of action corresponding to a standing
position.

Figure 6.22. The trabecular minimum principa strain distribution of the
prenatal right hemi-pelvis produced by 0.01% of the maximum isometric
muscle forces and a hip joint force of () Ox BW, (b) 1x BW, (c) 2x BW, (d)
5x BW and (€) 10x BW at the lines of action corresponding to a 120° flexed
hip joint.

Figure 6.23. The trabecular minimum principa strain distribution of the
prenatal right hemi-pelvis produced by identical MS loading and (@) enabling
rotation at the SlJ, and (b) constraining the pubic symphysisin all DOF.

Figure 6.24. The FE model of the 1yr old left hemi-pelvis containing a total
of 203,732 10-noded tetrahedral and 44,461 4-noded shell e ements.
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Figure 6.25. The mechanical response of the 1yr old left hemi-pelvis when
loaded with 5% of the MS forces associated with the 5th phase of the gait
cycle; showing, (a) cortical von Mises Stress (MPa), (b) trabecular von Mises
strain, (c) trabecular minimum principal strain.

Figure 6.26. The trabecular minimum principa strain distribution of the 1yr
old left hemi-pelvis produced by 5% of the M S forces associated with the 5th
phase of the gait cycle and a triradiate cartilage modulus of (a) 5MPa, (b)
20MPa, (¢) 30MPa and (d) 50M Pa.

Figure 6.27. The mechanical response of the 1yr old left hemi-pelvis when
loaded with 2% of the cumulative maximum muscle and joint forces
associated with the gait cycle; showing, (@) cortical von Mises Stress (MPa),
(b) trabecular von Mises strain and (c) trabecular minimum principal strain.

Figure 6.28. The mechanical response of the 1yr old left hemi-pelvis when
loaded with 0.25% of the maximum isometric muscle forces and a hip joint
force of 1x BW; showing, (a) cortical von Mises Stress (MPa), (b) trabecular
von Mises strain and (c) trabecular minimum principal strain.

Figure 6.29. The trabecular minimum principa strain distribution of the 1yr
old left hemi-pelvis produced by 0.25% of the maximum isometric muscle
forces and a hip joint force of (a) Ox BW, (b) 1x BW, (¢) 2x BW, (d) 5x BW
and (e) 10x BW.

Figure 6.30. The FE model of the 8yr old left hemi-pelvis containing a total
of 215,581 10-noded tetrahedral and 19,822 4-noded shell elements.

Figure 6.31. The mechanical response of the 8yr old left hemi-pelvis when
loaded with 25% of the MS forces associated with the 5th phase of the gait
cycle; showing, (a) cortical von Mises Stress (MPa), (b) trabecular von Mises
strain and (c) trabecular minimum principal strain.

Figure 6.32. The trabecular minimum principa strain distribution of the 8yr
old left hemi-pelvis produced by 25% of the M S forces associated with the
5th phase of the gait cycle and atriradiate cartilage modulus of (a) 5SMPa, (b)
20MPa, (¢) 30MPaand (d) 50M Pa.

Figure 6.33. The mechanical response of the 8yr old left hemi-pelvis when
loaded with 10% of the cumulative maximum muscle and joint forces
associated with the gait cycle; showing, (@) cortical von Mises Stress (MPa),
(b) trabecular von Mises strain and (c) trabecular minimum principal strain.

Figure 6.34. The mechanical response of the 8yr old left hemi-pelvis when
loaded with 1% of the maximum isometric muscle forces and a hip joint
force of 1x BW; showing, (a) cortical von Mises Stress (MPa), (b) trabecular
von Mises strain and (c) trabecular minimum principal strain.

Figure 6.35. The trabecular minimum principa strain distribution of the 8yr
old left hemi-pelvis produced when applying 1% of the maximum isometric
muscle forces and a hip joint force of (a) 0% BW, (b) 1% BW, (c) 2% BW,
(d) 5% BW and () 10% BW.

Figure 7.1. The minimum principal strain of the trabecular bone showing; (a)
the prenatal hemi-pelvis under load regime 3 (see Table 6.1), and the (b) the
1yr old hemi-pelvis and (c) the 8yr old hemi-pelvis under load regime 1 (see
Table6.2).
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Figure 9.1. A MS model of a 7yr old within AnyBody.

Figure A. A superior and anterio-latera view of the reference planes of the
body (adapted from Moore and Agur, 2002).

Figure B. Multivariate regression anaysis of the original morphometric
dataset (), including the originally articulated (+), reconstructed (<) and
comparative (H) 9yr old hemi-pelvic forms, showing (a) PC1 vs PC2 (b)
PC1 vs PC3 (c) PC2 vs PC3.

Figure C. The applied loading regime during the convergence testing which
constrained four nodes within the superior ilium (2 lateral and 2 medial) and
loaded the obturator foramen through four nodes (spheres show the five
locations associated with elements on irregular profiles).

Figure D. The locations of ten nodes attached to elements on regular surface
profiles.

Figure E. The trabecular von Mises strain distribution produced by mesh
densities containing around (a) 117,000, (b) 143,000, (c¢) 175,000, (d)
201,000, (e) 224,000, (f) 278,000, (g) 378,000, (h) 542,000, (i) 1million and
() 2 million eements (the circles relate to locations of ater strain
digtribution).

Figure F. The corticadl von Mises strain distribution produced by mesh
densities containing around (a) 117,000, (b) 143,000, (c) 175,000, (d)
201,000, (e) 224,000, (f) 278,000, (g) 378,000, (h) 542,000, (i) 1million and
() 2 million eements (the circles relate to locations of ater strain
distribution).

Figure G. The nodal von Mises strains of the trabecular bone produced by
increasing mesh densities (red lines correspond to nodes attached to elements
on regular profiles; blue lines correspond to nodes attached to elements on
irregular profiles).

Figure H. The nodal von Mises srains of cortical bone produced by
increasing mesh densities (red lines correspond to nodes attached to elements
on regular profile; blue lines correspond to nodes attached to elements on
irregular profiles).

Figure |. The average surface hodal von Mises strain of the trabecular (blue)
and cortical (red) bone produced by varying mesh densities.

Figure J. The maximum displacement measured throughout the pelvic
structure by the varying mesh densities.

Figure K. The maximum muscle forces generated by the prenatal MS model
when flexing the hip joint to 120° and then back to 0°. Maximum forces are
displayed which were generated through reducing the MIF's to 10, 1 and
0.1% of their origina values.

Figure L. The cortical von Mises stresses (MPa) of the prenatal right hemi-
pelvis produced by the cumulative maximal force loading of the passive hip
joint movement and varying the triradiate modulus to (a) 5SMPa, (b) 20MPa,
(c) 30MPaand (d) 50M Pa.
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Figure M. The trabecular von Mises strains of the prenatal right hemi-pelvis
produced by the cumulative maximal loading regime of the passive hip joint
movement through varying the triradiate modulus to (a) 5MPa, (b) 20MPa,
(c) 30MPa and 50M Pa.

Figure N. The trabecular minimum principal strains of the prenatal right
hemi-pelvis produced by 1% of the cumulative maximum forces associated
with the gait cycle and varying the triradiate modulus to (a) 5MPa, (b)
20MPa, (¢) 30MPa and 40M Pa.

Figure O. The trabecular minimum principal strain distribution of the 1yr old
left hemi-pelvis produced by 2% of the maximum forces associated with the
gait cycle and varying the triradiate modulus to (a) 5SMPa, (b) 20MPa, ()
30MPaand (d) 50M Pa.

Figure P. The trabecular minimum principa strain distribution of the 8yr old
left hemi-pelvis produced by 10% of the maximum forces associated with the
gait cycle and varying the triradiate modulus to (a) 5SMPa, (b) 20MPa, ()
30MPaand (d) 50M Pa.

Figure Q. Modedlling of the prenatal pelvic cortex through (a) 4 grids (model
2), (b) 8 grids (model 3) and (c) 64 grids (modéel 4).

Figure R. The cortical von Mises stress distribution (MPa) of the prenatal
right ilium when modelling the cortex through (a) 2 grids, (b) 4 grids, (c) 8
gridsand (d) 64 grids.

Figure S. The trabecular minimum principal strains of the right prenatal ilium

when modelling the cortex through (a) 2 grids, (b) 4 grids, (c) 8 grids and (d)
64 grids.
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1. INTRODUCTION

Bones are constructed through the integration of cortical and trabecular bone, and are
structurally optimised to fulfil their functiona requirements. The growth and
remodelling of trabecular bone has been widely studied, developing the
understanding of Wolff’s Law. This proposes that the structure of trabecular bone
matches the principal stress distributions associated with common load regimes
(Wolff, 1892). This observation has lead to the identification of functionally adapted
bone growth within the human femur (Ryan and Krovitz, 2006) and hominid pelvis
(Macchiarelli et al., 1999; Rook et al., 1999), where the trgectories of trabecular
growth align to the mechanical strains induced during bipedal locomotion.
Macchiarelli et al. (1999) reported that the pelvis displays distinct evidence of
trabecular optimisation due to the large forces experienced throughout the structure,
which can exceed 3 times body weight (BW) during waking (Bergmann et a.,
2001). Functional adaptation has also been reported throughout ontogeny within the
bones of the lower extremity (Ryan and Krovitz, 2006; Volpato, 2008; Gosman and
Ketchman, 2009). Such studies have identified randomised trabecul ar patterning until
the development of bipeda locomotion, after which structural optimisation occurred.
Trabecular bone was observed to continue remodelling after the onset of initia
juvenile bipedalism, producing growth into identifiable trajectories by around 8 years
of age, which coincides with the development of mature bipedal gait (Sutherland,
1997). However, Cunningham and Black (2009b) identified trabecular trgectories
within the human fetal pelvis which are comparable to those observed within an
adult. Fetal specimens at an estimated 18-22 weeks gestation displayed trabecular
organisation into identifiable trajectories, which became progressively defined with

gestational age. Therefore, it was suggested that these trgjectories form a genetic blue



print from which further remodelling is based (Cunningham and Black, 2009a).
However, the factors which instigate the formation of these trabecular trajectories are
unclear, as this type of bone growth is usually associated with a weight bearing
function. Consideration must be given to the possibility that a genetic blueprint is
pre-determined within the bone cells, thus causing the initial trabecular formation
(Cunningham and Black, 2009a). Although, the influence of the in utero mechanical
environment has been observed to influence bone growth (Miller, 2005), and

therefore should also be considered a factor.

The understanding of the relationship between bone growth and mechanical 1oading
has been aided by developments in the methods of evaluating the forces throughout
the musculoskeletal (MS) system during movement. Commercia software packages
have the capabilities to generate subject-specific MS models using motion capture
and ground reaction force data, and predict muscular and joint forces (Damsgaard et
al., 2006; Delp et a., 2007). Computerised models have been developed which have
analysed the MS system of both healthy (Pedersen et a., 1997; Heller et al., 2001,
2005) and pathologica subjects (Arnold et al., 2005). Although these techniques are
predominately applied to model the adult MS system, they provide a means of
analysing the juvenile during the development of bipedal locomotion, and even in
utero environments. Advances within finite element (FE) methods have enabled the
computation of the mechanical stresses/strains of skeletal bones induced by MS
loading. In relation to the human pelvis, a large amount of research has been
conducted within the medical industry to design and test components of hip
prostheses (Korhonen et al., 2005; Cilingir et a., 2007; Coultrup et a., 2010).
Consequently, literature reporting the mechanical response of the pelvisin relation to

normal physiological loading is not extensive. These limited studies have analysed



the pelvis under the MS loading associated with bipeda locomotion and during
standing (Dalstra and Huiskes, 1995; Maumder et a., 2005; Phillips et a., 2007).
However, they did not relate their findings to the theories of bone remodelling, and
only analysed the stress distribution throughout the pelvis. Therefore, although pelvic
strain distributions for normal physiological conditions have not been previously
reported, they can be computed through FE methods and compared to the known

trabecular trgjectories (Macchiarelli et al., 1999; Rook et al., 1999).

This study aimed to analyse the influence of mechanical loading associated with
juvenile locomotion, upon the trabecular growth and remodelling within the human
pelvis. The study was based on computational modelling of pelvic specimens
belonging to the Scheuer collection (Cunningham and Black, 2009b), which is a
unique repository of skeletal remains. Four specimens were sel ected whose ages each
marked a significant stage in the development of juvenile locomotion, or growth of
the pelvis, namely; prenatal (in utero movements); 1 year (yr) (development of initial
bipedalism; 8 years (development of a mature gait); 19 years (fusion of the pelvic
bones). Analysis of the juvenile pelvis was categorised into three sections, initiated
by the digitisation of the specimens from computed tomography (CT) and micro-
computed tomography (UCT) data (Chapter 3). Unfortunately, the majority of the
specimens within the Scheuer collection are dry bones, resulting in the pelvic
specimens to be presented as disarticulated structures. This is due to the growth of
the juvenile pelvis as separate bones articulating around a cartilaginous acetabulum,
until fusion during late adolescence. Therefore, a reconstruction technique was
created which utilised geometric morphometric methods (GMM), to facilitate the re-
articulation of the pelvic bones and reconstruct the omitted cartilaginous features

(Chapter 4). The muscular and joint forces associated with in utero and bipedal



movements were computed within MS simulation software (Chapter 5). The
mechanical response of the juvenile pelves to the predicted MS loading was
subsequently calculated through a series of FE analyses (Chapter 6). The predicted
stress and strain distributions for each pelvis were compared to the trabecular
trajectories observed through histomorphometric analyses (Macchiarelli et al., 1999;
Rook et a., 1999; Cunningham and Black, 2009b). Comparisons between the
positioning of the computed strains and the known trabecular trajectories, were used
as a measure to evaluate the influence of the mechanical loading on the growth of the

juvenile pelvis.



2. LITERATURE REVIEW

Medical engineering uses the theories of various scientific fields to increase the
understanding of medical and biological problems. In studying juvenile bone growth
in relation to the age related M S loading, knowledge from biological and mechanical
engineering disciplines were integrated. Therefore, this literature review is
categorised into the areas of anatomy, MS modelling and FE modelling. A review of
the knowledge and research performed within each subject area is provided, and

presents information considered relevant to this study.

21. SKELETAL ANATOMY

The human skeleton is a composition of numerous individual bones which interact
through a series of articulations, creating rigid and robust structures for internal
organ protection, providing a reservoir for biological interactions and enabling
locomotive movement (Skerry, 2000). This structural stability is supplemented by an
extensive network of ligaments, tendons and muscles which span between

independent bones to form the M S system.

The skeletal structure is categorised into axial and appendicular sections, which are
based on geometric bone features and functions (Moore and Agur, 2002). The
appendicular skeleton comprises of “long” bones which are weight bearing
structures providing the necessary stability for locomotion (Gray, 1987), such as the
femur and tibia. The axial skeleton consists of “flat” bones which either provide
broad attachment sites for muscles and ligaments, or protect internal organs such as
the cranium and ribs. Bones which cannot be classified into the above are referred to
as “irregular” (or mixed), and are structurally optimised for their specific function,

such as the pelvis (Gunn, 1984).



Both axial and appendicular bones are composed through the integration of two types
of bone structure; cortical (or compact) and trabecular (or cancellous) bone. Bone
morphology varies throughout the skeletal system as structural composition is based
upon functional requirements. The weight bearing function of “long” bones often
causes the formation of hollow cylindrical cortical structures, such as the

intramedullary cana within the femur (see Figure 2.1).

Figure2.1. Cross section of theproximal ~ Figure 2.2. Cross section of the pelvic bone
femur showing the hollow intramedullary showing the two blades of cortical bone
canal and the dense trabecular network separated by an internal trabecular

within the femor al head. network.

In contrast, “flat” bones consist of two closely spaced cortical layers which are
separated by a network of connecting trabecular rods and plates, as illustrated in
Figure 2.2. A significant proportion of the muscular loading experienced by “ flat”
bones is transmitted through the stronger cortical bone, while the internal trabecular
network serves to ensure structura integrity and provide additional mechanical
support. Trabecular bone is aso evident within the greater trochanter and the head of
the femur (as shown in Figure 2.1), providing additional support to the mechanical

loads experienced through the hip joint. Therefore, “ flat” bones are optimised with



additional trabeculae to counteract compressive loading, while the hollow shaft of
“long” bones resists bending and shear stresses (Einhorn, 1996). The total mass of
the skeletal system is typically comprised of approximately 80% cortical and 20%

trabecular bone (Hadjidakis and Androulakis, 2006).

2.1.1. Bonegrowth

The biological and mechanical factors which instigate and regulate bone growth have
been widely studied. Trabecular bone has received significant attention based upon
the theory of Wolff’'s Law, which proposes that trabecular structures align to the
principal stress trgectories induced by mechanica loading (Wolff, 1892). The
mechanical loading experienced within the skeleton is predominately generated
through the functioning of the MS system and impact loading (Miller, 2005). The
combined loading produced by BW and muscular contractions, continually loads the
skeletal system, even when muscle state is passive (Rauch and Schoenau, 2001;
Miller, 2005). Therefore, as muscles are considered to be the main contributors to the
peak forces exerted on bone (Schoenau, 2006), the loading environment produced by
normal activity is suggested to be the stimulus for bone growth (Ehrlich and Lanyon,
2002). However, Wolff’s Law was based on observation and did not suggest the

mechanism by which mechanical strain instigates bone remodelling.

Frost (1987) developed a link between bone growth/remodelling and mechanical
loading via a regulatory feedback loop termed the “ mechanostat” , which monitors
structural deformation in terms of mechanical strain. When strains fall outside a
genetically determined threshold range, the loading is transmitted into biological
signalling to activate either bone growth or resorption (see Figure 2.3). Therefore,

bone mass and architecture are continually adapted when bone stability is



challenged, in order to maintain accepted strains (Rauch and Schoenau, 2001). The
thresholding range is suggested to be subsequently regulated by the endocrine
environment, which adjusts the accepted strain limits (Schoenau, 2006).
Consequently, strain values of the thresholding range can vary in relation to
anatomical location, athough Martin (2000) reported the mechanostat range was
between 50-1500 micro-strain (ne). Ward et al. (2006) reported comparative values

and stated that bone remodelling occurred when loading exceed 1500-2000p¢.

Disuse Physiologic Owverload Pathologic
Hange Hange Range Owverload Range
Resorption = Resorplion Formation > Formation =
formation formation resorplion resorplion
Increased remodeling Homeostasis Rising remodeling Maximal remodeling
Decrensed modeling Increased modeling Maximal modeling

{(woven bong)

‘ Remodeling Rate /
. >

50 1500 F000

Bone Microstrain

Figure 2.3. Boneremodelling in response to mechanical loading, showing an increasein
remodelling when experiencing strains beyond the threshold range of 50-1500pus

(reproduced from Martin, 2000).
A genetic blueprint contained within bone cells is proposed to initiate in utero
skeletal growth, producing initial bone morphologies with generaised internd
structures (Turner, 1998). The mechanostat then forms a secondary system to
optimise the internal structure (Rauch and Schoenau, 2001) in response to the
mechanical loading experienced. This adaptive remodelling of trabecular bone has

been observed in load bearing lower limbs throughout ontogeny (Ryan and Krovitz,

2006; Valpato, 2008; Gosman and Ketcham, 2009). Trabecular organisation during



fetal and neonatal growth has been reported to display fairly randomised structures,
which become progressively ordered within early juvenile development. Evidence of
trabecular remodelling has been reported to coincide with the onset of juvenile
motion, leading to theories linking structural optimisation to the mechanical loading
induced by the development of bipedal locomation. Cunningham and Black (2009b)
have reported contradictory findings within the pelvis, although this is discussed in

more detail within Section 2.1.5.

The theory of the “ mechanostat” illustrated in Figure 2.3 has been criticised as an
over ssimplification of the actual process (Ehrlich and Lanyon (2002)). For example,
dynamic loading has been observed to be associated with a greater level of bone
growth in comparison to static loading (Turner, 1998). Consequently, the
remodelling response has been suggested to be governed by strain-rates rather than
singular strain values (Lanyon and Rubin, 1984). Turner (1998) stated that bone
adaptation is driven by abnorma dynamic loading over small durations, while
customary loading regimes evoke less response, and prolonged time frames have a
diminishing effect. This challenges the theory relating trabecular organisation to
strains resulting from normal activities, athough these rules were based on

mathematical equations and not histomorphometric observations.

The influence of mechanical forces upon bone growth and remodelling is
demonstrated in instances of abnormal or absent loading. In cases of cerebral palsy,
the undeveloped MS system is thought to attribute to the growth of thin cortical
shells and generalised trabecular networks, which are often too weak to withstand
daily or reasonable impact loading (Ward et a., 2006). Similarly, bone strength
reduction within neonates has also been attributed to the in utero mechanical

environment (Miller, 2005). The hypothesis that fetal bone development is driven by



mechanical forces is not extensively documented (Rauch and Schoenau, 2001,
Nowlan et al., 2007). However, the action of the fetus kicking against the wall of the
womb will exert mechanical forces upon the developing bone, athough the
magnitudes of these forces are unknown. As the fetus floats within amniotic fluid in
the womb, it is unclear if these forces are sufficient to activate remodelling, although
they have been reported to result in the fracture of diseased bones, as observed in
osteogenesis imperfecta (Rauch and Schoenau, 2001). Consequently, cases of
decreased fetal bone strength have been attributed to limited in utero movement

(Miller, 2005).

Preterm births are often characterised by lower bone strength in comparison to full-
term infants, which is accredited to the reduced duration of the higher in utero
mechanical loading (Land and Schoenau, 2008). Moyer-Mileur et a. (2000) reported
that passive range of motion exercises aids in the increase of bone mineral mass in
preterm infants. Congenital neuromuscular diseases have been associated with the
impairment of fetal movement and muscle strength, and the subsequent formation of
diminished bone structures (Rodriguez et al., 1988a, 1988b). Such findings have
been experimentally tested through purposely disrupting the MS system via chemical
intervention within animal fetuses (Rodriguez et a.,1992; Nowlan et al., 2010). Fetal
growth with abnormal muscle function was observed to produce weaker bone

structures in comparison to control groups.

The theory of bone adaption has enabled the evaluation of a bone's mechanica
function based upon its structure. In relation to the lower extremities, the trabecular
architecture of the pelvis and femur has been used to determine the directionality of
the experienced loading. For example, analysis of the trabecular structure within the

primate femoral head has identified species capable of performing leaping motions

-10-



(Ryan and Ketcham, 2002a, 2002b, 2005). Functional bone growth was also
observed by Volpato et a. (2008) when comparing pelvic and femoral trabecular
growth between bipedally trained and wild macaques. Early homimins have also
been documented to display pelvic trabecular structures which are related to load
transfers during bipdal locomotion (Macchiarelli et al., 1999; Rook et al., 1999).
Macchiarelli et al. (1999) stated that due to the uniqueness of mechanical loading
induced during bipedal locomotion, strain related trabecular growth is evident within
the pelvis. Therefore, the histomorphometric analyses of the modern human adult
(Martinon-Torres, 2003) and the prenatal and neonatal (Cunningham and Black,
2009a, 2009b) pelvis have identified comparative trabecular organisation. The
cortical shell of the pelvis has aso received attention, again linking morphology with
structural optimisation in response to locomotive mechanical loading (Cunningham

and Black, 2009c).

2.1.2. The pelvic anatomy

The pelvic girdle is formed through a composition of individual bones, and provides
a connection between the vertebral column and the lower extremities. As illustrated
in Figure 2.4, the girdle is formed through the integration of the two hip (innominate)
bones, sacrum and coccyx viathe articulations at the sacro-iliac joint (SIJ) and pubic
symphysis (Moore and Agur, 2002). The sacrum is located at the base of the spine,
and is formed through the fusion of five sacral vertebrae to create a large triangular
shaped structure. The assembly enables the sacrum to interlock between the two

innominate bones and transfer axial forces to the lower limbs (Bogduk, 1997).

-11 -



Hium Sacrum Sacro-lliac

Joint
Pubis ¥ ' < Acetabulum
Pubic Ischium
Symphysis

Figure 2.4. The pelvic girdle formed through the articulation of the two hip
(innominate bones) and the sacrum at the SIJ and pubic symphysis (adapted from
Gray, 1987).

The innominate bone (or hemi-pelvis) is further classified into the three separate
components of the ilium, ischium and pubis (asillustrated in Figure 2.5). Theiliumis
the largest pelvic bone, joining the ischium and pubis inferiorly to form the
acetabulum (for definitions of anatomical terminology see Appendix I). A rough
articular surface within the posterior ilium marks the location of the SIJ. The ischium
is located within the posterio-inferior region of the innominate, and fuses with the
ilium and pubis to form the posterio-inferior quadrant of the acetabulum (see Figure
2.6). The pubis arises from the anterio-media region of the innominate, fusing
superiorly to form the anterio-inferior acetabular quadrant. Medially, the pubic

symphysis forms an articul ation with the contralateral pubis.

-12-



Iliac crest

Posterior superior iliac spine (PSIS)
Posterior inferior iliac spine (PIIS)
Sacro-iliac joint (SIJ)

Anterior superior iliac spine (ASIS)
Greater sciatic notch

Anterior inferior iliac spine (AllS)
Ilio-pubic ridge

00 ~NO Ol h WNPE

Acetabulum
10  Ischia spine

11 Ischid tuberosity

12 Ischia ramus

13 Ischio-pubic ramus
14  Superior pubic ramus
15  Pubic symphysis

16  Inferior pubic ramus
17  Obturator foramen

Anterior

Posterior

Figure 2.6. Fusion of the individual innominate bonesto form the acetabulum and the
structural division into quadr ants.
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The pelvic girdle is connected to the upper body through the SIJ, which is a synovid
joint comprising of articulating fibro and hyaline cartilage, attached respectively to
the ilium and sacrum (Gunn, 1984). The thickness of the cartilage varies between
individuals, although the sacral cartilage is generaly thicker than that of the iliac
(Waker, 1992; Kampen and Tillmann, 1998; McLauchlan and Gardner, 2002). The
articulation sites on the ilium and sacrum are characterised by rough and irregular
bony surfaces, which display an increasing degree of irregularity with age (Walker,
1992). The resulting terrain of ridges and depressions cause the joint to partially
inter-lock into position, which with the addition of interosseous and sacro-iliac
ligaments, primarily limit SIJ movement to rotation in the median plane (Gunn,
1984). Excessive joint movements are prohibited to prevent the sacrum from
dislocating inferiorly under the load of the upper body. However, joint movements
have been measured to range between 0.5-8 degrees (°) in rotation and -0.3-8
millimetres (mm) in trandation within a single plane (Goode et a., 2008). Fusion of
the joint reduces the range of motion, although it increases the rigidity and likelihood

of fracture (Bogduk, 1997).

The pubic symphysis forms an articulation between the two innominates, through a
fibro-cartilaginous inter-pubic disc. The disc attaches to the media surface of the
pubis via a lining of hyaline cartilage (Becker et a., 2010). The fibro-cartilaginous
composition of the symphysis aids its ability to withstand shear and tensile forces
(Gamble et a., 1986), while four pubic ligaments provide additional joint stability.
Therefore, movements are resisted to maintain the structural integrity of the pelvic
girdle, although inferio-superior shear and anterio-posterior rotation has been
reported (Walheim and Selvik, 1984). However, despite the mechanica strength of
the inter-pubic disc, it is till able to widen during pregnancy to increase the volume

within the pelvic girdle. Consequently, anatomical differences of the pubic
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symphysis are present between sexes, with the female symphysis being shorter and

broader (Li et a., 2006).

The hip joint facilitates interaction between the pelvis and the lower extremities,
through articulation of the femora head within the acetabulum. The cup shaped
depression of the acetabulum and spherical head of the femur form to create a
conventional ball and socket joint, permitting three dimensional (3D) movement in
flexion/extension, adduction/abduction and medial/lateral rotation (Gunn, 1984). The
acetabulum is deepened by a fibrocartilaginous rim (acetabular labrum) which
encompasses the lateral circumference (Portinaro et al., 2001), increasing coverage
of the femora head (Ferguson et al., 2000). Through ensuring a secure fit of the
femora head, the labrum is considered to enhance the joint stability and assist in the
even distribution of applied forces over the cartilaginous surface (Ferguson et al.,
2000; Tan et a., 2001). Deformity of the acetabular depth often leads to hip
dysplasia, where insufficient coverage of the femora head results in discomfort

caused by excessive wear and dislocation (Klaue et a., 1991).

The articulating surfaces are covered with a layer of hyaline cartilage and
encompassed by a fibrous capsule, which attaches between the media edge of the
acetabulum and the femoral neck (Gunn, 1984). Articular cartilage thickness varies
throughout the acetabulum (Wyler et a., 2007), producing a structure suggested to be
optimised for hip contact stress distribution (Daniel et a., 2005). The fibrous capsule
is subsequently surrounded by supporting ligaments which aids stability of the hip

under loading.

-15-



2.1.3. Mechanical function of the pelvis

The pelvis is considered to be one of the most important structures within the MS
system (Mgumder et al., 2005), due to its role in protecting vital interna organs and
facilitating locomotion. Therefore, one of the main functions of the pelvis is to
transfer the weight of the connecting upper body through the lower extremities, for
effective force dissipation during locomotion. Consequently, the pelvis is one of the
largest weight bearing structuresin the MS system, withstanding forces of up to three
times BW during bipedal locomotion (Bergmann et al., 2001). Forces increase
further during running and jogging and have been recorded to exceed seven times

BW during stumbling (Bergmann et a., 2004).

Bipedal locomoation is characterised by a gait cycle, which is defined by consecutive
heel strikes of the same leg. Figure 2.7 illustrates a gait cycle of the right leg, which
initially undergoes a stance phase, while the opposite leg performs an unloaded
swing phase. During the second half of the gait cycle these roles are switched,
producing pelvic loading which is transversely alternated to produce one highly

stressed hemi-pelvis, while the contralateral side is predominately passive.

Spinal loading is transferred from the sacrum to the pelvis through the SIJ, where it
passes onto the posterio-superior ilium and then inferiorly towards the acetabulum
(Dalstra and Huiskes, 1995; Maumder et al., 2005; Philips et al., 2007). During gait
large stresses concentrate around the acetabulum as the loading converges towards
the anterio-superior acetabular quadrant (Dalstra and Huiskes, 1995), and they then
transfer through the hip joint and onto the femoral head. In instances of high
mechanical loading, excessive stress magnitudes are dissipated aong the superior

pubic ramus, and the through the pubic symphysis into the contralateral hemi-pelvis.
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Figure 2.7.The standar dised gait cycle defined between two consecutive hedl strikes,
and consisting of single leg and double support phases (left legisillustrated in black,
right legisillustrated in grey) (reproduced from Wood et al. (2009)).

In addition to the cyclic torsional forces induced by the gait cycle, the pelvis aso
experiences axial and lateral forces caused by impact with the ground. Therefore, the
pelvisis optimally designed to resist and oppose varied stress states, and ensure safe
and efficient transfer of experienced loading. Load transfer is also aided by the MS
system which assists in maintaining balance about a single hip joint during the single
leg support phase of the gait cycle (Phillips et a., 2007). The large surface area of the
ilium provides idea attachment sites for powerful muscles such as the glute,
contributing to a complicated muscular complex. In total 22 muscles and 6 ligaments
originate from each innominate, ensuring structural integrity of the pelvic girdle and

reducing the risk of separation at the pubic symphysis and SIJ (Philips et al., 2007).

2.1.4. Pelvic bone structure

The ability of the pelvis to withstand mechanical loading is also enhanced by its
structural composition, which is characterised by a thin cortical shell structure
separated by trabecular bone. Thisisillustrated in the iliac blade displayed in Figure

2.2, resulting in the structure which has been likened to a “sandwich” construction,
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which combines high strength with low weight (Dalstra et al., 1993). The pelvic
trabeculae are predominately orientated perpendicular to the cortical shell to provide
strong resistance against shear stresses (Dalstra et al., 1993). As trabecular
histomorphometry is strongly correlated to experienced biomechanical strains
(Turner et a., 1990), highly dense closed cell plate-like trabecular structures are
found within regions that resist high loading. Conversely, regions under a lower
loading contain low density open cell rod-like trabeculae (Gibson, 1985). The
resulting trabecular structure is therefore highly anisotropic, athough this is

considered to reflect the anisotropy of daily loading (Turner, 1992).

Pelvic trabecular trgectories have been previously observed and classified through
the use of radiographs (Macchiarelli et al., 1999; Rook et al., 1999; Cunningham and
Black, 2009a, 2009b). Figure 2.8 shows the classification of the iliac trabecular
organisation through the definition of six regions. A strongly defined structure is
observed to travel anterio-inferiorly from the SIJ, forming a posterior trgjectory (pt).
Another structure travels posterior-inferiorly from the region around the anterior
superior iliac spine (ASIS), producing an anterior trgectory (at). These orientations
are believed to be structured to oppose loads induced by striding gait, and are termed
the compressive and tensile trgjectories respectively (Macchiarelli et a., 1999; Rook
et a., 1999). As both trgectories travel inferiorly, they converge superior to the
acetabulum and form the trabecular chiasma (tc). A poorly defined superio-medial
structure (sm) is produced when the gluteal and pelvic cortical shells fuse without
formation of trabecular bone (Cunningham and Black, 2009b). Additional regions of
dense trabecular organisation are observed within the greater sciatic notch (sn) and

acetabular roof (ar).
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10 mm

Figure 2.8. Trabecular bone organisation within the adult ilum, showing the regions of
the posterior trajectory (pt), anterior trajectory (at), superior medial region (sm),
trabecular chiasma region (tc), sciatic notch region (sn) and acetbular roof (ar)
(reproduced from Cunningham and Black, 2009b).

In comparison to trabecular bone, knowledge of the cortical bone morphology is
reported less frequently reported (Cunningham and Black, 2009c). However, cortical
bone is known to be thicker in regions which experience high loading (Macchiarelli
et a., 1999), and contain large muscle attachments. Consequently, a thick cortex is
observed around the acetabulum and follows the pt towards the SIJ. To withstand

forces exerted by muscles with large attachment sites, the cortex is correspondingly

thicker around the glutei.

As pelvic bone growth is related to experienced mechanical stresses, varying
histomorphometries can be observed between individuals (Dalstra et al., 1995;
Anderson et a., 2005). In the analysis of a mae cadaver, Dastra et a. (1995)
observed high trabecular densities at the acetabular rim and extending up to the SIJ.
Cortical thicknesses were measured ranging between 0.5-3.2mm, with the greater
sciatic notch and superior acetabular rim displaying a more robust cortex. Regions
with the lowest thickness were located within the SIJ and the pubic symphysis. In

contrast, Anderson et a. (2005) found high trabecular densities around the
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acetabulum and near muscle attachments within a female pelvis. The SIJ contained a
low trabecular density, along with the inferior ilium, contrasting with the trajectories
in Figure 2.8. The cortex was reported to range between 0.44-4mm, with the iliac
crest, pubic ramus, gluteal surface and around the acetabular rim being the thickest
regions. The thinnest cortices were within the acetabular cup and the iliac fossa. The
variance between the morphologies is attributed to the differing sex and age of the
cadavers analysed, and the possibility of unknown medical conditions such as

osteoporosis.

2.1.5. Juvenile osteology

The pelvis forms in utero from the lower limb bud through appositional ossification
centres located within the ilium, ischium and pubis (Scheuer and Black, 2000). These
centres expand and fuse to form a shallow acetabulum, forming the cartilaginous
pelvis a the beginning of the third intra-uterine month. Subsequent primary
endochondral ossification centres appear at the anatomical locations shown in Figure
2.9, with the ilium ossifying first at ~3 months, followed by the ischium (4-5 months)
and pubis (5-6 months). The three primary ossification centres develop to form part
of the bony acetabular wall, producing identifiable pelvic bones at birth (Avisse et
al., 1997; Scheuer and Black, 2000). Despite an initial growth period after birth, the
morphology of the pelvic bones displays limited variation within the first few
juvenile years. Growth rates rise during the neonatal period, although their relative
increase becomes progressively smaller until ~2-3 years old, after which they
decrease until puberty. The first fusion between the separate bones occurs at the rami
of the ischium and pubis at ~5-8 years, athough they remain separated at the

acetabulum by triradiate cartilage (Scheuer and Black, 2000; Portinaro et a., 2001).
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Figure 2.9. Locations of the primary ossification centres of the developing pelvis
(reproduced from Scheuer and Black, 2000).
As illustrated within Figure 2.10, the triradiate cartilage is composed of growth
cartilage, encompassed within epiphysea cartilage at the bone surfaces. The
structure is deepened laterally by articular cartilage, forming three flanges; the
anterior flange between the ilium and pubis; the posterior flange between the ilium
and ischium; and the vertical flange between the ischium and pubis (Ponseti, 1978;
Scheuer and Black, 2000; Portinaro et al., 2001). Epiphyses which occur within the
triradiate cartilage cause the fusion of the pelvic bones, commencing with the
anterior acetabular epiphysis (located within the anterior flange) between 9-10 years
old. The posterior epiphysis forms between 10-11 years, and is followed by the
superior epiphysis (originating from the upper acetabular rim) which occurs between
12-14 years. Acetabular fusion is reported to vary between sexes, with the onset and
completion occurring earlier in females (~11-15 years) compared to males (~14-17

years) (Scheuer and Black, 2000).
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Figure 2.10. Composition of the triradiate cartilage which separatesthe juvenile pelvic
bones (reproduced from Scheuer and Black, 2000).
Secondary epiphyses develop after fusion of the acetabulum, forming first at the
posterior inferior iliac spine (PIIS) and expanding inferiorly to join the superior
acetabular epiphysis. The iliac crest epiphysis follows at ~12-13 years in females and
ayear later in males, forming a cap over the superior ilium which fuses by 23 years
of age (Scheuer and Black, 2000). The ischial tuberosity epiphysis is evident from
~13-16 years, expanding superiorly towards the ischial spine and inferiorly to the
ramus. Partial fusion occurs between 16-18 years and remains incomplete until the
rami reach the pubis at 20-21 years. Finaly, the pubic epiphysis forms on the
symphysis between 23-27 years and does not complete fusion until 35 years of age

(Scheuer and Black, 2000).

The juvenile morphology of pelvic trabecular bone is considered to undergo adaptive
remodelling in response to gait related M S loading, from an initial genetic blueprint.
Ryan and Krovitz (2006) and Gosman and Ketchman (2009) both reported primary
cancellous bone to be progressively remodelled with fewer, thicker trabecular struts
within the juvenile femoral head and tibia respectively. Both the trabecular number
and bone volume fraction were observed to decrease rapidly until 12 months of age,
after which they were seen to be reasonably stable. The trabecular structure was

recorded as relatively isotropic within the first year and diverged to anisotropy
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thereafter. The juvenile ilium has been observed to display comparative trabecular
structures to those of adults, by ~1-2 years of age (Vapato, 2008). This development
of an ordered trabecular structure coincides with the juvenile development of
unassisted bipedal locomotion (Sutherland, 1997). The high remodelling rates
between birth and 1 year of age, may reflect the drastic changes in the experienced
mechanical environments. Within this time frame, loading initially decreases rapidly
from the in utero mechanical environment, until it increases again at the onset of

crawling and bipedalism.

In contrast to the above, Cunningham and Black (2009b) witnessed structural
alignment of iliac trabeculae comparable to that of an adult (see Figure 2.8), within
fetal specimens as young as 18-22 weeks gestation. The initial generalised patterning
displayed high density at the greater sciatic notch and inferior ilium, extending into
the anterior and posterior regions. The definition of these trabecular trgectories
increased with gestational age, producing adult-like alignment by 40 weeks.
Adaptive remodelling has also been reported within the neonatal ilium (Cunningham
and Black, 2009a), where regions experiencing higher forces were found to contain a
more organised trabecular network. Regions which experience limited intrinsic
forces, such as aong the iliac crest, were observed to contain primary organisation
through a high bone volume of tightly packed thin trabeculae. In contrast, increased
organisation was observed inferior to the iliac crest, which was characterised with a
dlight reduction in trabecular bone volume and number. Further organisation was
found superior to the acetabulum through a low number of moderately spaced
trabeculae, attributed to possible MS loading during limb movement. Additionally,
trabecular organisation was also observed within the greater sciatic notch, which is
possibly caused by the sciatic nerve producing neurogenic influences (Cunningham

and Black, 2009Db).
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Cortical bone morphology has been observed to be thicker in regions which are
located near the primary ossification centres (Cunningham and Black, 2009c). The
thinnest regions match those with limited trabecular organisation, while the gluteal
cortex is thicker due to possible activation of the gluteal muscles. The thick cortex
adjacent to the tc suggests that the cortica bone is important in protecting the
underlying low bone volume fraction (Cunningham and Black, 2009c). The region of
high trabecular organisation at the sn was also matched by an increased shell

thickness, implying that the cortical bone undergoes similarly early adaptive growth.

Therefore, the prenatal pelvis has been observed to contain a partially optimised
template for a load bearing function, from which future remodelling is based
(Cunningham and Black, 2009a, 2009b, 2009c). As prenatal bone growth cannot be
attributed to direct stance-related weight transfer, consideration must be given to
potential genetic influences. The in utero mechanical environment is also thought to
be a factor, as neurological firing of muscles and interactions with the womb wall
can transmit loading through the cartilaginous acetabulum to the constituent bones.
However, the contribution of genetic influences and mechanical loading to the

adaptive growth of juvenile bone remains unknown.

22. MUSCULOSKELETAL MODELLING

Biomechanical analyses of anatomical structures aid the understanding of MS
functioning, and enable prediction of muscular and joint forces throughout various
locomotive movements. Analytical techniques in MS modelling have advanced from
early mathematical methods (Seireg and Arvikar, 1973; Crowninshield, 1978;
Crowninshield and Brand, 1981; Rohrle et a., 1984; Pedersen et a., 1987) to
computerised simulations which replicate complex anatomical arrangements (Arnold

et al., 2001; Blemker and Delp, 2005, 2006). Programming of the mathematical
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principles which determine MS loading (Pedersen et a., 1987) has enabled the
development of computational software for subject-specific modelling (Damsgaard

et al., 2006; Delp et al., 2007).

Computational models which replicate the normalised gait pattern have provided an
insight into the MS characteristics during common daily activities (Pedersen et al.,
1997; Hoek van Dijke et al., 1999; Heller et al., 2001, 2005). Understanding of the
MS system during locomotion has also aided diagnosis and treatment of conditions
associated with pathological gait. For example, Arnold et al. (2005) observed that
weak hip and knee extensors, along with ankle plantar flexors, contributed to
excessive hip and knee flexion within cerebral palsy. In association with normalised
gait, it has been reported that the declining strength of the gluteal and iliopsoas
muscles is a cause of hip joint pain and instability (Lewis et a., 2007). Therefore,
MS modelling can provide clinicians with an indication of which exercises should be

prescribed to aid rehabilitation from injury or gait abnormalities (Lewis et al., 2009).

Modelling of locomotive movement before and after a total hip replacement (THR),
has aso captured the kinematical changes of the lower extremity post operatively
(Lenaerts et al., 2009b). Computation of M S characteristics such as joint loading, has
provided a means of testing prosthetic joint replacements and enabling refinement of

their design (Stansfield and Nicol, 2002; Stansfield et al., 2003).

The above MS models are all associated with lower body modelling under normal
daily activities, such as walking, sitting, stair climbing etc (Morlock et al., 2001).
However, MS modelling techniques have also been applied to the upper extremity
(Garner and Pandy, 2001; Blana et a., 2008), along with isolated anatomical features
(Wu et al., 2009b; Saraswat et al., 2010), to replicate a variety of loading regimes

(Van Drongelen et a., 2005; Dubowsky et al., 2008; Wu et al., 2009a). Although, as
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this study is primarily concerned with the loading of the juvenile hip joint, this

review focuses on MS modelling of the lower extremity.

2.2.1. Mathematical and experimental modelling

Initial attempts to analyse the mechanics of the hip joint mainly consisted of in vivo
experimentations, comprising of strain gauge readings from implanted tel emeterised
total hip prostheses (Rydell, 1966; English and Kilvington, 1979; Davy et a., 1988).
Such studies predominately recorded strains over a short term, within one or two
patients during walking or stair climbing (Bergmann et al., 2001). However, Hodge
et a. (1986) reported data collected post-surgery and during rehabilitation for a

period exceeding 1 year after implantation.

Seireg and Arvikar (1973) provided the first attempt to quantify M S loading through
non-invasive methods, through the use of a linear mathematical programme.
Predicted muscle activity was found to provide a close correlation to that measured
experimentally through electromyography (EMG). Crowninshield (1978) calculated
intersegmental force and joint moments through a developed technique based on
inverse dynamics, which integrated experimentally recorded kinematic and kinetic
data. A further optimisation technique was devised by Pedersen et al. (1987) which
included linear and non-linear calculations. Non-linear methodology was reported to
produce muscle forces which were closer to those recorded through EMG, and
reduced the high joint forces observed with linear modelling. Similarly,
Crowninshield and Brand (1981) used non-linear optimisations to predicted muscle

activity which was close to those measured through EMG.

These studies generally predicted higher joint forces than those measured

experimentally, especialy for the second half of the stance phase. This was possibly
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due to the applied optimisation strategies and the anatomic assumptions and
simplifications made (Bergmann et a., 1993). Brand et al. (1994) performed the first
direct comparison between previous mathematical formulae and experimental data.
Predicted peak joint forces were reported to exceed those measured in vivo, although
the overall force patterns were similar. Comparative magnitudes were achieved
through modifications to the applied mathematical methods. However, the theoretical
values were based on kinematical data which was recorded at a longer post-operative
period than the in vivo joint forces. Therefore, a cycle-to-cycle comparison was not

achieved (Heller et dl., 2001).

A long term experimental study performed by Bergmann et a. (1993), recorded
telemeterised prosthetic strains within two patients over an 30 and 18 month post-
operative period. The physical condition and ability of the patients contrasted, with
one considered healthy and active (despite a bilateral THR), while the other suffered
from a neuropathic disease. During walking at normal speed (4Kmh™) both patients
produced comparable resultant hip joint force reaction profiles, characterised by two
peaks during the stance phase, followed by a force reduction in the swing phase
(similar to that of Figure 2.11). This generalised force pattern was also observed
during increased walking speeds and jogging, although the relative height of the

second peak (occurring at the instance of toe off) decreased.
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Figure2.11. Hip joint reaction forces during the gait cycle calculated for atypical
patient by Bergmann et al. (2001), showing the resultant reaction (black) and the
orthogonal force componentswhich ar e positive medially (red), anteriorly (green) and

superiorly (blue) (data taken from Bergmann et al. (2001)).
A larger inter-patient variation was observed in the force magnitudes, which was
highlighted through the average peak values associated with walking, measured at
~325% and ~380% BW. Higher reactions occurred within the neuropathic patient,
which was suggested to be symptomatic of the disrupted MS system. The peak
resultant forces within both patients increased significantly with a faster walking
speed and during jogging, with magnitudes exceeding 584% BW. Similar to that of

Figure 2.11, the minimal resultant forces occurred during the swing phase and

despite variation at increased speeds, did not exceed 40% BW.

The gradual acquisition of a normalised gait pattern post-operatively did not produce
uniform changes in the peak reaction values. The general trend displayed a constant
peak magnitude within the first 4-5 months, followed by an increase and subsequent
decrease until the force plateaued. Disturbance of gait after implantation was also

evident within the swing phase, where higher minimal forces of 60-80% BW were
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recorded within the first few weeks. The post-operative gait changes were attributed
an improvement in walking ability (causing increased reactions) and the influence of
training (causing decreased reactions). The final consistent peak magnitudes
achieved were expected to be representative to those experienced pre-operatively,

while the overal force reaction profiles did not deviate throughout.

Bergmann et a. (1993) reported the recorded general force patterns matched those of
previous experimental data (Rydell, 1966; English and Kilvington, 1979; Davy et d.,
1988), although comparison of peak forces was hampered by the variation in the
walking speeds and the post-operatively period analysed within the literature.
However, Bergmann et al. (1993) did observe a dightly more pronounced peak at toe
off, which was either significantly smaller or absent in the preceding literature. This
was comparable with predicted joint behaviour through theoretical calculations,

although previous mathematical techniques often estimated alarger second peak.

Taylor et a. (1997) reported the axia forces within the shaft and tip of the
intramedullary stem of instrumented femoral prostheses in two patients. The forces
in the tip of the stem were comparable to those of Bergmann et al. (1993) at three
times BW, despite measurements being taken distal to the hip joint and one patient
having disrupted abductor muscles. However, an abnormal gait pattern was observed
within this patient during the early months after implantation, adjusting the moment
arms of the abductors, thus compensating for their initial abnormality. A post-
operative increase in cadence was suggested to cause a rise in measured force within
the first 18 months, although it stabilised thereafter. Force increases were reported to
be greatest within the initial 1-6 months as the walking speed devel oped, preceded by

more modest increments. A subsequent study reported the forces within the distal
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femur, and provided the first account of reactions within the knee joint during

various locomotive activities (Taylor et al., 1998).

To further their previous work, Bergmann et al. (2001) recorded telemetering
prosthetic strains within four patients, with the aim of creating a unique data base of
hip joint contact forces. Strain readings were recorded along with motion capture and
force plate measurements during numerous locomotive activities, throughout an 11-
31 month post-operative period. Patient mobility was deemed good after

implantation, while the motion capture data did not detect any gait abnormalities.

Intra-patient hip joint reaction and gait pattern deviations during the various trials
were reported as minimal, although more significant differences existed in the inter-
patient comparison. This was highlighted within the hip joint reaction force profile
during walking, where only two patients produced the generalised two peak trend
during the stance phase (as shown in Figure 2.11). Within the remaining patients, the
second peak either exceeded that of the first or was absent. Inter-patient variations
were observed to increase through non-cyclic movements, such as standing on one
leg or rising from a chair. The average peak reaction force measured during walking
at normal speed (4Kmh'™) ranged between 211-285% BW. These peak forces were
lower than those recorded within slightly more immobile patients by Bergmann et al.
(1993). A similar observation was made during fast walking, providing evidence
linking muscle dysfunction to an increase in joint reaction forces. Bergmann et al.
(2001) stated that a disrupted M S system activates muscles with short lever arms to

perform joint movement, thus generates high joint forces.

Kinetic data was collated and used to calculate an average hip joint behaviour for a
“typical” patient (NPA) during walking at various speeds, stair and chair

ascent/descent, standing and knee bending. Despite the presence of an inter-patient

-30-



variation, all patients were identified as healthy which justified their inclusion within
the NPA calculation. Figure 2.11 shows the hip joint reaction for the NPA patient
during walking at normal speed, characterised by two peaks during the stance phase
and a maximal magnitude of 234% BW. This averaged maxima is lower than those
of previous mathematical predictions but similar to one of the subjects reported by
Rydell (1966). However, Bergmann et a. (2001) stated that calculation of the NPA
patient data was made with respect to the inter-patient variation, and that the

inclusion of alarger data set would caused a change in the average forces.

Muscle activations during gait have also been measured in vivo through EMG and
kinesiological electromyography, relating muscular electrical activity to joint
movement (Sutherland, 2001). Initial studies utilising EMG were deemed invasive,
involving the insertion of fine wire electrodes into the muscular anatomy (Andersson
et al., 1997). However, wider application of surface electrodes has also reduced the
intrusiveness of such methods, and enabled muscle activation measurement for an
increased range locomotor activities and speed (Hof et al., 2002; Ivanenko et al.,
2004; Gazendam and Hof, 2007). The ease of measurement and painless nature of
such procedures has enabled anaysis of the juvenile MS system during the
development of a mature gait (Chang et a., 2007; Agostini et a., 2010). However,
surface EMG is limited to superficial muscles and can detect electrical signalling
from neighbouring anatomy, while muscle volume movement relative to attached
electrodes can compromise accuracy (Masso et a., 2010). Therefore, fine wire
electrodes are till used to measure the activity of deep lying muscles such, as the

rectus femoris (Nene et al., 2004).
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2.2.2. Computational inver se dynamics

Inverse dynamicsis used to calculate kinetics through a series of static optimisations,
based on either linear or non-linear programming. Net joint moments are initially
determined through combining kinematic and ground force reaction data, preceded
by prediction of the muscle forces which contribute to the calculated joint Kinetics
(Erdemir et al., 2007). The redundancy issues associated with the numerous muscle
force combinations possible, are solved by minimising a cost objective function such

asthetotal maximal force (Heller et al., 2001) or stress (Pedersen et a., 1997).

Pedersen et a. (1997) used inverse dynamics to calculate joint contact and pelvic
muscle forces within a patient with a telemetering prosthesis. Analyses were based
on a MS moded developed by Brand et al. (1982), which was scaled to the
anthropometrics of the patient. A non-linear optimisation was used to compute the
associated kinetics of recorded motion capture data, with the objective function
defined to minimise the sum of the muscle stresses (Crowninshield and Brand,
1981). Predicted peak joint contact magnitudes were similar to those measured
experimentally, although the general force pattern throughout the gait cycle showed
greater variance. However, laboratory recording of telemetering forces and motion
capture data was taken on separate post-operative occasions, therefore a cycle-to-

cycle comparison was not possible.

Heller at a. (2001) used the patient data published by Bergmann et al. (2001) to
create subject-specific lower extremity MS models for each walking and stair
climbing trial. Each model was driven via the recorded kinematical data to replicate
gait movements, while the accompanying force plate reactions enabled inverse
dynamics to calculate joint and muscular loading. Comparisons between the

computed and measured hip joint contact forces provided a means for a cycle-to-
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cycle validation for each model. Skeletal segments were extracted from the Visible
Human Project (NLM, Bethesda, United States) and scaled to fit the proportions of
the body markers within the motion capture data. As illustrated in Figure 2.12(a), a
total of 95 lines of actions were modelled to represent the muscles and ligaments,
with their maximum isometric force (MIF) based on a product of physiological cross
sectional area (PCSA) and muscle stress. Inverse dynamics was based on a linear
optimisation agorithm which minimised the sum of the total muscle force
(Crowninshield, 1978), although muscle forces were restricted to 85% of their PCSA
to prevent calculation of 100% activation. A close agreement was found between
calculated and measured hip contact forces for all gait walking trials at each time
step, with a minimal deviation of 0.3% occurring at the peak force of the stance
phase. In contrast, the highest disparity was reported at 33%, although the average
error produced through pooling of al the patient trials was 12%. Similar findings
were observed during the stair climbing trials, producing an average deviation of

14%, with the calculated forces tending to overestimate the joint forces.

Figure2.12. L ower extremity M S modelling of the (a) complex muscular anatomy
performed by Heller et al. (2001) and (b) the smplified muscle grouping devised by
Heller et al. (2005) (reproduced from Heller et al. (2005)).
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Heller et a. (2005) used the previousy developed model to replicate the
physiological loading of the typical NPA patient calculated by Bergmann et al.
(2001), reporting a 1% (walking) and 4% (stair climbing) difference between
computed hip joint contact forces and experimental data. Modelling of the hip joint
muscular architecture was subsequently reduced in complexity, with the aim of
obtaining a simplified load profile across the proximal femur for the use within in
vitro testing. Initially, single joint muscles were combined to group the individual
abductors and adductors into single lines of action, while lower strength muscles
were progressively removed until unphysiological hip joint loading was produced. A
simplified model which predicted hip joint forces that differed by 7% to
experimental data during walking, consisted of 3 muscles spanning the joint (see
Figure 2.12(b)). Further simplification of the muscle architecture was found to

produce variances of up to 200% of the experimental data.

Similar techniques have been applied that combine kinematic and kinetic data to
create subject-specific MS models. This has lead to the development of software
programmes such as OpenSim (Delp et a., 2007) and AnyBody (AnyBody
Technology, Alborg, Denmark), where pre-defined MS models can be modified to
replicate subject-specific anthropometrics (see Figure 2.13). Lenaerts et a. (2008)
used experimental data to generate subject-specific MS models from the generic
model created by Delp et a. (1990), which consisted of 86 muscles throughout the
lower extremity. Inverse dynamics performed within SIMM (Musculographics,
Motion Analysis, United States) determined joint moments and muscle moment arms
over a gat cycle, while muscle activations were caculated within Matlab
(MathWorks Inc, United States). Subsequent studies used the same methods to
examine the influence of modelling exact hip joint geometry upon the computed joint

contact forces (Lenaerts et a., 2009a, 2009b). In identifying which muscles



contributed to the progression of gait movement, Steele at €l. (2010) altered the same
generic model within OpenSim to analyse children with crouch gait. Individua
models were validated through comparison between computed joint kinetics and
muscle activations, with experimental recordings. Arnold et a. (2010) recently
constructed a new generic MS model using muscular anthropometric data published

by Ward et al. (2009), detailing 88 muscles throughout the lower extremity.

Figure2.13. Thegeneric MS Lower Extremity Model within AnyBody.

Similar modelling technigues were performed by Manders et a. (2008) within
AnyBody, through creating subject-specific models using gait data published by
Vaughan et a. (1992). The calculated hip joint reactions for the generic (see Figure
2.13) and subject-specific models were compared to the in vivo measurements of
Brand et al. (1994) and Bergmann et a. (2001). Saraswat et al. (2010) analysed the
muscles within the foot through atering the same generic model, and performed

validation through comparing computed forces with EM G recordings in literature.

Inverse dynamic calculations are based on net joint moments calculated superiorly
from the ankle, which can result in initial inaccuracies in joint kinetics to be carried

through to the knee and hip. It is also suggested that use of net joint moments is
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unable to determine the mechanical contribution of bi-articular muscles (Neptune et
al., 2001). In addition, calculation of muscle functioning does not compensate for
energy expenditure (Zgjac et al., 2002; Seth and Pandy, 2007), thus can potentially

over estimate performance.

Although modification of generic MS models has enabled the evaluation of subject-
specific kinetics, the incorporated isotropic or anisotropic scaling does not
compensate for inter-individua variability in muscle geometry (Scheys et al., 2008).
Likewise, scaling of bone segments to corresponding marker positions is unable to
compensate for the possible structural variations within pathological subjects. For
example, in cases of cerebra palsy the deformed proximal femur will caused an
alteration of the muscular paths spanning the hip joint (Arnold et al., 2001; Scheys et
al., 2008). The modelling of muscles through single or multiple lines of action, is
also criticised for over simplifying the actual architecture (Blemker and Delp, 2005).
Generic models assume that individual muscle fibres are comparative in
characteristics, and thus group them together (Blemker and Delp, 2006). However,
individual fibres of the rectus femoris and vastus intermedius have been reported to
produce varying moment arms, suggesting true muscle behaviour can only be

captured through more complex 3D modelling (Blemker and Delp, 2006).

Advances within magnetic resonance imaging (MRI) have linked the digital
extraction of bone and muscle geometries, to create personalissd MS models
(Blemker and Delp, 2005, 2006). This has enabled greater accuracy in replicating the
MS system, particularly in capturing muscle excursions around bony and soft tissue
(see Figure 2.14). Morphing of FE meshes, which contain individual fibres, onto
segmented muscle volumes provides a means of modelling numerous fibres per

muscle. Blemker and Delp (2006) reported that such 3D muscle modelling produced
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varying moment arms in comparison to techniques which assumed isotropic fibre

properties.

ki

Figure 2.14. Modélling of the 3D geometries of the rectusfemoris (blue) and vastus
intermedius (pur ple) performed by Blemker and Delp (2006) (reproduced from
Blemker and Delp (2006).

Application of personalised models for analysis of MS loading during gait is
significantly hampered by computational power, and the time required for their
construction. Therefore, personalised models tend to represent only alimited number
of muscles (Blemker and Delp, 2005, 2006), although Oberhofer at al. (2009)
combined motion capture with a personalised MS model containing 20 volumetric
muscles. However, the model was constructed with deformation as the only
measurable output, thus limiting its analytical capabilities. Additionaly, the data
required to define all the parameters required for 3D muscle modelling is currently
unavailable within literature for each muscle (Blemker and Delp, 2005). As acquiring
MRI data for patients is not always possible, subject-specific modelling through
altering generic MS modelsis generally the most feasible option. Arnold et a. (2001)

combined the two techniques via altering generic models based upon anthropometric
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data taken from MRI scans, and reported an improvement in the accuracy of the

muscle representation.

2.2.3. Computational forward dynamics

To overcome the problems associated with inverse dynamics, a forward based
modelling method can be applied in which MS models are driven by known muscle
activations. Forward dynamic MS models define muscles with contractile elements
which are controlled by EMG signdling. Consequently, simulated muscle
contractions excite joint movement and propel segments in a coordinated manner.
Vadidation of this technique is achieved through comparing computed joint
kinematics to those observed during the initial EMG acquisition (Buchanan et al.,
2005; Barrett et a., 2007). However, as only superficial muscles can be measured
accurately through EMG, such methods are only capable of representing a few

muscles, limiting modelling of the gait cycle to either the swing or stance phase.

To eliminate the complications relating to EMG, parameter optimisation techniques
have been devised in which muscle activations are continuously altered through a
series of iterations, until physiological joint movements are achieved (Anderson and
Pandy, 2003; Neptune at al., 2001). The complexity of this method renders it
unsuitable for general application, due to the computational power and time required
to perform analyses (Seth and Pandy, 2007). Therefore, despite the discussed
limitations, inverse dynamics can be considered the most applicable modelling

technique to determining subject-specific kinetics.

23. FINITEELEMENT MODELLING

The structural behaviour of the pelvis in response to M S loading has been evaluated

through the use of FE analysis by a number of researchers. Observation of the
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mechanical stresses induced in the pelvis by the loading of the healthy MS system,
has aided the development of theories linking bone growth optimisation to load
transfer. However, analyses of normal pelvic MS loading are less common than those
used in researching orthopaedic products. Such analyses utilise FE methods to
optimally design and test THR or hemi-arthroplasty components (Korhonen et al.,
2005), through calculating fracture risk and wear and fixation properties (Coultrup et

al., 2010), hence reducing the reliance on expensive prototypes.

Analytical techniques to examine the structural mechanics of the pelvis and hip joint
have developed from early experimenta efforts, comprising of strain gauge
measurements, to complex mathematical and FE modelling. Through the availability
of increased computational abilities, the complexity of FE models has also increased

from initial two-dimensional (2D) and axisymmetric studies, to 3D modelling.

2.3.1. Strain gauge experiments

Prior to the availability of computational FE software, experimental studies provided
a means of analysing the pelvis under customised load conditions. Through the
placement of strain gauges upon the cortical surface and applying external loading,
strain values were measured to provide an indication of the mechanical response at
specific locations. Early experimentations were often used as a sole measure to
assess the alterations in pelvic strain distribution post implantation of acetabular
prostheses (Petty et al., 1980; Lionberger et a., 1985; Finlay et al., 1986; Ries et a.,
1989). However, FE modelling provides an accurate method of evaluating a number
of mechanical measures (i.e. compressive, tensile, shear stress/strain) across the
whole structure, thus providing a significant advantage over experimental

measurements. Although, strain gauge experiments are till currently performed as a
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method of validating FE models (Dalstra et al., 1995; Anderson et al., 2005;
Korhonen et al., 2005; Majumder et al., 2008b; Shim et al., 2008; Leung et a., 2009;

Shim et d., 2010).

Jabob et a. (1976) performed initia strain gauge experiments on an epoxy model of
the pelvis, which replicated hip joint loading in a standing position. However, epoxy
models cannot replicate the complex internal trabecular bone structure, thus fail to
capture the true mechanics of the pelvis. Therefore, subsequent experimental
modelling was performed on cadaveric pelves (Petty et a., 1980; Lionberger et al.,
1985; Finlay et al., 1986; Ries et al., 1989). Photoelastic analyses have aso been
performed to examine the stress distribution within a heathy pelvic structure
(Yoshioka and Shiba, 1981), and one with a prosthetic hip joint (Miles and

McNamee, 1989)

Dalstra et al. (1995) was the first to study and perform strain gauge experiments on
the pelvis as a means of validating FE modelling. A cadaveric pelvic specimen was
loaded in a similar configuration to Figure 2.15, with the iliac crest constrained
within acrylic cement and the acetabulum loaded through a femora shaped lever
arm. Corresponding CT scan data was used to determine the trabecular and
subchondral bone density, aong with the cortical shell thickness throughout the
pelvis. The scan pixel intensity of the bone was converted into a calcium equivalent
density using previously developed relationships (Dalstra et a., 1993), which in turn
was used to calculate Young's modulus (E). An FE model was created of a separate
cadaveric hemi-pelvis which was meshed with 8-noded parametric brick elements to
model trabecular and subchondral bone, and membrane elements to represent cortical
bone. The hemi-pelvic mesh was mirrored to obtain the contralateral pelvis, and

loaded in replication of the experimental procedure.
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Figure 2.15. Experimental loading of a pelvisin which theiliac crest issubmerged in
resin, and the hip joint forceisreplicated through a prosthetic femoral head attached
toaload cell (parts A-D) (reproduced from Anderson et al., 2005).

Two FE models were created; a realistic model with element-specific material
properties based on the CT data; and a homogenous model with averaged material
properties (for material properties see Table 2.1). Both FE models displayed similar
compressive cortical stress distributions, although the magnitudes of the homogenous
model were dlightly larger in regions of high stress. This was linked to the increased
flexibility at these locations due to an underestimation in the cortical thickness.
Therefore, Dalstra et al. (1995) concluded that homogenous material properties can
replicate pelvic mechanics, athough histomorphometric data is more suitable if
available and feasible to model. Minor variations between the experimental and FE
predicted stresses were partially attributed to the use of a different sized femoral
lever arm within the computational analyses. Although, comparison between two
different pelvic morphologies and assignment of material properties obtained from
another specimen, may have also attributed to the discrepancies. Additionaly, the
coarse FE mesh (consisting of 2602 elements) forced averaging of materia

properties over large areas, thus failing to capture the histomorphometry accurately.
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A similar experimental protocol was adopted by Anderson et al. (2005) in assessing
the sensitivity of material properties upon FE stress predictions. The study used the
same cadaveric pelvis in histomorphometric, FE and experimental analyses. The
employed experimental setup is illustrated in Figure 2.15, which loaded the hip joint
through multiples of BW under single stance loading. A FE model was constructed
using 4-noded tetrahedral elements to represent trabecular bone, and 3-noded shell
elements to model the cortical bone and acetabular cartilage. A histomorphometric
analysis determined the trabecular modulus (using similar methods to Dalstra et al.
(1993)) and cortical thickness distribution across the pelvis. Histomorphometric data
was used to assign element-specific material properties within the FE model, while
another homogenous model was defined with averaged trabecular modulus and
cortical thickness (for material properties see Table 2.1). Two further models were
analysed which further assessed sensitivity to the material properties, each defined
with parameterised trabecular and cortical moduli and cortical thickness. Magnitudes
of each parameter were fluctuated by +0, 0.5 and 1 standard deviation (SD), based on

the collected histomorphometric data.

Modelling with element-specific material properties produced strain magnitudes
which did not statistically vary from experimental measurements. In comparison, the
homogenous model produced a stiffer structure, contrasting to the findings of Dalstra

et al. (1995).
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Trabecular Bone E (MPa)

Subchondral Bone E (MPa)

Cortical Bone E (GPa)

Cortical Bone Thickness
(mm)

Articular Cartilage E
(MPa)

Dalstraet al. (1995)

Realistic model Element-specific Element specific 17 (v=10.3) Element specific -
(range 1-186) (v =10.2) (range 132-2155) (v=10.3) (range 0.7-3.1)
Homogeneous model 70 (v=0.2) 2 (v=0.3) 17 (v=0.3) 1 -
Dalstra and Huiskes Element-specific Element specific 17 (v=0.3) Element specific -
(1995) (range 1-186) (v =10.2) (range 132-2155) (range 0.7-3.1)
Anderson et al. (2005) Element-specific - 17 (v=0.3) Element specific Mooney Rivlin Material
(range 2.5-3829) (v=10.2) (range 0.44-4.0) C=4.1, C,=0.41
Majumder et al. (2005) 70 (v=10.2) - 17 (v=10.3) 2 -
Cilingir et al. (2007) 80(v=10.2) - 17 (v=10.3) 15 -
Li et al. (2007) 70 (v=10.2) - 19 (v=10.3) - Mooney Rivlin Material
C;L=4.1, 02:041
Phillips et al. (2007) 150 (v=10.2) - 18 (v=10.3) 2 -
Shim et al. (2008) Element-specific (v =10.2) 6900 (v=10.3) 17 (v=0.3) Element specific 10.35 (v =10.4)
Leung et al. (2009) Element-specific (v =0.2) - 17 (v=0.3) Element specific Mooney Rivlin Material
(range 0.44-4.0) Cy=0.1, C,=0.45, C,=1.67
Coultrup et al. (2010) Element-specific (v = 0.2) - 17 (v=0.3) 15 -
Zhang et a. (2010) Element-specific - 12 (v=0.3) Element specific -

(range 2.4-3845) (v=10.2)

(range 0.5-4.0)

Table2.1. Material properties of the pelvic bone used within literature.
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Sensitivity studies varying the material parameters were made with respect to the
subject-specific model, and observed that trabecular modulus did not produce a
significant variation in predicted strains. Altering the cortical thickness produced a
more distinct statistical difference, although strain variation increased further through
altering the cortical modulus. Therefore, the cortical strains were 15 times more
sensitive to changes in cortical modulus compared to the trabecular. Fluctuations of
bone Poisson ratio (v), cartilage modulus and cartilage thickness did not prove to be

statistically different.

Anderson et a. (2005) also evaluated the validity of representing cortical bone
through shell elements clad over the pelvic surface. The resulting overlap between
shell and volumetric elements produces an overestimation of the cortex stiffness.
However, anaysis of a comparative model which defined a zero modulus to shell
elements that intersected into the trabecular bone, did not produce a statistical

different strain distribution.

In contrast to previous experimentations, Leung et al. (2009) examined the response
of a cadaveric specimen which did not require a femora implant to provide
acetabular loading. In developing and validating an FE model for analysis of pelvic
fractures, a cadaver with attached vertebra (up to L5) and femora (to the mid shaft)
was used. Constraining the femoral shafts perpendicular to a mounting plate and
applying compression through the vertebra, aimed to replicate loading during the
stance phase. A corresponding FE model of the cadaver was constructed from CT
data, with exact cortical geometry (eliminating need for shell elements) and
incorporating cartilage, hip capsule and ligaments. The FE model, assigned with
element-specific material properties (for materia properties see Table 2.1), produced

strains which closely correlated to experiment measurements. Changing the pelvic



bone properties suggested that decreasing the moduli produced larger cortical strains,
while an increase caused the strains to plateau. Similar to Anderson et al. (2005), the
surface strains where most sensitive to alterations in cortical modulus, and this
sensitivity increased further when both trabecular and cortical moduli were altered

together.

Shim et a. (2008) used experimental methods to validate a hybrid method of
constructing FE models, based on sparse CT datasets (Shim et a., 2007). Three
cadaveric pelves complete with intact articular cartilage and femora heads were
loaded in a similar configuration to that of Figure 2.15. Through CT scans of the
cadaveric specimens, corresponding FE models were created with element-specific
trabecular modulus and cortical thickness (for material properties see Table 2.1).
Each model was then altered with four different meshes, which were based on
varying parameters of the hybrid method. A close correlation was produced between
FE and experimental strains, despite the FE modelling only incorporating the hemi-

pelvis, thus not fully replicate the experimental setup.

Follow up experimental studies were performed on synthetic pelves constructed from
Sawbone, using the same experimental protocol (Shim et a., 2010). Theiliac crest of
the pelves were constrained at a tilt which ether replicated a standing or seated
orientation, while a synthetic femoral head was used to load the acetabulum until
fracture. A FE pelvic model was constructed through a CT scan of a Sawbones
model, modelled through 4-noded volumetric elements and the non-linear material
properties of the synthetic pelves. Predicted and experimental fracture loads were

found to be in close agreement.

Experimental studies have also been performed to validate pelvic FE models which

contain surrounding soft tissue (Maumder et al., 2008a, 2008b, 2009). An
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experimental setup released a load cell from severa heights and measured the peak
force when it impacted two separate cadaveric specimens; one hemi-pelvis and one
full pelvis with corresponding femurs (up to the mid shaft) and surrounding soft
tissue. Previously developed pelvic FE models with element-specific material
properties (Magumder et a., 2008a, 2009) were used to replicate the experimental
protocol. The pubic symphysis and soft tissue were modelled using non-linear
hyperelastic material properties (see Table 2.1). A correlation was found between
experimental and computed peak impact forces, although the FE modelling tended to
overestimate their magnitude and predicted them to occur earlier. Such variations are
related to the construction of FE models that are based on differing cadaveric
specimens to those used during the experimentation. Additionally, the experimental
impact loading of the cadavers from several heights possibly contributed to fatigue of

the cadaveric specimens.

2.3.2. Pelvicfinite element modelling under physiological loading

Early attempts to capture pelvic mechanics through FE methods often examined
acetabular prostheses, through reducing the complexity of modelling the pelvis via
axisymmetric (Pedersen et a., 1982) or 2D modelling (Holm, 1981; Carter et al.,
1982; Vasu et a., 1982; Rapperport et a., 1985). However, such approximations of
the pelvic structure prove problematic, as axisymmetric models assume a 360°
structure of the acetabulum. The opening at the acetabular notch proves this to be
false, thus causing axisymmetric modelling to overestimate the stiffness. In
comparison, 2D modelling cannot account for the out-of-plane stresses that are
present within the acetabulum, thus prove to be too flexible. In fact, Vasu et a.
(1982) reported that the maximum stress exceeded 30% of the yield stress (estimated

a ~120MPa) in a 2D model, thus concluded that the modelling over estimated
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stresses. Consequently, alarge gap in predicted stresses is produced between the two
modelling methods. This lead Dalstra et al. (1995) to conclude that the pelvis must
be modelled as a 3D structure in order to capture the correct mechanics. Therefore,
subsequent analyses of the pelvis aimed to eliminate these problems through 3D
modelling (Oonishi et al., 1983). However, these either analysed the effects of

components of hip prostheses or loading under side impact.

Dalstra and Huiskes (1995) made the first attempt to ascertain the 3D mechanical
response of the pelvis to the physiological MS loading associated with gait. An FE
model created through mirroring a hemi-pelvis about the sagittal plane, comprised of
8-noded brick elements and 4-noded membrane elements to represent trabecular and
cortical bone respectively (see Figure 2.16). Element-specific trabecular modulus and
cortical thickness was defined based on data of Dalstra et a. (1995) (for materia
properties see Table 2.1). Muscular and joint loading was determined at six phases
during the gait cycle (see Table 2.2), through combining the optimisation techniques
of Crowninshield and Brand (1981) and hip joint reactions from Bergmann et al.
(1993). Muscular lines of action at the specific gait phases were resolved using the
anthropometric data of Dostal and Andrews (1981). Loading was only applied to
only one hemi-pelvis with constraints applied in all degrees of freedom (DOF) at the

SlJ's.
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Figure 2.16. The pelvic FE model of Dalstra and Huiskes (1995), consisting of 2,662 8-
noded brick and 4-noded membrane elements (reproduced from Dalstra and Huiskes

(1995)).
Phase Description % of the gait cycle
1 Double support phase, beginning of the left stance phase 2
2 Beginning of the left single support phase 13
3 Halfway through the single support phase 35
4 End of the left single support phase 48
5 Double support, end of the left stance phase 52
6 Beginning of the left swing phase 63
7 Halfway through left swing phase 85
8 End left of the swing phase 98

Table 2.2. Description of the 8 phases during successive hed strikes of the left leg
modedled by Dalstra and Huiskes (1995) and M ajumder et al. (2005).
The highest predicted cortical and trabecular von Mises stresses were found to occur
during the first half of the gait cycle, particularly during the single stance support.
During these phases cortical stresses ranged between 0-30MPa, with large

concentrations at the origin of the gluteus maximus, the greater sciatic notch and
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along the superior pubic ramus. In contrast, trabecular stresses ranged between O-
0.6MPa, and were significantly concentrated within the central iliac wing and the
anterior acetabular quadrants. Consequently, cortical stresses were typically around
50 times larger than in the underlying trabecular bone, with the regions of high stress
concentrations not coinciding within the two. Acetabular stresses were
predominately distributed along anterio-superior rim within both the cortica and
trabecular bone. This was attributed to the applied hip joint loading, which was
directed entirely towards the anterio-superior quadrant during the gait cycle

(Bergmann et al., 1993).

Loading of the pelvis solely through hip joint forces significantly altered the cortical
stress patterning, producing a concentration travelling directly between the SIJ and
pubic symphysis. Therefore, Dalstra and Huiskes (1995) concluded that the muscles
aided in stress relieving the pelvis through evening the distribution across the
structure, and minimising changes in stress patterns during the gait cycle. This was

considered to oppose possible fatigue failure associated with cyclic loading.

In comparison to histomorphometric analyses (Macchiarelli et a., 1999; Rook et al.,
1999; Cunningham and Black, 2009a, 2009b), high trabecular stresses were observed
within the central iliac blade, a region suggested as having sparse trabecular growth
(see Figure 2.8). Therefore, the model validity must be considered, which is
compromised by the limited number of elements and the use of two different sources
to determine the MS loading. Additionally, sagittal rotation of the SIJ was not

permitted and could have resulted in an over constrained model.

Despite these initial attempts of Dalstra and Huiskes (1995) to model the pelvis
under normal gait loading, comparative studies were not published until Majumder et

al. (2005) performed similar analyses. In this later study, an FE pelvic model
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consisting of 71,674 elements representing trabecular and cortical bone through solid
volumetric and shell elements respectively, was presented. Element selection ensured
that six DOF could be modelled by both types, accounting for the out-of-plane
loading of the pelvis, unlike the membrane elements adopted by Dalstra and Huiskes
(1995). Homogeneous material properties were applied (see Table 2.1), and the right
hemi-pelvis was |oaded in the same method as Dal stra and Huiskes (1995). However,
the hip joint reaction force was applied directly to the acetabulum, as opposed to
through an incorporated femoral head. The SIJ's were constrained in tranglation

movement (UX, UY and UZ) to simulate rotation of the joint.

The predicted von Mises stresses were greater during the single stance support
phases, with cortical stresses ranging between 0-38MPa. Regions of high stress
concentrations varied throughout the gait cycle, transferring between the superior
pubic ramus, central inferior ilium and the posterio-superior ischium (a region
virtually unloaded within Dalstra and Huiskes (1995)). In comparison, the largest
trabecular stresses were reported to locate within the acetabulum for all phases,
producing an overall range of 0-1.7MPa. Therefore, cortical stresses were observed
to be around 20 times higher than that of trabecular bone, with regions of larger

concentrations varying between the two.

Validity of the FE model was argued through the performance of a convergence test,
which obtained an optimum mesh. Additionally, the experimental loading of Dalstra
et al. (1995) was replicated, and resulted in von Mises stresses which agreed with
those of the homogeneous model. However, the modelling performed by Maumder
et al. (2005) was also subject to the validity of applying MS loading from different
sources, while the effect of applying homogenous material properties was not

anal ysed.
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Phillips et al. (2007) employed a different method of replicating M S loading, through
the use of spring and connector elements to model muscles and constraints. A pubic
disc was also used to adjoin separate hemi-pelves, in contrast to arigid connection as
favoured by Dalstra and Huiskes (1995) and Majumder et al. (2005). A muscular and
ligamentous (ML) model replicated 42 muscles and 7 ligaments (see Figure 2.17),
with calculated tensile stiffness values based on a Hill type contraction model.
Compressive spring stiffness was defined as negligible. Asillustrated in Figure 2.17,
muscles were modelled through several individua fibres with the femoral
attachments based on the data of Dostal and Andrews (1981). Connector e ements
replicated the articulation of the SIJ and the pubic disc, through significant stiffness
in compression and low stiffness in tension. The single stance hip joint loading
reported by Bergmann et al. (2001) was applied through the centre of a spherical
femora head located within the acetabulum. The upper body was additionaly

considered as aload transferred to the pelvis through the lumbar spine.

Figure2.17. The ML boundary condition model of Phillips et al. (2007) which utilised
spring and connector elementsto represent soft tissue attachments and the S1J

respectively (reproduced from Phillips et al. (2007)).
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A comparative fixed boundary condition model was also modelled which contained
only two ligaments and was solely loaded through the hip joints. Constraining the SIJ
in all DOF produced a similar loading regime to one adopted by Dalstra and Huiskes
(1995). Noticeable variations in displacement patterns were observed between the
two modes, with the fixed boundary method producing a stiffer structure
(displacement ranging between -0.05-0.2mm). Only the latera ilium and ischium
produced significant anterior movement, while the SIJ and contralateral hemi-pelvis
remained stationary. In comparison, the ML model displayed increased movement
ranging between -1.5-2mm, which exceeds that reported by Majumder et al. (2005).
Displacement was reported throughout the whole structure, as the weight supporting

hemi-pelvis moved posteriorly while the contralateral hemi-pelvis moved anteriorly.

Cortical von Mises stresses within the fixed boundary model were predominantly
concentrated in a column between the superior acetabular rim and the SIJ. Although,
thisis similar to that of Dalstra and Huiskes (1995), the stress range of 0-70MPa is
higher and the inclusion of a pubic disc produced an unloaded pubis. The largest
trabecular von Mises stresses were located within the acetabulum, around the
constrained SIJ and the central iliac fossa. As illustrated in Figure 2.18(a), the ML
model produced a similar cortical von Mises stress distribution, athough smaller
magnitudes were reported (ranging between 0-30MPa). The lower stress state and a
less dramatic stress reduction towards the lateral ilium, again highlighted the stress
relieving role of the muscles to produce a more even distribution. Similar to Dalstra
and Huiskes (1995), hip joint loading transferred from the rim of the superior
acetabular quadrants (particularly the anterio-superior) towards the greater sciatic
notch and SIJ. However, the pubis and ischium remained virtualy unloaded which

contrasts to the previous studies.
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Figure 2.18. Themedial and lateral von Mises stress distribution of the (a) cortical and
(b) trabecular bone of the ML model of Phillipset al. (2007) (reproduced from Phillips
et al. (2007)).

The largest trabecular stresses within the ML model were predominately
concentrated within the acetabulum and around the SIJ (see Figure 2.18(b)). High
stresses were also located towards the superior limit of the pt. Another defined
concentration aso originated from the superior acetabular region and was directed
anterio-superiorly towards the ASIS. Consequently, these two concentrations roughly
correspond to the at and pt. As both originate from the superior acetabulum, an
additional concentration was created which is representative of the tc. In

disagreement with the findings of Dalstra and Huiskes (1995), the central iliac fossa
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remained unloaded in accordance with a poorly defined trabecular network within
the sm region. However, the superior acetabular rim and sciatic notch did not contain
the highest stress concentrations, as would be required to produce the well defined sn
and ar trabecular trgectories. Therefore, although the stress distribution did not

exactly match the trabecular trgjectoriesin Figure 2.8, comparisons can be observed.

Phillips et al. (2007) also replicated the experimental loading of Dalstra et al. (1995)
and Anderson et a. (2005), and found close agreement in cortical von Mises stresses.
This validated the estimated pelvic geometry of the FE model, and the spherical
femoral head used to load the acetabulum. The reported reaction forces of the glutei
muscles in the ML model were also in accordance with the findings of Bergmann et
al. (2001). Additionally, displacement within the pubic disc was similar to that
measured experimentally by Waheim and Selvik (1984), providing additiona

validation.

2.3.3. Pelvicfinite element modelling under alter native loading

The dynamic response of the pelvis under non-physiological conditions has also been
studied, particularly under lateral impact to mimic the loading commonly associated
with car accidents (Dawson et a., 1999; Mgumder et a., 2004; Su et a., 2005;
Salzar et al., 2009). However, loading is often applied directly to the pelvic bone and
ignore the possible energy dissipation through the surrounding soft tissue.
Comparatively, the analyses of the pelvis during ssmulated faling has assessed hip
joint fracturing within the elderly (Maumder et al., 2007, 2008a, 2009). Li et al.
(2007) aso observed the mechanical response within the soft tissue, when modelling
the pubic symphysis under lateral impact to accurately capture its non-linear

hyperelastic nature (Li et a., 2006).



The performance of hip prosthesis components under in vivo loading environments
has also been evaluated through FE methods. In relation to the pelvis, the stresses
induced within acetabular prostheses (Korhonen et al., 2005), possible risk of failure
(Coultrup et a., 2010) and loosening of bone (Zhang et a., 2010) have been
analysed. However, the aim of such studies are often concentrated on the mechanics
of the prostheses, thus do not report the post-operative effect on bone. Although,
Cilingir et a. (2007) did observe the response of the pelvis and femur, along with the
prostheses, after hemi- arthroplasty of the hip joint. Meanwhile, Kaku et al. (2004)
reported the stress distribution throughout the pelvis after surgery to correct pubic

fractures.

Analysis of prosthesis performance in vivo is often achieved using simplified FE
loading, consisting solely of hip joint reactions. Additionaly, pelvic movement is
also smplified through constraining the SIJ and pubic symphysis in al DOF
(Cilingir et al., 2007; Coultrup et al., 2010). Therefore, comparisons between pelvic
mechanics pre and post-operatively under true physiological loading are hampered.
However, Vaverka et al. (2006) compared the stress distribution of a juvenile hip
joint which had a deformed femoral head. Partial physiological loading was also
considered through incorporation of abductors muscles, which were modelled
through the use of stiff cable elements. Although the findings of such studies are not
fully applicable to this study due to the non-physiological loading applied, modelling

methods and material properties provide useful data.
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3. DIGITISED MODELLING

Digitised modelling involved the generation of computerised models from scan data,
which could then be used for subsequent MS and FE analyses. In this study, digitised
pelvic models were constructed of specimens obtained from the Scheuer collection,
with their selection being based upon age and condition. All specimens were uCT
scanned using an X-Tek HMX160 microCT system (X-Tek, Tring, UK) at the
University of Hull, unless otherwise stated. Scan data was exported as a stack of .tiff
(tagged Image File Format) images and imported into AMIRA Image Segmentation

Software (TGS Inc, United States), for volumetric modelling and segmentation.

To simplify the digitissd modelling procedure and to take advantage of the
symmetrical nature of pelvis, only the hemi-pelvis was reconstructed for each
specimen. Although Boulay et al. (2006) reported that the pelvis is not truly
symmetric, only 15 of the 71 anatomical landmarks they studied displayed significant
asymmetry. Therefore, the additional complexity in reconstructing the full pelvis was
considered to outweigh the advantages of modelling its slight asymmetric nature. The
complexity of the trabecular architecture is unredistic to represent through
conventional FE methods, therefore the innominate was modelled as a solid structure.
The following modelling procedures were used to create digitised models of a

prenatal, a 1yr, a8yr and a 19yr old hemi-pelvis.

3.1. PRENATAL HEMI-PELVIS

A fetal pelvic specimen from the Scheuer collection was selected for biomechanical
modelling based on its condition and approximate age. The chosen specimen (NP7)
comprised of both innominate bones and the sacrum, asillustrated in Figure 3.1. The

innominate bones were held in an articulated structure by the connecting cartilage of
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the acetabulum and pubic symphysis, although due to the nature of the specimen, the
cartilage had mummified. Therefore, the connecting cartilage held the constituent
pelvic bones together, but it was unclear at this stage if their relative positioning had

become distorted.

Figure 3.1. Prenatal specimen (NP7) of the Scheuer collection comprising of both
innominate bones and mummified cartilage.
The prenatal specimen was pCT scanned with a slice thickness of 0.0588 x 0.0586 x
0.0588mm, and imported into AMIRA to observe the bone and soft tissue through
varying grey scale values, based upon the apparent material density (see Figure 3.2
(a@). Differentiation between materials was highlighted by the higher grey scale value
of bone, aiding image segmentation into separate bone and cartilage entities. As
illustrated by Figure 3.2(a), bone was displayed through a bright white intensity

which contrasted to the dull grey colour of the cartilage.
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Figure 3.2. A nCT slice through the prenatal ilium, cartilaginous acetabulum and
ischium, showing (a) the grey scale variation between the bone and cartilage, and (b)
thresholding of the grey scale gradient defining the whole structur e as one material.

Interfaces between bone and soft tissue within mature anatomical structures are often
clearly defined, with alayer of cortical bone forming a boundary with other materials.
Therefore, in the case of the hip joint alayer of cortical bone around the acetabulum
aids segmentation between the pelvis and articular cartilage. However, depending on
gestation age, many prenatal bones do not have a continuous cortical shell around
their structure. This is highlighted in Figure 3.2(a), where it is evident that the
triradiate cartilage of the acetabulum is under ossification, therefore producing a
material density which did not significantly differ from that of the developing iliac
and ischial bone. This resulted in a gradual grey scale gradient from the trabecular
bone through to the cartilage, producing an unclear boundary definition. Hence when
thresholding of the grey scae values was applied, the triradiate cartilage was
automatically detected within the same range as the trabecular and cortical bone (as
highlighted in Figure 3.2(b)). Digitisation into a volumetric model with such

threshol ding techniques produced a structure where trabecular bone and cartilage was
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defined through one material, as illustrated in Figure 3.3(a). Reducing the
thresholding range until the triradiate cartilage detection was eliminated, produced
the volumetric model shown in Figure 3.3(b) which highlighted the limited
development of the innominate bone structure. This was particularly noticeable
within the ilium, where there was no defined iliac crest, and indicated the level of

reconstruction required to obtain a complete bone geometry.

The right innominate was selected for further modelling as it displayed dlightly
clearer definition between the bone and soft material (when compared to the left).
Using the digitised volumetric model in Figure 3.3(b), the geometry of the ilium,
ischium and pubis was manually reconstructed through specifying additional material
in the regions of limited cortex development. Careful estimations of the bone exterior
had to be made between consecutive slices to ensure the formation of a smooth and
rounded bone geometry. All three individual innominate bones required additional
material to be specified at the acetabulum, while the pubis and ischium required
further reconstruction at the pubis symphysis. The reconstructed bone geometry of

the right innominate is shown in Figure 3.3(c).

The cartilaginous acetabulum and pubic symphysis was constructed through defining
the remaining grey scale values outside the newly formed bone borders, as a separate
material. As illustrated in Figure 3.4, automatic thresholding detected the remaining
unassigned grey scale values up to the bone border, enabling classification of a new
material. This procedure ensured the bone and cartilage at the acetabulum and pubic
symphysis was continuously adjoined, eliminating possible regions of disconnection.
This modelling technique constructed the independent innominate bones, and the

connecting cartilaginous acetabulum and pubis symphysis (see Figure 3.3(d)).

-59-



"X81J02 8U0( 8] U0 SaysIWe|q aleulwlp 01suolte o1l Buiyloows oije sinpd-1wey 1ydliayl Jo MSIA [eloTe| pue [elpaw ay) pue (@) (uss 16
ul umoys) abe|11.ed Buoeuuod Ylimsiapd-1way 1ybii pa1on J1Suods 1 ayl Jo MBIA [elole| pue eipaw ayl (p) ‘sinpd-1wey 1ybiiayl Joauoq dinpd

ay1 Jo uo1onasuo: . (9) ‘auoq alAapd ay Jo uswdoprsp paliwi|ayl ybiybiy pue abe|ilsed areulwlp o1abue.l Bulpjoyss 1yl ayi jo uoipnpai (q)

‘abe|11.0ed pue auoq y1oq Jo busiidwod fererew [ Jo Buipjoyss iyl (e) Buimoys sinpd-iwey fereus ad 1ybiiays Jo Buljppow pesnibiqg "¢ 8.nbi4

&

®) (9]

(@)

-60 -



Figure 3.4. Manual segmentation of the pelvic bone border (purple outline) and the
thresholding detection and definition of thetriradiate cartilage (yellow outline).
The left innominate and sacrum were subsequently segmented and eliminated to
produce the volumetric model of the right hemi-pelvis shown in Figure 3.3(d).
Although the left-hemi pelvis could be erased through segmentation tools, the sacrum
proved difficult as areas of connecting cartilage at the SIJ displayed similar grey scale
values to that of the ilium. Consequently, further bone reconstruction of the ilium at
the SIJ created a boundary from which the attached cartilage and sacrum could be
eliminated. The pubis symphysis was then dissected in the median plane at the

midpoint between the two hemi-pelves.

The hemi-pelvic model was completed through filling in the trabecular network to
form a solid structure, and removing surface blemishes through a number of
smoothing iterations. However, as illustrated in Figure 3.3(e), although the find
prenatal model accurately presented the dimensions of the original specimen, the
structure was still considered to be incomplete due to the absence of cartilage at the

acetabulum. For further use within biomechanical analyses, the complete hemi-pelvic
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geometry was required to faithfully replicate the upper body weight transfer through

the hip joint.

32. 1YEAROLDHEMI-PELVIS

A specimen of an estimated 1lyr age (P4), comprising of two disarticulated
innominates, was selected based on the preservation of its anatomical features. After
visual inspection of the specimen, the left innominate was chosen for digitisation, as
its condition was considered to be slightly better than that of the right, thus requiring
less reconstruction. The disarticulated ilium, ischium and pubis of the left innominate
were PCT scanned with slice thicknesses of 0.0639 x 0.0639 x 0.0639mm, 0.0497 x

0.0497 x 0.0497mm and 0.0497 x 0.0497 x 0.0497mm, respectively.

Due to the specimen age, regions of limited cortical development and damage to the
developed cortex were present, exposing the underlying trabecular bone. To maintain
the integrity of the individual pelvic bones, regions with exposed trabeculae were
manually segmented to reconstruct a continuous cortex. Through additional
segmentation to fill the internal trabecular structure, solid volumetric models for each

hemi-pelvic bone were created, asillustrated in Figure 3.5.

Figure 3.5. Digitised volumetric models of the 1yr old ilium (left), ischium (middle) and

pubis (right) after manual segmentation to reconstruct a continuous cortex.
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33. 8YEAROLDHEMI-PELVIS

An 8yr old pelvic specimen (STHB) also comprising of two disarticulated
innominates, was PCT scanned with slice thickness of 0.1143 x 0.1143 x 0.1143mm

(ilium), 0.1211 x 0.1211x 0.1211mm (ischium) and 0.1088 x 0.1089 x 0.1087mm

(pubis). This specimen also displayed evidence of damage to the cortical shell, thus
visual inspection was required to evaluate that the left innominate required less
reconstruction. After manual reconstruction to repair the breaks in the cortex and fill
in the internal trabecular network, solid volumetric models of each constituent bone

were constructed, asillustrated in Figure 3.6.

Figure 3.6. Digitised volumetric models of the 8yr old ilium (left), ischium (middle) and
pubis (right) after manual segmentation to reconstruct a continuous cortex.
Due to the disarticulation of the pelvic bones shown in Figure 3.5 and Figure 3.6,
there was little indication as to their relative anatomical positioning, while the
geometry of the connecting cartilaginous material remained unknown. However,
biomechanical modelling required the accurate representation of the hemi-pelvic
morphology, consisting of articulating pelvic bones connected by cartilage at the
acetabulum and obturator foramen. Consequently, a morphometric modelling
technique was developed which facilitated the reconstruction of complete hemi-

pelvic structures, including the geometry of missing soft tissue (Watson et a., 2011).
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34. 19YEAROLDHEMI-PELVIS

The scan data of a 19yr old pelvis (P17) was supplied by Prof. S Black, Centre for
Anatomy and Human Identification, University of Dundee, which comprised of fused
innominates. The data was imported to AMIRA as a stack of .DICOM (Digital
Imaging and Communication in Medicine) files, and segmented in volumetric models

with a dlice thickness of 0.488 x 0.488 x 0.25mm.

As shown in Figure 3.7, both innominates displayed damage to the anatomical
features of the superior pubic symphysis on the left innominate, and the ASIS on the
right innominate. The breaks in the cortex at these areas prevented the infill of the
trabecular structure to obtain solid models. Consequently, as the complete hemi-
pelvic structure was disrupted, neither hemi-pelves could be considered for further

biomechanical modelling in their current form.

In contrast to previous attempts to repair breaks in the pelvic cortex within the other
juvenile specimens, reconstruction of these missing anatomical features was more
problematic. This was due to their irregular 3D geometries and because there was no
indication as to the geometry of the origina structure. Therefore, a morphometric
modelling technique was required to reconstruct the complete morphology of the

19yr old innominates (Watson et al., 2011).



Figure 3.7. Digitised volumetric models of the 19yr left and right innominates, which
displayed damageto theright ASISand left superior pubic symphysis (indicated by

the black circles).
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4. GEOMETRIC MORPHOMETRIC MODELLING

To ad in the construction of complete hemi-pelvic structures, a morphometric
modelling technique was created which estimated the relative positioning of the
disarticulated pelvic bones, and the geometry of connecting cartilaginous features
(Watson et a., 2011). This technique used GMM (Dryden and Mardia, 1998;
O'Higgins, 2000; Zelditch et al., 2004) to facilitate comparison of landmark
configurations between forms. Variations among landmark configurations can be
represented through the use of thin plate splines (Bookstein, 1987) to warp associated
volumes and surfaces. Such methods have been applied to reconstruct bone geometry
in instances of damage to archaeological specimens (Benazzi et a., 2009), and where
scan data has not captured complete anatomical features (Lapeer and Prager, 2000).
This often comprises of warping a specimen without abnormalities to the form of a
specimen requiring reconstruction, to determine the geometry of missing anatomical

features.

Application of GMM to reconstruct damaged/incomplete specimens is often aided by
the knowledge of the geometry to which complete structures are to be warped. This
was more challenging when aiming to reconstruct the disarticulated juvenile hemi-
pelves, as the exact origina articulated forms was unknown. Therefore, a
morphometric dataset of pelvic landmark configurations for numerous juvenile ages
was used to obtain warped hemi-pelvic geometries. Consequently, the complete
hemi-pelvic structure of a disarticulated specimen could be estimated and

reconstructed without knowledge of its original articulated form.

The geometric morphometric modelling technique was validated through assessing

the accuracy of a reconstructed hemi-pelvis in relation to its originaly articulated
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form, via morphometric and FE methods. The variance in created warped forms

through using different initial complete specimens, was aso analysed.

4.1. MODELLING PROCEDURE

The geometric morphometric modelling technique is demonstrated through
reconstruction of a 9yr old hemi-pelvis from a state of disarticulation. The general

reconstruction procedure can be described in four stages illustrated in Figure 4.1.

Morphometric data of CT scan data of afully Disarticulated CT scan

anatomical landmarks fused adult pelvis (1.2) data of ajuvenile Stage 1

(1.1) pelvis (1.3)

Warped template of

pelvic geometry Stage 2

Overlay of
disarticulated bones Stage 3

onto warped template

Estimation of
connective cartilage Stage 4
structure

Figure4.1. Flowchart of the four stages of the mor phometric reconstruction
modelling procedure.
Stage 1: A morphometric dataset comprising of 27 landmarks (identified on museum
specimens; Natural History Museum) was gathered for juvenile pelves (see Table 4.1
and Figure 4.2) spanning infancy to adulthood (Stage 1.1 of Figure 4.1). Landmark
configurations were taken from originally disarticulated juvenile specimens, which
were manual positioned into a hemi-pelvic configuration as defined by anatomical

features (i.e. articulating surfaces of the acetabulum).
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Landmark Anatomical description

1 Midpoint of the iliac crest between the ASIS and PSIS

2 Posterior superior iliac spine (PSIS)

3 Posterior inferior iliac spine (PIIS)

4 Upper (posterior) point of inflexion of the SIJ auricular surface

5 Junction of superior limit of the SIJand iliac crest

6 Lower (anterior) point of inflexion of the SIJ auricular surface

7 Point of maximal curvature of the greater sciatic notch

8 Ischial spine

9 Anterior superior iliac spine (ASIS)

10 Anterior inferior iliac spine (AllS)

11 Midpoint of theilio-pubic ridge as it crosses the pelvic brim

12 Point at which the superior pubic ramus forming the border of the
obturator foramen is the thinnest

13 Inferior point on the obturator foramen border closest to the ischial
tuberosity

14 Inferior point on the obturator foramen border closest to the pubic
symphysis

15 Inferior most point on the pubic symphysis

16 Superior most point on the pubic symphysis

17 Posterior point at maximum width of the pubic symphysis

18 Anterior point at maximum width of the pubic symphysis

19 Midpoint of theilio-pubic epiphysis on the acetabular rim

20 Point directly opposite the midpoint of acetabular notch on the
acetabular rim

21 Midpoint of theilio-ischial epiphysis on the acetabular rim

22 Deepest central point in the acetabulum

23 Midpoint of the acetabular notch at the ischio-pubic epiphysis

24 Anterior limit of the ischial tuberosity towards the pubis

25 Media point of the widest diameter of the ischial tuberosity

26 Superior limit of the ischial tuberosity

27 Lateral point of the widest diameter of the ischial tuberosity

Table4.1. Description of the landmark locations used for the morphometric

reconstruction.
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Figure 4.2. Landmark configuration of the mor phometric dataset.

The digitised volumetric model of the 19yr old left hemi-pelvis detailed in section
3.4 (after reconstruction of the pubic symphysis (see section 4.6.4)) was selected as
an appropriate specimen from which to perform warping (see Figure 4.3(a)). The
same landmark configuration displayed in Figure 4.2 was manually defined upon the

specimen (Stage 1.2 of Figure 4.1).

(@

Figure 4.3. Digitised modelling of the (a) 19yr old hemi-pelvis, which was (b) war ped
to an estimated mean landmark configuration with an iliac depth of 104mm (the

spheres show the location of the 27 landmar ks used in the morphometric analysis).
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Clinica CT scan data of a 9yr old subject which included the pelvis was obtained
from the research collection of Medizinische Universitét Innsbruck, courtesy of Dr.
W Recheis. The pelvis was segmented and a volumetric model of the left hemi-pelvis
created in AMIRA with a dlice thickness of 4.98 x 4.98 x 2.5mm. The volumetric
model included the three bones of the hemi-pelvis, articulated around a thin layer of
triradiate cartilage at the acetabulum and obturator foramen, as illustrated in Figure
4.4(a). For the purpose of applying and validating the reconstruction technique, the
hemi-pelvic bones were then separated from the connecting cartilaginous material

(see Figure 4.4(b)), to obtain disarticul ation (Stage 1.3 of Figure 4.1).

(@) (b)

Figure4.4. Digitisation of the 9yr old left hemi-pelvis showing, (a) the originally

articulated structure and (b) the disarticulated bones.

Stage 2: Asthe original articulated structures of the specimens detailed in Chapter 3
were unknown, warped templates were based upon an anatomical pelvic
measurement. The pelvic depth (PD) was selected as a suitable parameter, which was
defined as the vectoral distance between the ASIS and PSIS (Kirkwood et al., 1999).
This was deemed appropriate as it could be measured from a single disarticulated

bone and was determined between two easily identifiable features. The PD could also
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be calculated for the specimens within the morphometric dataset, as the iliac spines

where within the landmark configuration.

The original morphometric dataset was imported into GMM software Morphologika
(O'Higgins and Jones, 1998), where the mean landmark configuration for an
individual with a comparative PD (to that of the 9yr old) was estimated using a
multivariate regression of Procrustes registered landmark configurations. Warping
tools (a triplet of thin plate splines; ‘Bookstein’ function) within AMIRA were then
used to warp the 19yr old hemi-pelvis to fit the form of the estimated landmark
configuration (see Figure 4.3(b)). The result was an anatomical estimate of a
continuous hemi-pelvic structure to be used as the template for subsequent stages of

the reconstruction.

Stage 3: The disarticulated 9yr old hemi-pelvic bones were then manualy sited
within the warped template to estimate their relative positioning, as shown in Figure
4.5. Due to the age of the disarticulated bones, the ischio-pubic structure was
expected to be close to fusion. Therefore, the ischium and pubis were initially
positioned within the template with the spacing between the two representing the
vertical acetabular flange. The ilium was subsequently positioned relative to this
structure, paying particular attention to the ilio-pubic ridge and ilio-ischia and ilio-
pubic articular surfaces, where the anterior and posterior acetabular flanges are

|ocated.
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Figure 4.5. Overlay of the disarticulated 9yr old pelvic bones within the war ped
template.
Stage 4: The reconstruction technique was completed through re-creating the
geometry of the connecting cartilaginous material. Using the contours of the template
between the gaps of the repositioned bones, the curvature of the posterior, inferior
and vertical acetabular flanges were reconstructed to produce a spherical joint (see
Figure 4.6). Additional cartilage was defined to adjoin the ischial and pubic rami to

complete the obturator foramen.

Asiillustrated in Figure 4.5, the estimated landmark configuration produced a warped
template which was dightly smaller than the disarticulated bones. Therefore,
reconstruction of the missing cartilaginous features required manual segmentation to
ensure continuity of material between the pelvic bones. In regions where the warped
template did not extend to the exterior of the disarticulated bones, additiona material
was created until it correctly adjoined the disarticulated bones. Similarly, in instances
where the warped template protruded beyond the disarticulated bone edge, the

contours were cropped until they were in profile.
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Figure 4.6. Thereconstructed 9yr old hemi-pelvis.

4.2. VALIDATION OF THE MODELLING TECHNIQUE

THROUGH MORPHOMETRIC METHODS

Validation of the morphometric reconstruction technique was determined by the
comparison of the reconstructed 9yr old hemi-pelvic form, to that of the originally
articulated CT data. The accuracy was assessed by two methods, firstly through a
Principal Component Analysis (PCA) to examine the extent of variation in form, and
then through an inter-model overlay to visually identify where geometric deviations

occurred.

Initially the landmark configuration shown in Figure 4.2 was identified on both the
originally articulated and reconstructed 9yr old hemi-pelves. These forms were then
added to the original morphometric dataset (from Stage 1.1 of Figure 4.1) and input
into Morphologika, where a multivariate regression analysis was performed to enable
comparison between the forms. To observe an accurate reconstruction, the data
points of the originally articulated and reconstructed hemi-pelves would be expected

to be close to each other aong all principal components.
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Analysis of the PCA suggested an excellent agreement between the two hemi-pelves
along al principal components. Through comparing the positioning between the two
in Figure 4.7(a) and Figure 4.7 (b) to that of Figure 4.7(c), it was observed that the
accuracy of the reconstruction decreased along the first principal component (PC1).
Accuracy along the second principal component (PC2) and third principal component
(PC3) was highlighted in Figure 4.7(c), where the originaly articulated and
reconstructed forms overlaid. However, athough the accuracy of the reconstructed
model appeared to be close to that of the origina articulation, there was a dlight
difference between the forms. The morphologica difference between the 9yr old
pelvic bones and the warped template witnessed in Figure 4.5, was also observed
within the PCA. This is highlighted in Figure 4.7(a) and Figure 4.7(c) where the
warped template is within the data cluster while the reconstructed model fals

outside.

The PCA aso highlighted that the 9yr old form did not fit the generalised data
cluster, particularly aong PCl and PC2. This implied that the landmark
configuration of the 9yr old hemi-pelvis was not typical of the juvenile form, as
suggested by the original morphometric dataset. A pathological growth could indicate
evidence of a possible congenital disorder, such as hip dysplasia. However, visud
inspection of the original CT scan did not indicate any presence of abnormalities.
This also raised issues concerning the validity of the morphometric dataset, as the 9yr
old hemi-pelvis was extracted from CT data, rather than through manua

reconstruction of disarticulated bones.
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To identify the locations where the original and reconstructed models differed, the
ilia of both hemi-pelves were aligned in two planes; one axis defined through a line
connecting the ASIS and PSIS; another axis defined between the PSIS and PIIS.
Although the overlay shown in Figure 4.8 highlights the close match in form between
the two models, the ischium and pubis of the reconstructed model appears to be more
laterally rotated. To determine the magnitude of this misplacement, three anatomical
features of the ischium (spine, superior symphysis and inferior foramen) and pubis
(superior symphysis, inferior symphysis and inferior foramen) were selected based on
their ease of manua identification. The vectoral distances between comparative
points on both models was subsequently calculated to quantify the error in the

reconstructed pelvic bone placement.

Figure 4.8. Overlay of the original and reconstructed 9yr old hemi-pelvic models
through alignment of theilium (the originally articulated model is shown in purple).
Figure 4.9 shows the extent to which the reconstructed ischium and pubis were
misplaced, where the largest error occurred at the superior pubic symphysis, with a
misplacement of 2.79mm. However, in relation to overall size of the 9yr old hemi-
pelvis, this was found to be only 2.69% of the PD. In contrast, the smallest error was

found at the ischial spine where a displacement of 2.22mm was observed (2.14%
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PD). The average error in the ischia and pubic landmarks of the reconstructed model

|

was only 2.5mm (2.41% PD), with a SD of 0.2mm.

2.5
2
1.5
1
0.5
0

Diplacement {mm)

Spine Sup. Inf. Foramen Sup. Inf. Inf. Foramen
Tuberosity Symphysis | Symphysis
Ischium Pubis

Anatomical Landmarks

Figure 4.9. Displacement between specific ischial and pubic landmarkson the
originally articulated and reconstructed 9yr old hemi-pelves.
The smal range between the errors in Figure 4.9 suggested that the relative
positioning between the ischium and pubis was close to that of the original. Thiswas
examined further through cal culating two vectoral distances between the ischium and
pubis on both models, one between the superior ischia tuberosity and pubic
symphysis; and another between the inferior ischial and pubic foramen. An inter-
model comparison of these distances showed that the error in the relative positioning
between the reconstructed ischium and pubis was minimal (0.83mm and 0.04mm
respectively). Therefore, this implied that it was the aignment of the ilium to the
ischio-pubic structure which was dlightly inaccurate. Therefore, athough the
reconstructed model contained a slight variance in the estimated form, the magnitude

was minimal.
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4.3. VALIDATION OF THE MODELLING TECHNIQUE

THROUGH FINITE ELEMENT ANALYSIS

To examine the influence of the dlight variation of the reconstructed hemi-pelvic
form upon further biomechanical modelling, a series of FE analyses were performed.
This aimed to examine possible variations in strain distributions between the

originally articulated and reconstructed hemi-pelves when identical loading was

applied.

To help quantify the differences observed between the original and reconstructed
models, a third comparative hemi-pelvis which contained a greater variance in form,
was also modelled. The comparative hemi-pelvis was created through altering the
morphology of the reconstructed model, while still maintaining a genera
physiological form. This was achieved through further laterally rotating the ischio-
pubic structure relative to the ilium, and altering the geometry of the connecting
cartilage to maintain a complete structure. This procedure served not only to change
the morphological form, but also distorted the shape of the acetabulum. The extent to
which the comparative model varied from the originally articulated and reconstructed
forms was highlighted through a PCA. The PCA of the three models within the
pelvic morphometric dataset confirmed that the comparative model had greater

variance, particularly along PC2 (see Appendix I1).

4.3.1. Model meshing and material properties

The digitised hemi-pelves were converted into polygon surface models within
AMIRA, from which 10-noded volumetric tetrahedral meshes were generated to

represent the trabecular bone and triradiate cartilage. The tetrahedral element
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parameters were adjusted to aspect ratios and tetrahedral qualities suggested by the
software, in order to achieve an appropriate mesh quality. The meshes were then
imported into ANSYS® (ANSYSS, Inc, United States) where 4-noded shell elements
(Shell 63) were clad onto the surface of the trabecular bone to represent the cortical
exterior. Due to the age of the pelvis, the acetabulum was assumed to be undergoing
ossification. Therefore, the interface between the triradiate cartilage and trabecular

bone was maintained, so that it was not separated by a cortical shell.

A convergence test was performed to determine an appropriate number of elements
to accurately capture the mechanical response of the complex pelvic geometry. A
total of 10 meshes which ranged between ~117,000-2 million elements were analysed
on the originally articulated hemi-pelvis, through application of identical loading
regimes. Comparisons of the von Mises strains at specific anatomical locations
concluded that convergence was achieved through a mesh containing ~200,000
elements (see Appendix Ill1). Therefore, the three FE models used during this

validation were meshed with ~220,000 elements, asillustrated in Figure 4.10.

(@ (b) ©

Figure 4.10. The FE models of the (a) originally articulated, (b) reconstructed
and (c) compar ative hemi-pelves, each meshed with total of ~220,000 elements.

-79-



Material properties were based on values cited in literature for previous pelvic FE
analyses. The trabecular and cortical bone moduli were modelled at 70MPa (v = 0.2)
and 17GPa (v = 0.3) respectively (Dalstra et al., 1995; Dalstra and Huiskes, 1995;
Maumder et al., 2005). Unfortunately, data for the triradiate cartilage modulus is not
as easily available, therefore the mid range value for articular cartilage (E = SMPa, v
= 0.4) reported by Anderson et al. (2005) was applied. Although, as the triradiate
cartilage is under ossification to produce bone, it is expected to display a higher
stiffness then that of articular cartilage. However, the layer of acetabular cartilage
was relatively thin, thus the pelvic structural integrity was expected to be maintained

even with alow cartilage stiffness.

The morphology of the pelvic cortex could not be determined from the original CT
data, consequently a homogeneous thickness was applied to the shell elements.
Histomorphometric analyses detailing the morphology of the juvenile pelvic cortex
are limited, with the mgority of relevant literature examining the thicknesses of
biopsies taken from the iliac crest (Glorieux et al., 2000; Parfitt et a., 2000; Rauch
et a., 2006; Schnitzler et a., 2009). Such data primarily concerns regions
surrounding the ASIS, and thus is unable to provide an indication of the cortical
morphology through the whole pelvic structure. However, as the FE models were
only intended for validation purposes, it was not considered essential to model an
exact cortica morphology. Therefore, data published by Glorieux et al. (2000) was

used to apply a homogeneous cortical thickness of 1mm.

4.3.2. Model loading

The hemi-pelves were modelled with five individual loading regimes, aimed at

analysing validity under various pelvic strain distributions. Initially, the models were
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loaded through a partially physiological loading regime which constrained the SIJin
all DOF, and loaded the acetabulum with hip joint reactions associated with the gait
cycle. To obtain differing mechanical responses of the pelvis, four separate hip joint
reaction forces experienced during gait (see Figure 4.11) were applied:-

1. Hedl strike;

2. Point of maximal reaction;

3. Toe off;

4. Point of minimal reaction.

% BW

0 25 50 75 1040
% Gait Cycle

Figure4.11. Theresultant hip joint reaction force of the aver aged patient reported
by Bergmann et al. (2001) (1 = point of heel strike, 2 = point of maximal force, 3=
point of toe off and 4 = point of minimal force) (data taken from Bergmann et al.

(2001)).
Reaction force magnitudes at these phases were taken from the NPA patient
calculated by Bergmann et a. (2001), which were expressed as a percentage of BW.
The average weight for a 9yr old was taken from growth charts of the Centres for
Disease Control and Prevention (CDC) (Ogden et al., 2002), and used to calculate the

resultant in terms of Newtons (N). The hip joint loading was then distributed among

the nodes of the acetabulum, as performed by Mg umder et a. (2005).
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A more simplistic loading regime was also applied which comprised of constraining
four nodes within the superior ilium (two on the medial side; and two on the lateral
side) and applying a negative load on two nodes along the obturator foramen (one
towards the pubis and another towards the ischium) (see Figure 4.12). This was
designed to contrast from the previous regimes, and aimed to induce a different
mechanical response of the pelvis. The total force was assigned an arbitrary
magnitude of 12N, which aimed to cause acceptable deformation and induce
sufficient strain. Although this total force was lower than those of hip joint reactions,
higher magnitudes could cause excessive inferior movement of the obturator foramen

due to the low modulus of the acetabular cartilage.

Figure 4.12. The simplistic loading regime which comprised of constraining the
superior ilium through four nodes (2 nodes medial; 2 nodeslateral) and loading the
obturator foramen through two nodes (one at the point closest to theischial tuberosity;

one at the point closest to the pubic symphysis).

4.3.3. Comparisons between predicted strains

As the morphometric modelling technique was utilised to reconstruct models for the
investigation into trabecular bone growth and remodelling, it was considered

appropriate to analyse its sengitivity in terms of mechanical strain. As a significant
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proportion of the hip joint resultant force was directed superiorly towards the
constraints at the iliac crest (see Figure 2.11), the mgority of the ilium was placed
under compression. Therefore, the mechanical response of the three hemi-pelves
were compared in terms of the minimum principal component (i.e. compressive).
Although compression within the ischio-pubic region was reduced in comparison, an
inter-model variation in the strain distribution was still expected in these regions, due
their differing morphologies. For continuity, the simplistic loading regime was aso
analysed in terms of the minimum principal strain component, despite the hemi-
pelves being placed primarily under tension. Variations in strain distributions were

made with respect to the originally articulated model.

The triradiate cartilage displayed significantly larger compressive strains in
comparison to the trabecular bone, and remained at identical strain states between the
different loading regimes (see Figure 4.13). Trabecular strains produced more
noticeable inter-model distribution variations, athough these were minimal and not
consistent between the individual loading regimes. During heel strike there was
evidence of strain relieving at the superior ischial tuberosity and media ischial body
(near the vertical acetabular flange), producing an altered distribution, particularly
within the comparative hemi-pelvis (see Figure 4.13(a)). However, the changes in
strain magnitude within these regions were relatively small in comparison to the
magnitudes experienced throughout the structure. The largest variation occurred

within the medial body of the ischium, which altered by a maximum of 5400pe.

-83-



-43E-01 -20E-01 -3.0E-02 -6.0E-03 -10E-03 -6.0E-04 -10E-04 -6.0E-05 0

Figure 4.13. The minimum principal strain of the trabecular bone and cartilage for
theoriginally articulated (Ieft), disarticulated (middle) and compar ative (right)
hemi-pelves under hip joint loading at (a) hed strike, (b) point of maximal for ce, (c)

toe off, (d) point of minimal force and (€) the simplistic loading regime.
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The maximal hip joint reaction also caused strain relieving within the reconstructed
and comparative hemi-pelves, around the pubic symphysis and the media ischia
body (see Figure 4.13(b)). A similar strain magnitude variation was present within
the ischium near the obturator foramen and posterior acetabular flange, which
produced a similar maximal deviation to that observed previously. The toe off
loading regime produced a similar strain reduction along the superior pubic ramus
and the pubic symphysis. However, a strain increase was also witnessed at the
superior ischial tuberosity within the reconstructed hemi-pelvis (see Figure 4.13(c)).
Although, a maximum increase of 100ue was considered relatively small in
magnitude. The minimal hip joint reaction produced a close match between the

models, with no distinct strain distribution variation (Figure 4.13(d)).

A strain distribution variation was also caused by the simplistic loading regime,
where the media body of the ischium within both the reconstructed and comparative
hemi-pelves displayed increased magnitudes (see Figure 4.13(e)). The comparative
model displayed a maximal increase of 600upe, while the reconstructed model
produced an additional strain concentration within the gluteal iliac blade (near one of

the constraints), which was not captured by the other models.

Figure 4.14(a) — Figure 4.14(d) showed similar small compressive strain variations

within the cortical bone under the partially physiological regimes.
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Figure 4.14. The minimum principal strain of the cortical bonefor the originally
articulated (left), disarticulated (middle) and compar ative (right) hemi-pelves under
hip joint loading at (a) hed strike, (b) point of maximal for ce, (c) toe off, (d) point of

minimal force and (e) the simplistic loading regime.
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The heel strike loading regime produced the greatest inter-model strain variation
between the reconstructed and comparative hemi-pelves (see Figure 4.14(a)). The
reconstructed model showed dlight strain relieving within the medial ischial body,
while the comparative hemi-pelvis produced lower strains in the ischial tuberosity.
The comparative hemi-pelvis also displayed localised strain decreases within the
lateral iliac blade (see Figure 4.14(Q)), although the magnitudes were lower than
associated with trabecular bone, differing by a maximum of 45ue. Inter-model
variations when applying maximal hip joint reaction and toe off loading were similar,
producing slightly higher strains within the medial body of the ischium, and slightly
relieving the pubic symphysis. As illustrated in Figure 4.14(b) and Figure (c), the
comparative model produced the greatest deviation from that of the originaly
articulated model. As observed previously within the trabecular bone, no significant
strain variation was caused through the minimal hip joint reaction force (see Figure

4.14(d)).

The simplistic loading regime produced the most uniform strain magnitudes
throughout the cortical structure (see Figure 4.14(€)). Minimal inter-model variation
was observed, although there was dlight strain relieving within the ischial body for
both the reconstructed and comparative hemi-pelves (see Figure 4.14(e)). However,
the magnitudes of these strain reductions remained fairly small, varying by a

maximum of 45ue.

As illustrated in Figure 4.13 and Figure 4.14 the mgjority of the inter-model strain
variation occurred within the lower strain ischium and pubis. In comparison, the
higher strain ilium displayed less noticeable inter-model variation throughout the

various loading regimes.
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To quantify the inter-model strain distribution variation, comparative nodes were
selected on each model, consisting of 7 iliac points (ASIS and 5 locations within the
iliac fossa), 3 ischial points (ischial spine, superior ischia tuberosity and posterior
obturator foramen) and 3 pubic points (superior pubic symphysis, inferior pubic
symphysis and posterior obturator foramen). For the simplistically loaded models,
two additional iliac points were selected (PSIS and PIIS) and the points along the
obturator foramen were omitted. The ischia and pubic nodes |ocations were selected
based on regions where large inter-model variation was observed, and due to their

ease of identification.

The difference between the nodal von Mises strains of the reconstructed and
comparative models to those produced by the original articulation, was analysed
through a linear regression. Minimal deviation in the strain values of the two models
was expected to be reflected through R* values within a 95% confidence interval. To
eliminate possible inclusion of anomalous data, an average von Mises strain was
calculated for each location using the nodes which encompassed the coordinate for

each point.

The R? values produced by the linear regression of the trabecular nodal strains within
the reconstructed and comparative hemi-pelves are shown in Table 4.2. A single
regression performed on al nodes throughout the pelvic structure calculated that
strains of both models were within a 95% confidence interval of the originaly
articulated hemi-pelvis (apart from the comparative model during heel strike).
However, such observations were made with respect to the range of strain
magnitudes experienced throughout the hemi-pelvis (see Figure 4.13). As this does
not ascertain the inaccuracy within the individual bones, separate regressions were

performed on the iliac, ischial and pubic nodes (see Table 4.2). Generaly, the
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reconstructed model produced a closer correlation to that of the original articulation.
The iliac nodes for both models produced the highest R? values, while the pubis
generated the largest level of variance. The pubic nodes of the reconstructed model
under the point of maximal hip joint loading generated the lowest R* value (0.04),
suggesting no correlation to the strains of the origina articulation. In contrast, the
comparative model displayed a significantly higher correlation (R* = 0.99) under the
same loading. The simplistic loading regime produced the highest level of correlation
for both models, with only the iliac nodes falling below the confidence limit,

although the regression values still remained high (R? = 0.94).

Complete Pelvic
Ilium Ischium Pubis
Structure

REC COM REC COM REC COM REC COM

Heel
Strike

0.99 0.90 0.97 0.77 0.96 0.89 0.72 0.63

Point of
Maximum | 0.99 0.96 0.98 0.94 0.97 0.91 0.04 0.99

Force

Toe Off
0.99 0.96 0.98 0.92 1 0.86 0.68 0.66

Point of
Minimum 0.99 0.95 0.98 0.86 0.97 0.48 0.99 0.64

Force

Simplistic
Loading

0.97 0.97 0.94 0.94 0.99 0.99 0.99 0.98

Table 4.2. The R? values of the trabecular nodal von Mises strains produced by a
regression analysis of thereconstructed (REC) and compar ative (COM) hemi-pelves
with respect totheoriginally articulated hemi-pelvis (valuesin red indicate

instances which were below a 95% confidenceinterval).

A closer correlation of the reconstructed and comparative hemi-pelves was observed

within the nodal strains of the cortical bone (see Table 4.3). Once again, the greatest
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accuracy was observed within the iliac nodes, where both models fell within the
confidence interval under the partially physiological loading regimes. The low level
of correlation between the pubic nodal strains observed in Table 4.2, significantly
increased within the cortical bone. Consequently, only the maximum hip joint
loading caused an R? value below the confidence limit in the reconstructed model
(see Table 4.3). In contrast to previous observations, the ssimplistic loading regime
produced the greatest variability within the two models, with only the iliac and pubic

nodal strains of the reconstructed model within the confidence limit.

Complete Pelvic
Ilium Ischium Pubis
Structure

REC COM REC COM REC COM REC COM

Heel
Strike

0.99 0.98 0.98 0.99 0.99 0.81 0.99 0.81

Point of
Maximum | 0.99 0.97 0.99 0.98 0.88 0.85 0.98 0.99

Force

Toe Off
0.99 0.99 0.99 0.99 0.97 0.65 0.97 0.90

Point of
Minimum 0.99 0.99 0.99 0.99 0.99 0.99 0.91 0.83

Force

Simplistic
Loading

0.94 0.89 0.98 0.86 0.80 0.86 0.99 0.88

Table 4.3. The R? values of the cortical nodal von Mises strains produced by a
regression analysis of thereconstructed (REC) and compar ative (COM) hemi-pelves
with respect totheoriginally articulated hemi-pelvis (valuesin red indicate

instances which fall outside the 95% confidenceinterval).

4.4. SENSITIVITY OF THE WARPING PROCEDURE

Due to the irregular shape of the pelvis, varying morphologies can be witnessed

among different subjects, particularly between males and females (Patriquin et al.,
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2003). Therefore, further validation was required to observe if this variance in
morphology was maintained throughout the warping process, thus producing hemi-
pelvic templates which differ from the required estimated form. As the relative
positioning of disarticulated bones is reliant on the warped templates, any
inaccuracies in their morphology could have a significant effect on the reconstructed

models.

Through warping a number of adult pelves to the same landmark configuration, the
variance in warped morphology was examined. As the relative positioning of
disarticulated bones is primarily based on the warped geometry of the acetabulum

and obturator foramen, the geometric divergence of these features was anal ysed.

4.4.1. Warping of varying adult hemi-pelves

Scan data of eight hemi-pelves of mixed age and sex were obtained from various
sources (six courtesy of Prof. S Black, Centre for Anatomy and Human
Identification, University of Dundee; one from the Vakhum Project (van Sint Jan,
2001); one from anonymous scan data). The hemi-pelvic data supplied by the
University of Dundee was taken from 3 individual pelves. Digitised volumetric
models of each hemi-pelvis were created within AMIRA and concluded to have no
clear abnormalities after visual inspection. The hemi-pelves were then warped to the
three different landmark configurationsillustrated in Figure 4.15:-

1. The form of an adult (landmark configuration of one of the existing hemi-

pelves);
2. The form of a 9yr old (landmark configuration taken from the 9yr old hemi-

pelvis used previously);
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3. A juvenile form with a PD of 90mm (estimated landmark configuration taken

from aregression analysis of the original morphometric dataset).

(©) (d)

Figure 4.15. Morphometric war ping of a (a) 19yr old hemi-pelvisto the
mor phologies of (b) another adult, (c) a 9yr old and (d) a juvenilewith a PD of
90mm.
To examine the morphology of each warped template, 10 landmarks were manually
defined around the acetabulum and obturator foramen, as shown in Figure 4.16. The
configurations of the acetabular and obturator foramen landmarks for each warped
hemi-pelvis were then pooled and analysed through a PCA within Morphologika.
This aimed to determine if there was any significant statistical difference between the

landmark configurations.
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Figure 4.16. Positioning of the 10 landmar ks around the acetabulum and obturator

foramen of the war ped hemi-pelves.

4.4.2. Principal component analysis of the warped landmark

configurations

The PCA results of the acetabular and obturator landmark configurations are shown
in Figure 4.17, where it was observed that the warped adult and 9yr old forms all had
p values of above 0.05 (determined to be the limit of statistical significance). The
statistical difference of al the warped morphologies significantly decreased aong
PC2, although the warped adult and 9yr old forms were still above the significance
limit. The only significant statistical difference was observed for PC2 of the warped
juvenile forms (p = 0.008), however al the remaining principal components
displayed larger p values. As illustrated in Figure 4.17, the largest overall statistical

difference in the morphol ogies was observed when warping to the 9yr old form.
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Figure4.17. The p values of the PCA analysis of the war ped adult (red), 9yr old
(green) and juvenile (yellow) forms (the dotted line indicates a p value 0.05% where
statistical difference was deter mined).

45. VALIDITY OF THE RECONSTRUCTION TECHNIQUE

A PCA displayed that the reconstructed 9yr old hemi-pelvis contained a similar
morphology to that of the origina articulation, as illustrated through the close
proximity of their data points in Figure 4.7. Although the accuracy of the
reconstruction decreased aong PC1, this was suggested to be caused by the
misplacement of the ilium relative to the ischio-pubic structure, as shown by the
more laterally rotated obturator foramen in Figure 4.8. However, due to the
observations of the PCA and the calculated misplacement errors in Figure 4.9, the
magnitude of the slight inaccuracy of the reconstructed hemi-pelvis was considered

to be minimal.

Figure 4.7 dso highlighted the contrast in forms between the reconstructed hemi-
pelvis and the warped template along all principal components. This morphological
difference is visualy evident in Figure 4.5, suggesting that reconstructions which are
based solely on the warped template geometry, may produce greater morphological

inaccuracies. This underlined the importance of identifying and correctly aligning
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anatomical features such as the ilio-ischial, ilio-pubic and ischio-pubic articulation

sites, to maintain physiological re-articulations.

The integrity of the warped template was governed by the accuracy of manually
defining landmarks on the adult pelvis, and the estimated landmark configuration
created from the morphometric dataset. Therefore, meticulous attention was paid to
manually position the landmarks in accordance to the morphometric configuration of
Figure 4.2. Accuracy could have been increased further through the application of
additional landmarks, athough their feasibility was limited by the fact that the bony
features of adult pelves are not always identifiable on juvenile geometries.
Determination of accurate landmark positioning was evauated through the form of
the warped template produced via the morphometrics. Generation of a warped
template which displayed significant distortion of the generalised pelvic morphol ogy,
suggested refinement of the defined landmark configuration. As re-articulation and
estimation of the connecting cartilaginous geometry was dependent on the shape of
the acetabulum and obturator foramen, these features of the warped template were
visually assessed. As illustrated in Figure 4.3(b), the morphologies of the warped

acetabulum and obturator foramen were observed to maintain a physiological shape.

The reconstruction of the hemi-pelvic bone aignment and cartilaginous geometry
was susceptible to operator variance. Unfortunately, as the reconstruction was a
laborious activity, comparing the results from a range of operators would have
proved to be prohibitively time-consuming. However, as the reconstruction process
relied not only on the warped template but also through anatomical features, the

operator variance was expected to be minimised.
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Comparisons between the originally articulated and reconstructed hemi-pelves were
made with respect to the manually defined anatomical landmarks. Determination of
the exact positioning of anatomical features is often subject to the quality of the CT
scan resolution and persona interpretation. Consequently, landmarks defined during

the inter-model validation process were selected based on their ease of identification.

The influence of the dight variation in the reconstructed morphology upon FE strains
was observed to be minimal. Constraining the SlJ in all DOF and applying hip joint
loading through the acetabulum, produced only small differences in compressive
strain distributions between the originally articulated and reconstructed hemi-pelves.
Figure 4.13 and Figure 4.14 displayed that the strain distribution variations mainly
occurred within the ischium and pubis, which were generally the lowest strained
regions of the hemi-pelvis. In comparison, the regions of high strain concentrated
within the ilium, did not display any noticeable inter-model variation. Strain
variations caused by the different loading regimes were not found to be consistent
between trabecular and cortical bone. The simplistic loading regime also produced
negligible inter-model strain distribution variation, despite drasticaly altering the
mechanical response of the hemi-pelvis. Consequently, as the magnitudes of the
strain distribution variances were generally minimal (although a maximum variation
of 5400ue was observed), the slight variation of the reconstructed morphology was

concluded to cause an insignificant affect upon FE modelling.

Strain distributions of the comparative model were also observed to be close to that
of the origina articulation, albeit not as accurate as the reconstructed hemi-pelvis.
Therefore, despite a significant variation in the hemi-pelvic morphology, the
mechanical response was comparable to that of the actual physiological form.

Although this could suggest that the morphology of the comparative model may not
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deviate too far from the original hemi-pelvis, the PCA analysis in Appendix Il did

confirm avariance in form.

The linear regression values shown in Table 4.2 and Table 4.3, confirmed that the
reconstructed hemi-pelvis contained a greater accuracy than the comparative model.
The mgjority of the trabecular nodal von Mises strains for the reconstructed model
showed a close correlation to that of the origina articulation, apart from the pubic
nodes under the partial physiological regimes. In general, the cortica nodal von
Mises strains displayed an increased correlation to those of the original articulation,
particularly within the comparative model. The dlight strain distribution variation
within the ischium and pubis observed in Figure 4.13 and Figure 4.14 was aso
highlighted in the linear regressions. However, athough the R? values in Table 4.2
suggested a large deviation of the nodal pubic strains, the relative inter-model
variance was low in magnitude. The low regression values could have been an
artefact of the nodal location being on curved surfaces, thus producing possible
anomalous results. In comparison, the majority of the more accurate iliac nodes were
situated on the relatively flat surface of theiliac fossa. This could imply the use of an
inadequate mesh quality, however the regression values for the cortical bone
displayed a significantly increased linearisation for all the hemi-pelvic bones.
Therefore, the low correlation of the reconstructed pubic and ischial nodal trabecular
strains were considered acceptable, but only with respect to the low strain

magnitudes they recorded.

Although the magnitudes of the dlight inter-model strain distributions were
concluded to be minimal, it was recognised that only a limited level of loading
complexity had been applied. Although transfer of the hip joint reaction force varied

in al three models due to the distorted acetabular geometries, it would have been
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more thorough to define complete physiological loading with muscle forces. For
example, the contraction of the obturator externus and internus may have altered
strain distributions around the obturator foramen. However, to maintain the integrity
of any validation study, identical loading regimes must be applied to al models.
Ensuring that muscular attachment areas were consistent between al hemi-pelves
would have proved problematic and susceptible to inconsistencies. Therefore, when
quantifying inter-model strain distribution variations it would have been impossible
to discard deviations in muscle mapping. To eliminate this scenario, only hip joint
loading was applied, which also enabled inter-model variation while the hemi-pelvis
was under the highest strain distribution, as inclusion of muscles is shown to stress
relieve the structure (Dalstra and Huiskes, 1995). This was considered to increase the

possibility of detecting the strain distribution variations.

Warping of differing adult specimens to the same landmark configuration produced
hemi-pelvic templates which did not vary significantly in terms of the acetabular and
obturator foramen morphologies (see Figure 4.17). Although the form of the ilium
may have varied more than that of the ischium and pubis, the accuracy of the superior
hemi-pelvis was not considered imperative to reconstruction process. As the
disarticulated ilium was positioned relative to the ischium and pubis once sited
within the template, the iliac form of the warped hemi-pelvis was not completely

followed during the reconstruction process (see Figure 4.5).

Evaluation of the warped morphologies could have been enhanced through definition
of additional landmarks across the whole hemi-pelvic structure. However, this would
have involved definition of anatomical features which are not easily identifiable, such
as locations along the iliac crest and fossa. Therefore, incorporation of a landmark

configuration with increased complexity would have made it difficult to maintain
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continuity within the analysed dataset. Due to the statistical insignificance between
the warped acetabular and obturator foramen geometries (see Figure 4.17), it was
predicted that reconstructions created from the differing warped templates would not
contain drastic morphometric discontinuities. Small deviations which may have
occurred are likely to be in the order of magnitude witnessed in Section 4.1, which as
further examination showed, does not influence FE results to any substantial extent.
Consequently, creating warped templates from landmark configurations based on
other specimens and multi-variant regression anayses, was concluded to be a valid

method.

4.6. APPLICATIONTO THE JUVENILE HEMI-PELVES

The morphometric reconstruction method was directly applied to create complete
hemi-pelvic structures from the disarticulated bones of the lyr and 8yr old
innominates. The principle methods of the reconstruction technique were also used to
reconstruct the missing cartilaginous material of the prenatal acetabulum and the

damaged anatomical features of the 19yr old pelvis.

4.6.1. Reconstruction of the prenatal hemi-pelvis

A warped hemi-pelvic template was created to aid in the estimation of the geometry
of the absent acetabular cartilaginous features. As the general hemi-pelvic
morphology of the specimen could be retrieved from the pCT scan data (see Figure
3.1(a)), awarped template was created using alandmark configuration taken from the
original volumetric model (see Figure 4.18(a)). A custom configuration was created
which was based on that of the morphometric dataset (see Figure 4.2), although

additional landmarks were identified around the acetabulum to fully morph the
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template to an appropriate shape. A total of 34 anatomical landmarks were manually
defined on both the prenatal and reconstructed 19yr left hemi-pelvis (see section
4.6.4), and used to create a warped template within AMIRA. As the 19yr old left
hemi-pelvis was warped to the landmark locations of the prenatal specimen, the

created template automatically overlaid the original model.

(©)

Figure 4.18. Procedure for reconstructing the cartilaginous prenatal acetabulum,
showing (a) the original volumetric model, (b) overlay of the war ped templateto
estimate the missing cartilage, and (c) the final reconstructed hemi-pelvis.
Asillustrated in Figure 4.18(b), the warped template displayed a similar morphology
to that of the prenatal hemi-pelvis, and highlighted the complete formation of the
cartilaginous acetabulum. Through merging the individual models within AMIRA,
the contours of the warped template in the regions which required reconstruction

were indentified. The warped template was cropped to the boundary of the
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acetabulum to focus solely on the cartilaginous features, and then merged to the
prenatal hemi-pelvis. As the geometry of the warped acetabulum was not fully
continuous with that of the original model (evident in Figure 4.18(b)), further manual
segmentation was required to reconstruct the absent cartilage. Additional cartilage
was also defined within the ilio-ischial, ilio-pubic and ischio-pubic articulations, and
the volumes smoothed to produce the final reconstructed prenatal hemi-pelvis shown

in Figure 4.18(c).

4.6.2. Reconstruction of the 1 year old hemi-pelvis

The morphometric reconstruction technique was subsequently applied to re-articulate
the lyr old hemi-pelvic bones, and estimate the geometry of the connecting
cartilaginous features. Due to the disarticulation of the original specimen, a warped
template was created based upon an estimated hemi-pelvic form with a comparative
PD. After measuring the PD to be 62mm, an estimated landmark configuration was
created through performing a multivariate regression of the morphometric dataset in
Morphologika. This configuration was then used to warp the reconstructed 19yr left

hemi-pelvis (see section 4.6.4) to the estimated juvenile form within AMIRA.

The disarticulated bones were sited within the template through initially aligning the
ischio-pubic structure, and then relatively positioning the ilium to theilio-ischia and
ilio-pubic articulation sites (see Figure 4.19(a)). As the warped template was based
on an estimated landmark configuration, its size was larger than those of the re-
articulated bones. Therefore, using the warped template in its current form to
estimate the geometry of the missing cartilaginous features was problematic.
Consequently, further warping was performed to ater the morphology of the

template.
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(d)

Figure 4.19. Morphometric reconstruction of the 1yr old specimen, showing the (a)

siting of disarticulated bones within the original hemi-pelvic template, (b) initial
alteration of thetemplate to fit the morphology of the re-articulated bones, (c)
further alteration to ensure continuity between there-articulated bones and war ped
template, and (d) thefinal reconstructed 1yr old hemi-pelvis.
Using the morphology of the re-articulated 1yr old hemi-pelvic bones, a custom
landmark configuration was created to re-warp the template. The re-warped template
shown in Figure 4.19(b) illustrates extent to which the volume was altered to fit the
morphology of the rearticulated bones. This was particularly evident in the regions of
disarticulation, as the external contours of the re-warped template now adjoined those
of the individual bones. Definition of additiona landmarks, particularly in the

acetabulum, improved the fit of the re-warped template to the morphology of the

disarticulated bones (see Figure 4.19(c)).
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Altering of the template morphology enabled direct use of the warped volume to
reconstruct cartilaginous features, and significantly reduced the amount of manual
segmentation required. Regions of the warped template which indicated the geometry
of cartilaginous features were identified through merging of the models shown in
Figure 4.19(c). Limited manual segmentation was required to ensure continuity
between the hemi-pelvic bones and the newly defined cartilage. A final reconstructed
1yr old model was created with articulating hemi-pelvic bones, connected through

cartilage at the acetabulum and obturator foramen (see Figure 4.19(d)).

4.6.3. Reconstruction of the 8 year old hemi-pelvis

An articulated hemi-pelvis of the 8yr old specimen was reconstructed using the same
morphologica techniques previously applied. An estimate landmark configuration
with a PD of 90mm was created within Morphologika from a multivariate regression
of the original morphometric dataset. The landmark configuration was then used to
warp the reconstructed 19yr left hemi-pelvis (see Section 4.6.4) to the estimated form
within AMIRA. The disarticulated bones were then sited within the template to gain

an estimation of their relative positioning, asillustrated in Figure 4.20(a).
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(©)

Figure 4.20. Morphometric reconstruction of the 8yr old specimen, showing the (a)
siting of the disarticulated bones within theinitial warped template, (b) scaled
increasein the warped template size to fit the general shape of the acetabulum, and
(c) thefinal reconstructed 8yr old hemi-pelvis.

Due to the use of an estimated hemi-pelvic form during the warping process, the
created template was smaller than the morphology of the re-articulated bones (see
Figure 4.20(a)). However, unlike reconstruction of the 1yr hemi-pelvis, the general
shape of the acetabulum was similar to that of the disarticulated bones, albeit dightly
reduced in size. Therefore, rather than re-warping the template, it was considered
advantageous to enlarge its size. Through increasing the voxe size within AMIRA,
the warped template was scaled while still maintaining its origina shape. As shown
in Figure 4.20(b), the morphology of the altered warped acetabulum produced a

closer match to that of the disarticulated structure.
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Merging of the volumetric models in Figure 4.20(b) was preceded by identifying the
contours of the warped template which indicated the geometry of the missing
cartilaginous features. Merging of these regions to the re-articulated bones, enabled
subsequent manual segmentation to create a smooth and continuous morphology
between the hemi-pelvic bones and the cartilage. The reconstructed geometry of the
cartilaginous features of the acetabulum and obturator foramen, created the find

model of the 8yr old hemi-pelvisillustrated in Figure 4.20(c).

4.6.4. Reconstruction of the 19 year old hemi-pelves

The principle methods of the morphometric reconstruction technique were aso
applied to reconstruct the missing anatomical features of the 19yr old hemi-pelves.
The morphometric technique holds the capability of warping one innominate into the
other, thus providing a template from which the omitted features can be
reconstructed. However, the accuracy of this is dependent on manually defining an
identical landmark configuration between each innominate. Due to the disruption to
the geometry of the ASIS and pubic symphysis (see Figure 3.7), landmarks could not
be defined within these regions. A configuration could have been used which omitted
the details of these regions, athough using landmarks which did not sufficiently
define the hemi-pelvis may have failed to produce accurate warped templates.
Conversely, additional features could have being defined, although they were not

easily identifiable between innominates.

Alternatively, the landmark configuration of an innominate can be rotated about its
centroid to produce a configuration of the same morphology, but for the opposite
anatomical side (i.e. turning the morphology of the left hemi-pelvis into the right).

The innominates can be warped to the rotated landmark configuration, producing a
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hemi-pelvis of the opposite anatomical side. The method is advantageous as the
original morphology is maintained during warping, thus providing a more accurate
template from which anatomical features can be reconstructed. Therefore, this

method was selected to reconstruct the 19yr old innominates.

A custom landmark configuration defined on each 19yr old hemi-pelvis was rotated
about it’s centroid within Morphologika. The rotated configurations were then used
to warp the left hemi-pelvis into a right hemi-pelvis, and vice versa. Subsequently,
warped models of the complete left pubic symphysis and right ASIS were created,
and used as templates from which to reconstruct the original innominates. Figure
4.21 shows the reconstruction of the left innominate by initially cropping the superior
pubic symphysis of the warped template, and positioning it into the void created by
the missing anatomy (see Figure 4.21(b)). The two were then merged and manual
segmented to reconstruct an appropriate morphology (see Figure 4.21(c)). The model
was then smoothed to ensure a continuous profile around the pubic symphysis, as
illustrated by Figure 4.21. The same process was applied to reconstructing the ASIS
of the right innominate, as demonstrated within Figure 4.22. The final reconstructed

volumetric models of the 19yr old specimens areillustrated in Figure 4.23.
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Figure 4.23. Reconstructed digitised volumetric models of theleft and right 19yr old

hemi-pelves.
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5. MUSCULOSKELETAL MODELLING

The joint reaction and muscle forces of the pelvic system during locomotive
activities were determined within the MS simulation software AnyBody. Two
models were analysed which estimated the MS forces occurring within an in utero
mechanical environment, and during bipedal locomotion. A custom built prenatal
MS model aimed to replicate the interaction between the fetal leg and the womb
wall. A pre-defined generic adult MS model was used to determine the loading
throughout the gait cycle. These predicted forces produced an indication of the MS
activity associated with a mature bipedal gait. A validation study was aso performed
which analysed the accuracy of creating subject-specific MS simulations from
generic models. The validity was determined by comparing computed muscles forces

to those measured through experimental methods.

5.1. PRENATAL MUSCULOSKELETAL MODELLING

A MS model of the prenatal hip joint was constructed which aimed to compute the
mechanical loading associated with movements in utero. Determining the
characteristics of in utero movements is difficult and dependent on the age of the
fetus and it's positioning (e.g. breech position). Unfortunately, the history of the
specimen was unknown, although the age could be estimated from its morphology.
Through measurement of the iliac and ischial width and length, along with the pubic
width, a gestational age of ~34-38 weeks was estimated using data of Fazekas and
Kosa (1978). Consequently, the hemi-pelvic specimen was considered to be fairly
close to term, and at an advanced stage of fetal development. As illustrated within
Figure 5.1, the confinement within the womb combined with the fetal size at this
gestational age, causes the positioning of the lower l[imb with a highly flexed hip and

knee. Therefore, the main mechanica forces from in utero movements at this
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gestational age are mainly from interactions between the leg and the womb wall.
Consequently, the MS model of the prenatal hip joint aimed to replicate the twitching

and kicking of theleg at ahigh hip joint flexion.

Figure5.1. Fetal positioning at 38 weeks gestation characterised by a high hip and knee
flexion (reproduced from Moor e and Persaud, 2008).

To faithfully model the prenatal hip joint using the digitised hemi-pelvis constructed
in section 4.6.1, an accompanying femur was aso required. However, the
corresponding femur to the prenatal specimen selected from the Scheuer collection
was not available. In the absence of the actual fetal femoral form, a fully developed
adult femur (obtained from the Vakhum Project (van Sint Jan, 2001)) was scaled
down to an appropriate juvenile size, as determined by the morphometric data
reported by Fazekas and Kosa (1978). Although this is likely to have a differing

morphology to that of an actual prenatal femur, it provided an estimate of the femoral

geometry.
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5.1.1. Pelvic hip joint centre positioning

An important aspect of MS modelling is the positioning of the hip joint centre (HJC),
as inaccurate estimation of its location can influence kinematic movement (Stagni et
al., 2000) and the lengths and lever arms of muscles spanning the joint (Harrington et
a., 2007). Due to their disarticulation, the HJC's of the prenata pelvis and femur
were determined separately. The point of articulation linking each bone was

determined as the centre of the acetabulum and femoral head (Wu et al., 2002).

Techniques of estimating the HJC have developed from traditional predictive
approaches to more functional methods, all which vary in terms of complexity.
Functional methods are generally considered to provide greater accuracy in
estimating the HJC, often comprising of fitting a sphere to a cluster of points plotted
around the acetabulum or femoral head (Hicks and Richards, 2005). This technique
is commonly applied when radiographic or CT data of the articulated hip joint is
available. Algorithms have aso been computed from kinematic data (Camomilla et
al., 2006; Siston and Delp, 2006) to determine the HJC from the positioning of
motion capture markers during gait. However, as these methods require detailed
information of the hip joint in a state of articulation or during gait, their application

to the cadaveric prenatal specimen was not possible.

Traditional predictive approaches were considered more applicable, as they use
regression equations based upon anatomical landmarks of the pelvis (Andriacchi et
al., 1980; Bell et al., 1989, 1990; Davis et al., 1991; Seidel et al., 1995; Leardini et
al., 1999; Harrington et al., 2007). Through positioning the pelvis within a pelvic
reference frame (Cappozzo et a., 1996), the anatomical landmarks illustrated in
Figure 5.2 are identified and used to calculate the PD, pelvic width (PW) and pelvic

height (PH). The distance of the HJC in each anatomical plane from a selected
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reference point is then estimated as a percentage of one (or more) of the anatomical
measures (see Table 5.1). However, the accuracy of such predictive techniques are

hindered by the sample size and age of the subjects analysed.

P1—Right ASIS
P2 —Left ASIS
P3 — Midpoint between Pland P2

P4 — Pubic symphysis

P5 — Right PSIS

P6 — Right greater trochanter

PA — Midpoint between P1 and P4
PW —

PD —
=

Figure5.2. Pelvic landmar ks and measures used for predictive HJC location techniques
(adapted from Kirkwood et al. (1999)).

An early approach by Andriacchi et al. (1980) suggested that the HIC was located
1.5-2cm distal to the midpoint of a line interesting the ASIS and pubic symphysisin
the frontal plane (see Figure 5.2). Bell et al. (1989, 1990) estimated the HJC as a
percentage of the PW, which was found to be accurate to within 2.6cm of the true
location. This technique was adapted by Davis et a. (1991) and located the joint
centre using a combination of the PW and leg length. Seidel et al. (1995) performed
direct measurements on cadaveric specimens and found the HJC in the fronta,
median and horizontal planes as a function of the PW, PH and PD respectively. This
method was found to produce lower errors, although its application is limited by the

necessity to pal pate the pubic symphysis.
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Study Magnitude Direction L ocated from
Andriacchi et d 1.5-2cm Dista Midpoint of line
(1980) intersecting the ASIS

and pubic symphysis
Bell et al. (1989) 22% PW Posterior ASIS
30% PW Inferior
14% PW Medial
Bell et al. (1990) 19% PW Posterior ASIS
30% PW Inferior
36% PW Medial
Davieset al. (1991) 0.95D+0.031LL-4mm Posterior Midpoint between the
0.31D-0.096LL+13mm Inferior left and right ASIS's
0.5PW-0.055LL+7mm Lateral
Siedd et a. (1995) 79% PH Posterior ASIS
34% PD Inferior
14% PW Medial
Leardini et al. 31% PD Posterior Midpoint between the
(1999) 9.6% LL Inferior left and right ASIS's
38% PW Lateral
Harrington et a. 24% PD-9.9mm Posterior Midpoint between the
(2007) 30% PW-10.9mm Inferior left and right ASIS's
33%PW+7.3mm Lateral
OrthoTrak (Motion 22% PW Posterior Midpoint between the
Analysis Crop., CA., 34% PW Inferior left and right ASIS's
United States) 32% PW Lateral

Table5.1. Techniques of estimating the HJC (LL = distance between ASIS and

homolateral medial malleolus; D = anterio-posterior component of the distance

between a point approximating the hip centre and the homolateral ASIS).

-113-



Leardini et a. (1999) evaluated the accuracy of the predictive methods of Bell et al.
(1990) and Davis et a. (1991), through comparing estimated HJC's to those found
via Roentgen Stereophotogrammetric Analysis. The predictive methods were found
to have a lower accuracy compared to the applied functional method, although the
authors did suggest improved regression equations. A similar study by Harrington et
al. (2007) compared the same predictive methods and software recommendations for
OrthoTrak (Motion Analysis Crop., CA, United States), to a functional method of
calculating the HJC via sphere fitting from MRI images. The authors aso suggested
new regression equations from which to estimate the HJC, using the PD in the frontal

and the PW in the horizontal and median planes.

Various predictive techniques were used to estimate the HJC of the prenatal
specimen (Andriacchi et al., 1980; Bell et a., 1989, 1990; Seidel et a., 1995;
Harrington et al., 2007) (see Figure 5.3 and Figure 5.4). Techniques which utilise
parameters of the lower extremity (Davis et al., 1991; Leardini et al., 1999) were not
used due to the uncertainty in the accuracy of prenatal femoral morphology. The
digitised prenatal model was rotated into the pelvic reference fame reported by

Cappozzo et al. (1995), defined through the following:-

Origin: Midpoint between the left and right ASIS's;
Z: Parallel line passing through the ASIS' s (positive laterally);
X: A parald line connecting the midpoint of the two ASIS's and

the midpoint of the two PSIS (positive anteriorly);
Y: Perpendicular to both the x and z-axis (positive superiorly).
The anatomical landmarks illustrated in Figure 5.2 were identified, with the location
of the left ASIS taken from the volumetric model of the fully articulated prenatal
pelvis (see Figure 3.3(a)). The pelvic distances were calculation through vector

mechanics, as suggested by Kirkwood et al. (1999).
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Figure5.3. The estimated HJC locations of the prenatal pelvis using methods of (1) Bell
et al. (1989), (2) Bell et al. (1990), (3) Seidel et al. (1995), (4) OrthoTrak and (5)
Harrington et al. (2007).
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Figure5.4. Estimated coor dinates of the prenatal HIC produced by the predictive
methods.
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Through applying the predictive methods which were solely based on pelvic
measurements, six estimated HJC coordinates were calculated from the defined
origin. All methods produced estimated |ocations which were within the acetabul ar
labrum (see Figure 5.3), apart from that suggested by Andriacchi et a. (1980). As
this method was devised to estimate the HJC in the fronta plane, only the z
coordinate fell within the range suggested by the other methods (see Figure 5.4).
Consequently, the estimated joint positioning produced through this method was

eliminated from further analysis.

Through visua inspection of Figure 5.3, the HJC's calculated via the methods of
Seidel et a. (1995) and Harrington et al. (2007) were deemed to predict
overestimations in the posterior and anterior positioning, respectively. Figure 5.3 also
highlighted the excessively inferior estimation of the centre produced by the method
of OthroTrak. The predicted coordinates estimated by Bell et a.(1989, 1990) and
Seidel et al. (1995) were also deemed to be unrealistic within the z-axis (see Figure
5.4). This can be observed within Figure 5.3 where the more lateral estimation of the
HJC placement exceeds the limit of the acetabular labrum. The remaining
coordinates were assumed to provide a reasonable estimation of the region in which
the HIC could have been located. As there was limited confidence in a singular
method to estimate the HJC, the remaining coordinates were averaged to produce a
single vector position. Therefore, an estimated location was calculated through
combining a number of predictive techniques, and visua inspection of where the

HJC should be positioned.
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5.1.2. Femoral hip joint centre positioning

The centre of the femoral head was determined through the assumption that its shape
was comparative to that of a sphere. A boundary box was initialy created which
roughly encompassed the femora head, through adjusting its widths in the 2D
anatomical planes until they were at the limit of the bone surface. As illustrated in
Figure 5.5, this can be easily determined for the frontal and horizontal planes,
although it is more problematic in the median plane due to the fusion between the
femoral head and neck. Therefore, the limit of the boundary box in the lateral
direction was estimated based upon visual inspection of the femoral head. The mid
dlice in each orthogonal direction was determined (as shown in Figure 5.5), and the
point at which the three anatomical planes intersected was estimated as the joint

centre.

Figure5.5. Estimation of the femoral HJC via defining a boundary box around the

femoral head and deter mining the point of inter section of the three anatomical planes.

5.1.3. Articulation of the prenatal hip joint

An articulated hip joint was initially achieved through rotating the prenatal pelvis

and femur into their relative reference frames, as detailed by Wu et a. (2002). The
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pelvic reference frame was similar to that previously described, although the origin
was positioned at the HIC as opposed to the midpoint of the ASIS's. The femoral
reference frame was defined through the following:-
Origin: Centre of rotation;
Y: Line connecting the midpoint between the medial and lateral
femoral epicondyles and the origin (positive superiorly);
Z: Perpendicular lineto the y-axis, lying in a plane defined by the
origin and the femoral epicondyles (positive laterally);
X: Perpendicular to the y and z-axis (positive anteriorly).
Through aligning the origins of both reference frames, the prenatal hemi-pelvis and

femur were subsequently articulated about an estimated HJC (see Figure 5.6).

Figure5.6. Articulation of the prenatal hip joint (the spheres represent the landmarks
of the origin and insertion points of the muscles spanning the joint).

5.1.4. Prenatal muscle modelling

Modelling of the prenatal hip joint within AnyBody Version 3.1 required the

construction of a program which defined the MS features, along with the in utero
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loading and kinematical movements. The customised program was written in an
AnyScript language (Damsgaard et a., 2006), which initialy imported the
volumetric models of the prenatal hemi-pelvis and femur as .stl (Stereolithography)
files. These were automatically transformed into an .ANY SURF file format within
AnyBody. The hemi-pelvis and femur were defined as separate segments and

connected through a spherical joint at the estimated HJC.

The pelvic and femoral masses were calculated through anthropometric data of
Winter (1990), in which the weights of individual skeletal segments are expressed as
an percentage of overall BW. A fetal weight of 2.5 kilograms (Kg) was estimated
from the data of Salomon et a. (2007), through selecting the mean weight recorded
at 36 weeks gestation. The individual skeletal segment weights were subsequently
calculated from this, providing estimated weights of the pelvis and femur at 0.36Kg
and 0.25K g respectively. The upper body weight which transfers through the pelvis
was determined to be 1.34Kg, while the leg distal to the knee was calculated at
0.15K g. Figure 5.7 shows the definition of the two masses as negative vertical forces
acting through the HJC, and the midpoint between the medial and lateral femoral
epicondyles. The moment of inertia for the femur was cal culated through pre-defined
formulas within AnyBody, and was based upon the femoral mass and length (for
further information see Appendix V). Unfortunately, AnyBody does not contain any
formulae for determining the pelvic moment of inertia, favouring the use of constant
values. However, as the pelvis was modelled as a constrained segment (for the
purpose of kinematical determinacy), the inertia was set to zero as no velocities or

accelerations were expected.
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Figure5.7. Modelling the weight of the upper body and the lower leg acting through
the HJC and the midpoint between medial and lateral femoral epicondylesrespectively.

The muscular architecture of the prenatal hip joint was initially constructed via
mapping origin and insertion sites through landmarks within AMIRA (see Figure
5.6). The locations of the muscle attachments on the pelvis and femur were identified
through combining the anatomical texts of Scheuer and Black (2000), Moore and
Agur (2002) and Sobotta (2006). As the prenatal MS model only contained the hemi-
pelvis and femur (see Figure 5.7), modelling muscles which span the hip joint and
attach to the tibia (such as the gracilis and sartorious), proved problematic as the
distal insertion point could not be determined. However, as such muscles wrap
around the femoral epicondyles, the first point of contact with the femur was taken as
the insertion point. Although this is not anatomically correct, it does estimate the
muscle line of action originating from the pelvis. Muscles whose individual fibres
travel in auniform direction, for example the pectineus and tensor fascia latae (TFL),
were deemed appropriate to model through singular lines of action (see Table 5.2).
Broader groups of muscles, such as the iliacus and glutei, were split into three lines
of action, to provide a more accurate representation of the “fanning” nature of the

muscular geometry (see Figure 5.8).
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Muscle

Lines of Action

PCSA (cm?)

Adductor Brevis
Adductor Longus
Adductor Magnus
Biceps Femoris
Gemellus Inferior
Gemellus Superior
Gluteus Maximus
Gluteus Medius
Gluteus Minimus
Gracilis

[liacus

Obturator Externus
Obturator Internus
Pectineus
Piriformis
Quadratus Femoris
Rectus Femoris
Sartorius
Semimembranosus
Semitendinosus

TFL

35

151~

24.3

27.2*

41*

41*

49.7

49.35

85

4.9*

9

24.6

254~

6.8*

81*

14.6*

28.9*

59*

171~

14.7*

8.8*

Table5.2. The number of lines of action representing the prenatal muscular
ar chitecture and the defined PCSA’s based on the data of Klein Horsman et al. (2007)

(thevalues marked with an * indicate PCSA’staken directly from theliterature, while

theremaining values ar e aver ages of the individual fibre PCSA’sreported within a

single muscle).
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Figure5.8. Modelling of the gluteal muscles, showing the single line representation of
the maximus (blue), and the “fanning” of the medius (red) and minimus (green).

As the prenatal MS model aimed to replicate the hip rotation occurring in utero,
muscle wrapping was employed to ensure that muscles did not intersect each other or
bony features. Cylinders were defined on the exterior of the hemi-pelvis and femur,
and the muscles were positioned to follow the path of the cylindrical surface to
replicate muscles wrapping around bony features (see Figure 5.9(a)). Cylinders were
additionally defined within the muscular architecture of the hip joint, so that muscles
maintained a physiological path at high flexion angles and to ensure that they did not
intersect each other (see Figure 5.9(b)). Asillustrated in Figure 5.10, the completed
prenatal muscular architecture contained 21 muscles which were modelled through

32 individua lines of action, and wrapped around atotal of 104 cylinders.
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@ (b)

Figure 5.9. Muscle wrapping of the (a) iliacus and (b) gluteus maximus around defined
cylinders.

@ (b)

Figure5.10. The muscular ar chitecture of the prenatal MS model at (a) 0° and (b) 120°

hip joint flexion.
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Each muscle was assigned a MIF capability to enable computation of inverse
dynamics. Information detailing the MIF of all the hip joint muscles is limited,
particularly pertaining to the prenatal anatomy. Therefore, they were determined by
the proportional relationship between the PCSA and muscle stress, as performed by
Heller et a. (2001). Anatomical studies examining the lower extremity muscle
architecture have published details of muscle attachment sites (Dostal and Andrews,
1981; Brand et al., 1982; Duda et al., 1996) and muscle parameters (Pierrynowski,
1995; Klein Horsman et al., 2007; Ward et a., 2009). The muscle characteristics
vary between studies due to the analyses being performed on separate single
cadaveric specimens, although Ward et a. (2009) did report average values from a
data set of 21 cadaveric lower extremities. However, such studies often failed to
analyse the complete MS system of the lower extremity, or generalised muscles into
single lines of action and only report singular muscle parameters values. Only Klein
Horsman et a. (2007) dissected cadaveric muscles into several fibres, thus detailing
larger muscles through numerous lines of action (e.g. anterior, mid and posterior).
Therefore, due to the greater detail in characterising the muscular anatomy, the
PCSA measurements of Klein Horsman et a. (2007) were selected and used to
define the MIF's. The modelled PCSA’s are shown in Table 5.2, with the majority of
the values extracted directly from the literature. As Klein Horsman et a. (2007)
dissected larger muscles into several lines of action, a PCSA vaue was reported for
each individual fibre. In the instances where the PCSA of individual fibres did not
vary extensively, an averaged value was calculated. However, the fibres of the
gluteus maximus and obturator externus displayed alarger PCSA variation, therefore
the values of the superior fibres were averaged. As the PCSA values were measured
from an adult cadaver, they were not fully representative of the prenatal anatomy.

Although, they did provide a means of representing the relative size of the musclesin
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relation to each other. The muscle stress was taken as 1IMPa, as performed by Heller

at el. (2001).

To replicate the prenatal hip within an in utero environment, the joint positioning
was initial rotated to a 120° flexion angle, as shown in Figure 5.10(b). To simulate
twitching of the leg within the womb, two hip joint movements were modelled; one
performing a further 2° flexion; and another producing an opposing 2° extension.
Both movements were achieved through a rotational driver applied to the hip joint in
the median plane. To represent interaction between the leg and the womb wall in
utero, acylindrical block was defined in close proximity to the femoral epicondyles.
The femur and the block were separated by a spring, which provided a resistance to
the hip flexion/extension movement. To maintain the kinematic determinacy of the
model, a rigid constraint was applied at the SIJ. Joint and muscle kinetics were
computed through an inverse dynamics anaysis, using a pre-defined Min/Max
optimisation solver (Rasmussen et al., 2001), which used linear programming to

minimise the sum of the muscle activations (Wu et a., 2009b).

5.1.5. Inverse dynamic simulations

The forces generated within the prenatal muscles when undergoing contraction was
initially observed through driving the hip joint to a 120° flexion angle, and then back
again to a neutral position (taken as 0°). This aimed to identity which muscles
contributed to the performance of either hip flexion or extension, or if they were
involved in both. As observed in Figure 5.11 and Figure 5.12, six muscles were
observed to contract solely during the flexion (gemellus, gluteus minimus, obturator
internus, rectus femoris and TFL). In comparison, six muscles were found to only

contribute to the hip extension movement (adductor magnus, bicep femoris, gluteus
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maximus, gluteus medius, semitendinosus and semimembranosus). The remaining
muscles contributed to both movements, as the modelled muscle paths caused them
to undergo contraction and co-contraction during a single 120° rotation. As shown in
Figure 5.11, the larger muscles of the rectus femoris and obturator internus (see
Table 5.2) were the only muscles to generate a force exceeding 2.1N. Forces were
generally lower during the extension movement, athough the larger muscles once
again produced the greatest forces, with the gluteus maximus and medius exceeding
IN (see Figure 5.12). Within the muscles which were modelled through more than
one line of action (see Table 5.2), only the obturator externus produced differing

forces between itsindividual fibres.
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Figure5.11. Muscle for ces calculated by the prenatal M S model when the hip joint was rotated to a 120° flexion angle.
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The original calculation of the MIF for each muscle was based on that reported by
Heller et al. (2001), therefore the defined maximal muscle strengths were the same as
those used in adult MS modelling. As such values are unredisticaly high for
representing the prenatal MS system, the muscle strengths were lowered. This was
achieved throughout continuously lowering the MIF's by a factor of 10, until there
was insufficient strength within the hip joint muscular anatomy to perform the same
joint movements previously described. This also aimed to investigate if differing
muscle force combinations were calculated when reducing the maxima force

generating capabilities.

As shown in Table 5.3, restricting the MIF s to 1% of their original values did not
influence the maximal forces predicted during the modelled joint rotation.
Consequently, even with a significantly reduced strength, the predicted behaviour of
the MS system did not change and produced identical muscle force contributions.
However, reducing the MIF s to 0.1% of their original values did cause an alteration
to the muscle force combinations. This was highlighted within the gluteus minimus
and iliacus, where their strength was reduced to a level which caused them to be
passive. To compensate for the deactivation of some muscles, there was an increased
contribution from others, as shown in the adductor longus and gluteus medius. The
force increase within these muscles was fairly modest, causing the ratio between the
maximum recorded force and the restricted MIF to remain low. However, the
obturator externus, obturator internus and rectus femoris displayed more drastic
increases, and produced maximal muscle forces which exceeded their force
generating capabilities (see Table 5.3). Consequently, this was deemed as the point at
which the hip muscular anatomy had insufficient strength to perform passive
movements. As a result, modelling the MIF's at 1% of their original values was

selected as an appropriate reduction from which to perform further analyses.
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Although the mgjority of the ratios between the maximum force and the restricted
MIF's were small (all below 9%) when modelling this muscle strength (see Table
5.3), these values only corresponded to a passive range of movement. Therefore, the

MS model was considered to contain sufficient additional strength from which to

overcome resisted motion.
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100% 10% 1% 0.1%

MIF | Force | % Force | %of | Force| % | Force| %

(N | (N | MIE | (N) | MIF| (N) | MIF| (N) | MIF
Adductor Brevis 350 | 0.22 | 0063 | 022 | 063 | 0.22 | 6.3 0 0
Adductor Longus | 1510 | 0.78 | 0.052 | 0.78 052 | 0.78 | 52 | 1.24 | 821
Adductor Magnus | 2430 | 0.6 | 0.025 0.6 025 | 06 | 25 | 062 | 255
Biceps Femoris 2720 | 0.67 | 0.025 | 0.67 025 | 067 | 25 | 0.69 | 254
Gemellus 410 | 0.35 | 0085 | 035 | 085 | 0.35 | 85 0 0
Gluteus Maximus | 4970 | 1.23 | 0.02 1.23 025 | 123 | 25 | 1.26 | 254
Gluteus Medius 4935| 1.22 | 0.025 | 122 | 025 | 1.22 | 25 | 1.27 | 257
Gluteus Minimus 850 | 0.73 | 0.086 | 0.73 086 | 0.73 | 86 0 0
Gracilis 490 | 013 | 0026 | 013 | 026 | 0.13 | 26 0 0
lliacus 900 0.8 | 0.089 0.8 0.89 | 0.8 8.9 0 0
Ob ExternusAnt | 2460 | 2.05 | 0.083 | 205 | 083 | 205 | 83 | 3.22 | 130.1
Ob Externus Pos 2460 | 156 | 0.063 | 156 063 | 156 | 6.3 | 448 | 1821
Obturator Internus | 2540 | 2.17 | 0085 | 217 | 085 | 217 | 85 | 34 | 1339
Pectineus 680 | 054 | 0.079 | 0.4 079 | 054 | 79 0 0
Piriformis 810 | 021 | 0026 | 021 | 026 | 0.21 | 26 0 0
Quad Femoris 1460 | 0.2 | 0.014 0.2 014 | 02 14 | 037 | 253
Rectus Femoris 2890 | 247 | 0.085 | 247 | 085 | 247 | 85 | 3.86 | 1336
Sartorius 590 0.5 | 0.085 05 085 | 05 8.5 0 0
Semimembranosus | 1710 | 042 | 0025 | 042 | 025 | 042 | 25 | 044 | 257
Semitendinosus 1470 | 0.36 | 0.024 | 0.36 024 | 0.36 | 24 | 0.38 | 258
TFL 880 | 0.75 | 008 | 075 | 085 | 0.75 | 85 0 0

Table 5.3. The maximum muscle for ces generated by the prenatal M S model when

flexing the hip joint to 120° and then back to 0°. Maximum for ces ar e displayed which

wer e gener ated through reducing the MIF’ sto 10, 1 and 0.1% of their original values.
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The prenatal MS modelling was initially performed basing the MIF on a muscle
stress of 1IMPa. However, muscle definition within AnyBody uses a muscle stress of
0.27MPa, which is based on the dataset of Klein Horsman et a. (2007). To examine
if modelling with this muscle stress caused differing observations to those of Table
5.3, the previous procedure was repeated with re-defined MIF's. However, identical
maximal muscle forces to those in Table 5.3 were calculated when reducing the
MIF's 1% of their original values (see Appendix V). When modelling the MIF's at
0.1% of their original values, a differing muscle combination was produced, athough
once again some forces exceeded their maximal strength. Therefore, the results in
Appendix V confirmed that modelling muscle MIF's at 1% of their original values
was appropriate. As the forces calculated through the differing methods were
identical at this strength (see Table 5.3 and Appendix V), the muscle definition

adopted by Heller et al. (2001) was chosen for further modelling.

To simulate resistance to the hip joint motion caused by interaction of the fetal leg
with the womb wall, two methods of modelling can be applied. A resistive force
applied directly to the hip joint causes an additional resistance to the rotation.
However, a moment of inertia was aready applied to the joint which aimed to resist
joint motion. Although, the defined inertia properties (see Appendix V) did not
affect the calculated muscle forces, therefore it was turned off during further
modelling. An alternative method of simulating interactions with the womb wall was
through applying a stiffness to the spring created between the distal femur and the
closely situated cylindrical block. To replicate the hip joint position illustrated in
Figure 5.1, the hip joint was rotated to a starting position of 120° (as illustrated in
Figure 5.10) and two independent movements simulated; a further flexion of 2°; and
a 2° extension. As a spring stiffness that is representative of the resistance produced

by the womb wall during fetal kicking is difficult to determine, the stiffness was
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increased by IN/mm increments until the hip musculature had insufficient strength to

overcome the resistance.

As shown in Table 5.4, the mgjority of the hip joint muscles were under contraction
during the extension movement. Once again the rectus femoris and obturator internus
were the most significant contributors to the joint flexion, while the gluteus maximus
and medius generated the greatest forces during extension. Table 5.4 also highlights
that the muscle forces increased relative to each other when incrementing the spring
stiffness. During the joint flexion and extension with the various spring stiffness’, the
increase in the ratio between the maximum force and the MIF was roughly the same
for each muscle. Therefore, when a spring stiffness of 5N/mm was modelled, the
muscles activated during the joint flexion all produced maximum forces at ~87% of
their MIF. In comparison, maximum muscle forces during joint extension were
~29% of their MIF, apart from the iliacus (13% for the anterior and mid fibres and
6% for the posterior fibre). Consequently, at this spring stiffness the muscles
contracting during joint flexion exceeded 85% of their MIF s. Following the protocol
adopted by Heller et a. (2005), which aim to prevent muscles exceeding this level of
their maximal strength, only the forces associated with the 4N resistive force was

used within FE analyses.
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Spring Stiffness (N/mm)

0 1 2 3 4 5

Flexion

Gemellus 0.3 1.0 1.6 2.3 29 3.6
Gluteus Minimus 0.7 21 34 4.7 6.1 74
Ob Internus 21 6.1 10.1 14.1 18.1 22.1
Rectus Femoris 24 7.0 115 16.1 20.6 25.2
Sartorius 0.5 14 2.4 3.3 4.2 51
TFL 0.7 21 35 49 6.3 7.7
Extension

Adductor Brevis 0.1 0.3 05 0.7 0.9 1.0
Adductor Longus 04 12 20 2.8 3.7 45
Adductor Magnus 0.6 19 3.2 4.6 5.9 7.2
Biceps Femoris 0.7 21 3.6 51 6.6 8.1
Gluteus Maximus 1.2 3.9 6.6 9.4 12.1 14.8
Gluteus Medius 12 3.9 6.6 9.3 12.0 14.7
Gracilis 0.1 0.4 0.7 0.9 12 15
lliacus A & Mid 0.2 04 0.6 0.8 10 12
lliacus P 0.2 0.3 0.4 0.5 0.5 0.6
Ob Externus 0.6 19 3.3 4.6 6.0 7.3
Pectineus 0.2 0.5 0.9 13 1.7 2.0
Piriformis 0.2 0.6 11 15 20 24
Quad Femoris 0.4 12 2.0 2.8 3.6 4.4
Semimembranosus 04 13 23 3.2 4.2 51
Semitendinosus 0.4 12 2.0 2.8 3.6 4.4

Table 5.4. The maximum musclesforces of the prenatal MS model calculated when

performing a 2° flexion and 2° extension movement of the 120° flexed hip joint, and

applying a varying spring stiffness.
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5.2. ADULT MUSCULOSKELETAL MODELLING

The hip joint loading associated with a mature adult gait was determined through
analysis of an existing MS model within the repository of the AnyBody modelling
system. The repository enables free accessibility to a range of models which vary in
terms of complexity and performed activity. The Lower Extremity Model from the
AnyBody Managed Repository Version 1.2 (AMMRV1.2) was selected for further
analysis, which contains three separate motion capture trials of the same subject
(weighing 62kg with aheight of 1.73m) performing level walking across three AMTI
force platforms (AMTI, MA, United States). Each trial was recorded in a .C3D
(Coordinate 3D) file format, which contained the ground reaction forces and the
motion analysis of a Helen Hayes marker setup. Although predominately a lower
extremity model, the motion capture also recorded three additional markers on the

upper body, in order to capture the angle between the trunk and the pelvis.

The Lower Extremity Model is based on a generic MS model which contains 55
muscles per leg, modelled through 159 individual lines of action (see Figure 5.13),
with 11 muscles wrapping around bony features of other muscular anatomy (such as
the gastrocnemius and iliacus). The origin and insertion sites of the lower extremity
muscles are based on the data of Klein Horsman et a. (2007), and modelled through
a Hill-Type 3 element muscle model. The muscle parameters reported by Klein
Horsman et a. (2007) were also used to define the muscle strengths (see Appendix
V). The hip joint was defined as a spherical joint, permitting flexion/extension,
adduction/abduction and medial/lateral rotation, while the knee was defined through
a revolute joint to enable flexion/extension. The ankle was modelled through both a

revolute and subtalar joint, to alow for plantar flexion and eversion, respectively.
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Figure5.13. Adult modeling within AnyBody, showing (a) the Lower Extremity Model

of the AMMRV1.2 and (b) a subject-specfic model created in this study.

The “GaitNormal 0003 — processed” trial was selected for analysis, and a motion and
parameter optimisation performed on the generic MS mode within AnyBody
Version 4.1. This scaled the generic model to appropriate segment lengths based on
the anthropometrics of the marker positioning in the motion capture data (see Figure
5.13(a)). The marker positioning subsequently drove the lower extremity joints
through the appropriate angles, to replicate the kinematics of the recorded motion. A
subsequent inverse dynamic analysis computed the associate joint and muscular

loading in accordance with the recorded kinematics and ground force reactions.

A heel-to-hedl strike gait cycle of the left leg was extracted from the resulting
kinetics and used to estimate the joint and muscular loading associated with a
normalised gait pattern. The predicted muscle forces are presented within the groups
of the anterior, posterior and media thigh muscles (see Figure 5.14 - Figure 5.16),

and those of the gluteal region (see Figure 5.17), as suggested by Ward et al. (2009).
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The computed hip joint reactions are illustrated in Figure 5.18, where the resultant
displays the typical two peaks during the stance phase, athough the second peak
exceeded the magnitude of the first. Although this is not typical of the hip joint

reaction shown in Figure 2.11, the excessive second peak has been reported within
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the individua trials of Bergmann et al. (2001). However, in such cases the peak
reaction of nearly 400% BW has not been previously reported during walking.
However, the magnitude of the initial peak and the reactions during the swing phase
are similar to those calculated for the NPA patient by Bergmann et a. (2001) (see

2.11).
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Figure5.18. Thehip joint reaction during the gait cycle predicted by the L ower
Extremity Model, showing the resultant reaction (black) and the orthogonal force
componentswhich wer e positive medially (red), anteriorly (green) and superiorly

(blue).

5.3. VALIDATION OF ALTERING GENERIC

MUSCULOSKELETAL MODELS

The validity of atering generic MS models to perform subject-specific analyses was
assessed through comparing predicted and experimentally measured muscle
activities. A subject-specific model of a 24yr old male was created using
experimentally recorded kinematical data, and the computed activity of the MS
system directly compared to EMG signalling. A close correlation between the two

would provide validity to the assumptions made within computational MS modelling.
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5.3.1. Experimental data collection

The height and weight of a 24yr old male subject was measured using a stadiometer
and SECA baance scales, respectively. Reflective markers were placed over
anatomical landmarks within the lower extremity to a Helen Hayes setup, while
additional markers were placed over the clavicle, sternum, and T10. Motion capture
data of the subject performing a series of gait trials was collected using 10 ProReflex
MCU 1000Hz cameras (Qualisys Medical, Gothenburg, Sweden), while kinetic data
was obtained from three 600 x 900mm AMTI force platforms (Advanced Medical
Technology, Inc, United States). The force platforms were configured in a manner
which enabled capture of three consecutive foot contacts. Kinematic and kinetic data
was collected using a sampling frequency of 100Hz and 1000Hz, respectively. EMG
data was also collected during the trials, recorded unilaterally from the bicep femoris,
rectus femoris, tibialis anterior and gastrocnemius medialis of the right leg, using an
8-channel portable, wirdess EMG system (ME6000, MEGA Electronics Ltd,
Finland). The origin and insertion of each muscle was identified in order to identify
the appropriate muscle belly, to which two circular silver-silver chloride electrodes
were placed (another electrode was placed over a bony landmark). Isometric
Maximal Voluntary Contractions (iMVCs) were performed for each of the musclein
order to obtain a maxima signal, which was used to normalise the EMG readings
recorded during the gait trials. All data was recorded using a 64-channel USB
Anaog Board, and synchronised via Qualisys Track Manager (Qualisys Medical,

Gothenburg, Sweden).
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5.3.2. Subject-specific musculoskeletal modelling

The experimental data was imported into Visual 3D (C-Motion, United States), a
biomechanical analysis and modelling software package. A 3D model of the skeleton
was constructed based on positioning of the motion capture markers during a static
trial. The motion trials were cut down to identify a complete gait cycle of the right
leg, and the kinematic data interpolated and filtered using alow-pass filter with a cut-
off frequency of 6Hz. The kinetic data was also filtered using alow-pass filter with a
cut-off frequency of 25Hz. The EMG data was rectified and filtered using a moving
root mean square with a moving window of 25 frames, and subsequently normalised

to the maximum signal obtained during theiMV C trials.

The processed kinematic and kinetic data from VIS 3D for each trial was then
imported to AnyBody Version 4.2 as a .C3D filee A motion and parameter
optimisation was performed on the generic model of the AMMRV1.2 (see Figure
2.13), to anthropometrically scale the skeletal segments to the motion capture marker
positions. The marker positioning throughout the gait cycle was then used in a
kinematica analysis, to drive the skeletal segments and replicate the recorded
motion. Additional definition of the subject height and weight enabled subsequent
inverse dynamical calculations to compute the kinetics of the subject-specific MS
system. A total of four MS models of the subject were created which replicated four

independent walking trials.

5.3.3. Comparisons between computed and experimental data

Comparisons between the kinematics of each gait trial did not display any significant
variation. Therefore, the %MV C of the EMG signalling and the computed forces of

the bicep femoris, rectus femoris, tibialis anterior and gastrocnemius medialis for the
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four gait trials were pooled and averaged. As shown in Figure 5.19 - Figure 5.22, a
low level of correlation was observed between the predicted muscle forces and the
experimentally measured activity. This was evidence within the biceps femoris,
where during a phase of predicted muscle inactivity, the experimental recordings
produced the highest %iMV C readings (see Figure 5.19). The opposite occurred in
the rectus femoris, where during a time period of low measured activity, relatively
high muscle forces were predicted (see Figure 5.20). Figure 5.21 displayed the
greatest comparison between the predicted muscle forces and measured activity,
where both produced a maximal high peak roughly occurring during the stance phase
of the gait cycle. However, the maxima muscle activity was measured to occur
before the computed maximum force, producing a time deviation between the two of
~20% of the gait cycle. The gastrocnemius medialis also produced similar profiles
during the gait cycle (see Figure 5.22), athough the EMG signalling was observed to

display a delayed response in relation to the computed muscle activity.

160 - - 14
140 - - 12
120 - L 10

~ 100 -

z -8 S

8 80 - =

o} -6

T o - S
40 - r 4
20 - -2

O T T T O
0 25 50 75

% Gait Cycle

Figure 5.19. Comparison between the calculated muscle for ce of the subject-specific
M S model (red) and the muscle activity measured through EM G (blue) for the biceps

femoris.
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Figure5.21. Comparison between the calculated muscle for ce of the subject-specific M S
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Figure5.22. Comparison between the calculated muscle for ce of the subject-specific M'S
model (red) and the muscle activity measured through EMG (blue) for the

gastrocnemius medialis.

Although the data displayed in Figure 5.19 - Figure 5.22 questioned the validity of
the subject-specific MS model, it was determined that the limited complexity of the
analysis was insufficient from which to base conclusions. The validity of the
computerised simulations primarily concerned the accuracy of the anthropometric
scaling from the generic model, and the representation of the MS system. An
incorrect estimation of segment lengths by the motion and parameter optimisation,
can cause a subsequent error in the modelled joint positioning. Therefore, the joint
angles produced when replicating the recorded motion, will not be representative of
the subjects kinematics. This aso results in muscular lines of action which do not
truly reflect those of the subject. The combined effect of modelling incorrect
kinematics and muscular excursions, would have resulted in inverse dynamics
calculations which predicted inaccurate joint kinetics and muscle forces. However,
the kinematical data of the subject-specific MS models during all trials were
observed to be similar to those computed in Visual 3D, implying the kinematical

movement was faithfully replicated.
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Analysis of the EMG signalling raised issues concerning the validity of the recorded
experimental data. As observed in Figure 5.19, the recorded muscle activity formed a
series of fluctuations during the production of the maximal peak, rather than
following a smooth profile. As this constant deviation of the muscle activity is not
consistent with the functioning an efficient MS system, the experimental readings
were presumed to be inaccurate. The possible inaccurate |ocation of the muscle belly
could have hampered the ability of the EMG to detect the muscle signalling, and

have may resulted in cross signalling from other muscles.

The analysis of the subject-specific MS models validity proved fairly inconclusive,
as the accuracy of the experimental data was comprised. Due to the complexity of
performing EMG experimentation, analysing validity through this sole measure was
not suitable. Further attempts to validate the subject-specific MS models through this
method would also have to ascertain experimentaly determined muscle forces
(rather than activity alone). This would not only assess the accuracy of the muscle
activity predicted by computer simulations, but also the magnitudes as well.
Analysing only one subject was also alimitation of this study, as a greater dataset is

required from which to base conclusions.
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6. FINITE ELEMENT MODELLING

The mechanical response of the juvenile hemi-pelves constructed in section 4.6,
when experiencing the MS loading detailed in Chapter 5, was computed through a
series of FE analyses. The predicted pelvic strain distributions were then used to
evaluate the role that mechanical strain plays within the formation of the juvenile

pelvic trabecular histomorphometry.

All FE anayses were performed within ANSY'S, and based on tetrahedra meshes
generated within AMIRA, which were created through converting the digitised hemi-
pelvic reconstructions into polygon surface models. In all cases, the tetrahedral
element parameters were adjusted to the software recommended aspect ratio and
tetrahedral quality, to ensure the highest mesh quality possible. Solid 10-noded
tetrahedral elements (SOLID 92) were modelled to represent trabecular bone and
triradiate cartilage (if present), while 4-noded shell elements (SHELL 63) clad
around the structural exterior replicated cortical bone. Shell elements did not cover
the pelvic exterior in regions where trabecular bone connected to triradiate cartilage.
This aimed to faithfully replicate the ossifying pelvic bone, which would not have
developed a cortical exterior in regions such as the acetabulum. The pelvic bone was
represented as a linear elastic material with properties taken from literature, using
moduli of 70MPa (v = 0.2) and 17GPa (v = 0.3) for trabecular and cortical bone,

respectively (Dalstraet a, 1995; Dalstra and Huiskes, 1995; Maumder et al, 2005).

The muscle forces predicted by the prenatal and adult MS models (see Chapter 5),
were defined as distributed loads over the surface nodes within muscular origin sites,
which were identified using the descriptions of Scheuer and Black (2000), Moore
and Agur (2002) and Sobotta (2006). For load regimes which were based on the

forces of the adult MS model, the muscular line of actions were calculated through
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vector mechanics between the point of origin and insertion (or nearest via point). As
the adult MS model contained numerous fibres for muscles with broad attachment
sites (see Figure 5.13), the line of action for the fibre representing the midpoint of the
muscle origin was selected. Large muscles were defined in the same arrangement as
the adult MS model, dividing the gluteus medius, gluteus minims and iliacus into
three separate areas, and the obturator internus and externus into anterior and
posterior segments. The FE modelling of the prenatal muscular architecture
replicated that of the prenatal MS model. The hip joint forces were a'so modelled as
distributed loads, and applied to the exterior nodes within the acetabulum. The BW
for the juvenile ages modelled was estimated from CDC growth charts (Ogden et al.,
2002). The constraints applied to each FE model are described for the individual
juvenile pelves, and were based on the results of a validation study into the differing

methods of constraining the pelvis.

The trabecular bone was analysed in terms of the von Mises and minimal principal
strains (i.e. compressive), to distinguish any correlations between predicted
distributions and the trabecular trgjectories described by Macchiarelli et a. (1999)
(see Figure 2.8). Strain magnitudes were also analysed to observe if they exceed the
remodelling thresholds suggested within literature (Martin, 2000; Ward et al., 2009).
The compressive strain of the pelvis was deemed an appropriate measure to analyse,
due to the limited movement of the SIJ (Gunn, 1984) and the predominantly
superiorly directed hip joint loading during gait (see Figure 2.11). Therefore, such
loading of the pelvis was expected to predominately place the pelvis under
compression. Cortical stresses were also analysed to identify possible similarities
between those reported within literature (Dalstra and Huiskes, 1995; Majumder et al.,
2005; Phillips et a., 2007). As the reported histomorphometry of the pelvic

trabecular bone is limited to the ilium (Macchiarelli et al., 1999; Rook et al., 1999;
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Cunningham and Black, 20093, 2009b; Volpato, 2008), this study only focused on
the iliac stresg/strain distributions, athough the overall pelvic mechanics was

documented.

6.1. VALIDATION OF THE METHODS OF CONSTRAINT

Numerous methods have been documented within literature of modelling the SIJ,
with the level of complexity predominately determined by the anatomical features
available. Studies which acquire CT scans of the pelvic girdle often model movement
of the pelvis relative to a constrained sacrum, with the two connected through
articular cartilage (Li et a., 2007; Majumder et al., 2007, Maumder et al., 2008z;
Leung et a., 2009; Maumder et a., 2009). In instances where an articulated sacrum
is not available, the SIJ has been modelled as a solely rotationa joint through
constraining the trandation (Maumder et a., 2005). Alternatively, the pelvic
interaction with the sacrum has also been presumed to be fixed, therefore the SIJ has
been constrained in al DOF (Dalstra and Huiskes, 1995; Kaku et a., 2004; Cilingir
et a., 2007; Zant et a., 2008; Coultrup et a., 2010). This may be a reasonable
assumption when modelling the elderly, where the SIJ fuses to cause a decrease in
the range of movement. However, its application to the juvenile anatomy is
considered less valid as increased movement is expected due to the large amount of

cartilage present.

Previous FE analyses of the pelvis have a'so modelled the physiological interaction
between the two hemi-pelves via the pubic symphysis, which is often represented as
either arigid link (Phillips et al., 2007) or a hyperelastic material (Li et a., 2007;
Maumder et al., 2007; Kim et a., 2009; Leung et a., 2009). This enables force
dissipation from a loaded hemi-pelvis through the pubic symphysis and into the

contralateral side. However, in cases where only the hemi-pelvis is modelled, the
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pubic symphysis is considered as a rigid connection and constrained in all DOF
(Kaku et a., 2004; Cilingir et a., 2007; Zant et al., 2008; Coultrup et a., 2010).
Subsequently, rather than allowing force to be transferred onto the contralateral side,
stress concentrations have been observed to form along the superior pubic ramus
(Kaku et a., 2004). To evaluate the influence of the varying constraint methods upon
the mechanics of the pelvis, four models were created which replicated constraints of

both the pelvis and hemi-pelvis.

6.1.1. Construction of thevalidity models

The validation study was performed on the digitised 19yr old left hemi-pelvis created
within section 4.6.4. The digitised model was initially rotated within AMIRA to the
reference frame described by Wu et a. (2002). The hemi-pelvic rotation within the
horizontal plane was unknown due to its origina disarticulation from the sacrum,
therefore a corresponding angle between the ASIS and PSIS was taken from the
morphological dataset of Klein Horsman et al. (2007). Rotation of the left hemi-
pelvis to a corresponding angle provided a means of physiologically representing the
horizontal rotation. An FE model of the 19yr old pelvic girdle could not be created
directly from the original specimen, due to the disarticulation between the two hemi-
pelves (as shown in Figure 4.23). Therefore, the left hemi-pelvis was mirrored about
the sagittal plane within AMIRA, to generate a digitised volumetric model of a
contralateral hemi-pelvis. As illustrated in Figure 6.1, the two hemi-pelves were
relatively positioned with a 2mm gap at the pubic symphysis (Phillips et a., 2007),

and subsequently merged into one entity.
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Figure6.1. The mesh of the 19yr old pelviswithin AMIRA, showing the mirrored
contralateral pelviswith alower element density compared to the left hemi-pelvis.
As the sole function of the reflected hemi-pelvis was to provide support for the left
side, the number of surface faces used to replicate its geometric features was reduced
to limit its mesh density (see Figure 6.1). This was performed to confine the total
element number within the model and achieve an appropriate computation time for
analyses. The meshed 19yr old pelvis contained a total of 208,655 volumetric and
36,396 shell elements to present the trabecular and cortical bone. A uniform
thickness of 1.5mm was applied to the shell elements, as performed by Cilingir et al.
(2007) and Coultrup et a. (2010). A pubic disc was incorporated into the pelvic FE
model via creating a volume which connected the two symphyses within ANSY'S, as
shown in Figure 6.2(a). The volume was defined through four attachment sites which
aimed to match the location of the anterior and posterior limits of the superior and
inferior symphyses. The created volume was meshed with 60 20-noded brick
elements (SOLID 186), and defined with hyperelastic material properties based on
the Mooney-Rivlin parameters of Cip = 0.1MPa, Cy; = 0.45MPa and C;; = 0.6MPa

(Li et a., 2006; Kim et &, 2009).
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Figure 6.2. FE modelling of the 19yr old (a) pelviswith a hyper elastic pubic disc and
constrained SlJ, and (b) left hemi-pelviswith a constrained SIJ and pubic symphysis.
Unfortunately, the solid tetrahedral elements only permitted translational movement,
which proved problematic when attempting model rotation of the SIJ. Therefore, an
artificial layer of cartilage was modelled through initialy creating areas over the
exterior elements within the SlJ articulation area. These were then extruded medially
by a distance of 1mm to roughly represent a layer of the SIJ articular cartilage
(McLauchlan and Gardner, 2002), as illustrated in Figure 6.3. The volumes were
meshed with brick elements (SOLID 186), producing 8,433 elements on the left

hemi-pelvis and 1,572 on the right.
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Figure6.3. Modelling alayer of cartilage through defining volumeswithin the

articulation area of the Sl J.
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As brick elements permitted rotational deformation, constraining the nodes along the
medial layer of the cartilage subsequently allowed for rotation of the pelvis.
However, the extent of the rotation permitted was dependent on the material modulus
applied to the SIJ cartilage elements. Definition of a linear elastic articular cartilage
modulus, which can be as low as 5MPa (Anderson et al., 2005), would have
produced excessive deformation under loading. Comparatively, modelling as a
hyperelastic material increased the modelling complexity and the computational time
required for analysis. As modelling of this nature has not been previousy
documented, there is no indication as to an appropriate modulus for this application.
Therefore, the cartilage was modelled with a high material modulus (E = 200GPa,

v = 0.3) to control the deflection.

Four FE models were created which aimed to replicate the differing methods
employed to represent both the SIJ and pubic symphysis. The features of the
individual models were as follows:-

Modédl 1 - The left hemi-pelvis constrained in all DOF at the SIJ and
pubic symphysis, as shown in Figure 6.2(b);

Modé 2 - The left hemi-pelvis constrained in al DOF at the SIJ, and in
the inferio-superior and posterio-anterior trandation at the
pubic symphysis;

Modd 3 - The pelvic girdle constrained in all DOF at the S1J, as shown
in Figure 6.2(a);

Modé 4 - The pelvic girdle with the additional SlJ cartilage, to which the
medial nodes were constrained in all DOF.

The SIJ constraints (except model 4) were applied to the nodes within the articul ation
area. All models were loaded with the muscular and hip joint loading predicted by

the adult MS model (described in section 2.2), at the midpoint of the single leg
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support phase (phase 3 of Table 2.1). This phase was selected as it marked a point of
high MS activity (Dastra and Huiskes, 1995), thus loading the pelvis to its maximal
physiological state associated with the gait cycle. This amed to aid inter-model
comparison of the cortical and trabecular von Mises stresses. Pelvic stresses were
selected for analysis as they enabled comparisons with the findings of literature,
either at the same gait phase (Dalstra and Huiskes, 1995; Majumder et al., 2005) or

under similar loading (Phillips et a., 2007).

6.1.2. Evaluation of the constraint methods

The different methods employed to replicate the 19yr old left hemi-pelvis and pelvic
girdle produced comparative cortical von Mises stress distributions, although varying
magnitudes were observed. As illustrated in Figure 6.4, the left hemi-pelvis of all
models displayed significant stress concentrations within the superior acetabular
quadrants, which emanated anteriorly towards the AllS and posteriorly to the greater
sciatic notch (on the lateral side). These distributions are similar to the findings of
Dalstra and Huiskes (1995) and the ML model of Phillips et a. (2007) (see Figure
2.18). Medially, large stresses progressed inferiorly from a significant concentration
around the SIJ, travelling along the ilio-pubic ridge and onto the superior pubic
ramus. Additional high stresses were also observed along the obturator foramen and
within the inferior quadrants of the acetabulum, of which the latter has not been

previously reported.
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Figure 6.4. The cortical von Mises stressdistribution (M Pa) of the 19yr old left hemi-
pelvis produced by the varying methods of constraining the pelvis, showing (a) model 1,
(b) modéd 2, (c) model 3 and (d) model 4.

-154 -



Constraining the hemi-pelvis in al DOF at the SIJ and pubic symphysis produced
cortical stresses which exceeded 200MPa (see Figure 6.4(a)), significantly higher
than those within literature. Such magnitudes are unrealistically high considering the
cyclic loading that the pelvis experiences. Through permitting trandation of the
pubic symphysis, the entire cortical structure was observed to be stress relived,
particularly at the SIJ and along the superior pubic ramus (as illustrated in Figure
6.4(b)). Consequently, maximal stresses significantly reduced in magnitude, and
regions such as the superior ilium and ischium became virtually unloaded. The
resulting magnitudes were more comparable to those reported within literature.
Modelling of the pelvis with a hyperelastic pubic disc produced a dlightly atered
stress distribution, with larger magnitudes concentrated around the greater sciatic
notch and SIJ (see Figure 6.4(c)). Inclusion of the contralateral hemi-pelvis also
caused significant stress relieving of the pubic symphysis, similar to that reported by
Phillips et al. (2007). As shown in Figure 6.4(d), inclusion of the SIJ cartilage did not
alter the mechanical response of the pelvis in comparison to the fully constrained

joint.

As illustrated in Figure 6.5, a greater inter-model variance was observed within the
trabecular von Mises stresses of the left hemi-pelvis. However, the largest
magnitudes were constantly located within the central acetabulum, consistent with
findings of Phillips et al. (2007). A second concentration of lesser magnitude also
travelled superiorly from the acetabular rim through the medial and lateral ilium.
Within model 1, the ischium and pubis remained virtually unloaded, while the
maximum stresses did not exceed 0.75MPa (see Figure 6.5(a)), both of which are

comparable to literature.
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Figure 6.5. Thetrabecular von Mises stress distribution (M Pa) of the 19yr old left
hemi-pelvis produced by the varying methods constraining the pelvis, showing (a)
modéd 1, (b) mode 2, (c) model 3 and (d) model 4.
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Trabecular stresses were observed to increase in model 2, particularly within the
centra medial and latera iliac blade, where the magnitudes were similar to those
located within the acetabulum (see Figure 6.5(b)). Stress concentrations also formed
around the SIJ, similar to the ML model reported by Phillips et a. (2007) (see Figure
2.18), while the loading was greater along the obturator foramen and pubis ramus
(athough the relative increase remained small). The trabecular von Mises stress
distribution did not produce magnitudes which were constant factors of the cortical
von Mises stresses, as reported by Dalstra and Huiskes (1995) and Majumder et al.

(2005).

Stress magnitudes increased further through modelling of the contralateral hemi-
pelvis, producing acetabular stresses exceeding 0.75MPa and an additiona
concentration within the iliac fossa (see Figure 6.5(c)). Consequently, the overall
stress state of the superior ilium increased, although the relative difference from
Figure 6.5(b) remained small. Once again, the permitted rotation of the SIJ did not

evoke any variation in the stress distribution, as shown in Figure 6.5(d).

Figure 6.4 and Figure 6.5 demonstrated that although inclusion of the contralateral
hemi-pelvis dightly increased trabecular stresses, it proved successful in relieving
regions of excessive cortical stresses, particularly at the pubic symphysis.
Consequently, pelvic bone stresses were more consistent with the values of literature
and more evenly distributed across the hemi-pelvis, favourable to maintaining
structural integrity. Therefore, these results suggested that modelling of the pelvis
with a hyperelastic pubic disc should be employed to accurately capture its
physiological mechanical response. The identical response of the left hemi-pelvisin
models 3 and 4 suggested that the modulus of the SIJ cartilage was too high to cause

deformation under MS loading. Subsequently, model 4 failed to permit rotation of
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the pelvis at the SIJ. The two models also produced the largest maximal
displacement of 2.5mm, which was higher than those reported within literature.
However, in instances when only hemi-pelvic modelling is possible, a degree of
trandation should be permitted at the pubic symphysis to aleviate high stresses and

produce physiological stress/strain distributions.

6.2. MODELLING OF THE19 YEAR OLD PELVIS

Due to the more uniform von Mises stress distribution created through inclusion of
the contralateral pelvis, further modelling of the 19yr old pelvis was based on the
previously developed model 4. The material properties and constraints remained the
same, despite the high SIJ cartilage modulus proving unsuccessful in enabling pelvic
rotation. The original modulus was maintained as modelling with either articular
cartilage or hyperelastic properties, was predicted to cause excessive deformation. In
addition, the application of higher loading compared to the previousy modelled MS

regime, was expected to have greater capabilities of enabling rotation at the SIJ.

The muscle and hip joint reaction forces predicted by the adult MS model (detailed
in section 2.2), was recorded at the eight phases of the gait cycle described in Table
2.2, as modelled by Dalstra and Huiskes (1995) and Majumder et a. (2005), and
applied to the 19yr old FE model. Two additional load cases were also modelled
which cumulated the maximal forces exerted by the pelvic muscles and the hip joint
throughout the gait cycle. However, modelling of such a scenario proved problematic
when considering the lines of action to apply, as the maximal force of each muscle
did not occur at the same time (see Figure 5.14 — Figure 5.17) Therefore, one model
replicated the lines of action of each muscle at the instance when their maximum
force occurred, while another modelled the lines of action associated with a standing

position. As the adult MS model only replicated walking, muscular paths at a neutral
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flexion angle could not be determined from this model. Consequently, muscular lines
of action during standing were taken from Klein Horsman et al. (2007), while the hip
joint reaction force was measured from the Standing Model of the AMMRV1.2

within AnyBody Version 4.1.

The cortical and trabecular von Mises stresses of the left hemi-pelvis were initialy
analysed to ensure that each model reacted in a physiologica manner when
compared to literature (Dalstra and Huiskes, 1995; Magjumder et al., 2005; Phillips et
al., 2007). Comparisons between the locations of the largest von Mises stresses and
minimum principle strains, and the identifiable trabecular trajectories within the adult

ilium (see Figure 2.8), were subsequently made.

6.2.1. Stressand strain distribution associated with the gait cycle

The cortical von Mises stress distributions shown in Figure 6.6, displayed the largest
stresses occurring during the single support phases. During the initial gait cycle
stages illustrated in Figure 6.6(a) - Figure 6.6(c), the highest cortical stresses were
observed to concentrate around the SIJ and the ilio-pubic ridge on the media side,
and the greater sciatic notch and PIIS laterally. At the onset of the double support
phase (see Figure 6.6(d) and Figure 6.6(e)) these concentrations spread, causing a
subsequent increase in the overal stress state of the iliac fossa and crest.
Additionally, stresses within the lateral body of the pubis, medial body of the

ischium and along the obturator foramen, also become greater.
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Figure 6.6. The cortical von Mises stressdistribution (M Pa) of the 19yr old left hemi-
pelvis produced by the M Sloading at the (a) 1%, (b) 2™, (c) 3", (d) 4™, (e) 5™, (f) 6™, (q)
7" and (h) 8" phase of the gait cycle.
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The stress concentrations which occurred during first half of the gait cycle displayed
distinct comparisons to the findings of Dalstra and Huiskes (1995) and the ML model
of Phillips et a. (2007). However, the cortical stress concentrations were observed to
reduce significantly at the beginning of the swing phase (see Figure 6.6(f)), a stage
which was still suggested to provide high loading by Dalstra and Huiskes (1995).
Although, cortical stresses decreased to a minimum during the mid swing phase (see
Figure 6.6(g)), and increased again at the next hee strike (see Figure 6.6(h)),
consistent with literature. The overall cortical stress magnitudes within the 19yr old
left hemi-pelvis were dlightly higher than those within literature, with the largest

concentrations ranging between 50-100M Pa.

Cortical stresses within the acetabulum displayed greater variance from those within
literature, which have been reported to predominately concentrate around the rim of
the superior quadrants during the single support phases. Although, thisistrue for the
acetabular stresses illustrated in Figure 6.6(a) - Figure 6.6(c), similar magnitudes
were also observed around the acetabular notch. As the hemi-pelvic loading
increased to the magnitudes displayed in Figure 6.6(d) and Figure 6.6(e), the
acetabular stresses correspondingly rose to produce high magnitudes around the
whole acetabular rim, and formed a similar concentration within the structure itself.
Cortical loading within the acetabulum is not a previously reported occurrence,

producing a pelvic mechanical response which is contradictory to that of literature.

A greater variation between the von Mises stress distribution of the 19yr old hemi-
pelvis to those reported within literature was observed within the trabecular bone, as

illustrated in Figure 6.7.
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Figure6.7. Thetrabecular von Mises stress distribution (M Pa) of the 19yr old left
hemi-pelvis produced by the M Sloading at (a) 1%, (b) 2™, (c) 3¢, (d) 4™, (e) 5™, (f) 6™,
(g) 7" and (h) 8" phase of the gait cycle.
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Once again, the most predominant stresses occurred during the single support stages,
although they were initially confined to the central acetabulum and iliac fossa (see
Figure 6.7(a) — Figure 6.7(c)), similar to that reported by Dalstra and Huiskes (1995).
However, between the mid single support phase (see Figure 6.7(c)) and the double
support phase (see Figure 6.7(€)), these stress magnitudes increased significantly to
load the majority of the acetabulum to magnitudes over 0.7MPa. These high
acetabular stresses then radiated superiorly through the media and lateral ilium, and
inferiorly towards the ischium and pubis. Consequently, stresses within the
acetabulum and around the ilio-pubic ridge and greater sciatic notch, produced
magnitudes which exceeded the values reported within literature. However, during
the same loading regimes, the regions of the pubic symphysis, ischia tuberosity and
obturator foramen remained relativel y unloaded, consistent with the results of Dalstra
and Huiskes (1995) and Phillips et a. (2007). As previously observed within the
cortical bone, the stress magnitudes decreased dramatically during the swing phase
(as shown in Figure 6.7(f) and Figure 6.7(g)) and subsequently rose again upon
initiation of double support (see Figure 6.7(h)). Once again, the magnitudes of the
trabecular von Mises stresses were dlightly higher than those reported within

literature.

Direct comparisons between the von Mises stress distribution of the 19yr old left
hemi-pelvis could be made with those reported within literature. This was more
evident within the cortical bone (with the exception of the acetabulum), as trabecul ar
stress concentrations were larger than reported during the single stance phases. The
observed stress distribution variation, aong with the higher magnitudes, was
attributed to the morphology of the younger specimen analysed and the application

of loading from a newly developed MS model.
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The maximum displacement which occurred during the gait cycle was 4.5mm (5"
phase), which was higher than those reported in literature (Dalstra and Huiskes,
1995; Maumder et a., 2005; Phillips et al., 2007). This was possibly due to the
applied MS loading being higher in magnitude than in previous pelvic modelling.
However, as similarities could be identified between the von Mises stress
distributions in Figure 6.6 and Figure 6.7 and those within literature, the model was
concluded that the model behaved in an appropriately physiological manner.
Therefore, the mechanical strains produced within the trabecular bone by the MS

loading, was anal ysed.

The double and single stance phases produced the largest trabecular von Mises
strains, as illustrated in Figure 6.8(a) — Figure 6.8(e). Initial strain distributions were
similar to those observed within Figure 6.7, producing high concentrations within the
central regions of the acetabulum and the media and lateral iliac blade (see Figure
6.8(a) and Figure 6.8(b)). Within the ilium, the von Mises strains radiated from a
centra iliac concentration, although a secondary concentration formed laterally
superior to the acetabulum (see Figure 6.8(b)). In relation to the trabecular
trajectories, this inferiorly positioned concentration partially corresponds to the
location of the tc and ar trabecular growth. Although the dlightly larger superior
concentration could be compared to the highly dense pt, it's fairly centralised
positioning produces a closer correlation to the low density sm region. During the
progression of the single support stages, as illustrated in Figure 6.8(c) and Figure
6.8(d), the volume of the high strain concentrations significantly increased to
dominate the majority of the inferior ilium and acetabulum. Therefore, a fairly
uniform strain distribution was produced, which failed to match the complexity of

theiliac trabecular trgjectories (see Figure 2.8).

-164 -



(9 (h)

0 10E-04 75E-04 10E-03 25E-03 50E-03 7.5E-03& Over

Figure 6.8. Thetrabecular von Mises strain distribution of the 19yr old left hemi-pelvis
produced by the M Sloading at the (a) 1%, (b) 2™, (c) 3¢, (d) 4™, () 5", (f) 6™, (g) 7"
and (h) 8" phase of the gait cycle.
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Even if such comparisons were suggested as evidence of strain related bone growth,
the high concentrations observed within the mid and superior portions of the iliac
blade, provided strong contrasting observations. Figure 6.8 illustrates that although
the magnitudes of the high strain concentrations surpassed the suggested remodelling
limits (Martin, 2000; Ward et a., 2009), areas such astheiliac crest also experienced
values ranging between 1000-5000pe. Such values were considered excessive
considering the fairly low trabecular organisation in this region. The von Mises
strains decreased during the swing phases, producing more ordered concentrations
within the acetabulum and the central and inferior ilium. Therefore, due to the wide
spread of the high magnitude von Mises strains, the distributions in Figure 6.8 were
not considered to match the formation of the trabecular tragjectories within the adult

ilium.

Anaysis of the minimum principal strains also failed to distinguish any clear
correlations between regions of high compression, and the locations of organised
trabecular growth. As illustrated in Figure 6.9, similar strain distributions were
witnessed in compression during the early stance phases. As the gait cycle
progressed, the areas of high strain increased in size to form a well defined
concentration around the location of the tc. However, as previously observed, a
concentration of similar magnitude also formed within the sm region. The
compressive strains within the highest concentrations exceed those known to initiate
trabecular remodelling. Although, regions around the iliac crest still experienced
magnitudes up to 5000ue, which was considered too high for the low trabecular

definition in this location.
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Figure 6.9. Thetrabecular minimum principal strain distribution of the 19yr old left
hemi-pelvis produced by the M Sloading at the (a) 1%, (b) 2™, (c) 3%, (d) 4™, (e) 5™, (f)
6™, (g) 7" and (h) 8" phase of the gait cycle.
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Figure 6.8 and Figure 6.9 did not produce conclusive observations relating the von
Mises and compressive stain distributions to the trabecular trajectories illustrated in
Figure 2.8. However, it is unlikely that the entire pelvic trabecular network would
remodel the strain distribution related to the MS loading associated with a single
phase of the gait cycle. Consequently, it was presumed that the trabecular patterning

ismore likely to be produced in response to the cumulative loading of the gait cycle.

6.2.2. Stressand strain distribution associated with cumulative

maximal muscle and hip joint forces

Figure 6.10 displays the stress and strain distribution of the left hemi-pelvis produced
by the cumulative maximum muscular and hip joint forces, when modelled at the line
of actions which corresponded to when they occurred. Within the cortical shell, a
general von Mises stress distribution was observed which was similar to that of
Figure 6.6 during the stance phases. However, although the distributions could be
compared favourably with those of literature, strain magnitudes were significantly
higher, and exceeded 100MPain regions around the SIJ and greater sciatic notch (see
Figure 6.10(a)). However, such magnitudes were expected due to the high level of

loading applied.

The trabecular von Mises stress distribution (see Figure 6.10(b)) was comparable to
those observed in Figure 6.7(a) - Figure 6.7(e), with the most noticeable
concentrations within the centra acetabulum and iliac blade. Once again the
magnitudes were increased, and produced vaues exceeding 2MPa in the
concentrations of high stress. Therefore, athough the applied MS loading was
significantly different from those related to the individual gait cycle phases, only the

trabecular stress magnitudes atered significantly, and not the distribution.

- 168 -



50 100 & Over

0 0.1 0.25 05 0.75 1
(b)

2.5E-03 7.5E-03
(©)

-30E-01 -20E-02 -10E-02 -50E-03 -10E-03 -5.0E-04 0
(d)

Figure 6.10. The mechanical response of the 19yr old left hemi-pelvis when loaded with

cumulative maximal forces at their corresponding line of actions during the gait cycle;

showing, (a) cortical von Mises stress (M Pa), (b) trabecular von Mises stress (M Pa), (c)
trabecular von Mises strain and (d) trabecular minimum principal strain.
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The trabecular von Mises strains primarily concentrated within the central
acetabulum and iliac blade (see Figure 6.10(c)), producing a distribution not too
dissmilar from those of Figure 6.8(a) and Figure 6.8(b). The increase in strain
magnitudes caused the majority of the lateral ilium to experience strains exceeding
7500ue, significantly above the remodelling threshold. High strains could be mapped
to the location of the tc, sn, pt and ar regions, although the larger concentrations
continued superiorly throughout the central ilium. Therefore, the resulting von Mises
strain distribution did not produce any viable comparisons between the regions of
high strain magnitudes, and the locations of known trabecular trajectories. Likewise
the compressive strains illustrated in Figure 6.10(d) did not yield a distribution which

correlated to the trabecular organisation within the adult ilium.

Application of the cumulative maximum muscle and hip joint forces at the lines of
action associated with a standing position, did not significant alter the von Mises
stresses of the hemi-pelvis, as shown in Figure 6.11(a) and Figure 6.11(b). Only
minor stress relieving was observed in the regions of high magnitudes. Conversely,
trabecular strain magnitudes displayed a marginal increase (see Figure 6.11(c) and
Figure 6.11(d)). However the overal distributions remain consistent with those
previously observed. Therefore, despite applying two variations of the cumulative
maximal force loading regime, no further relationships between the mechanical strain

and trabecular growth could be determined.
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Figure 6.11. The mechanical response of the 19yr old left hemi-pelvis when loaded with
cumulative maximal forces at lines of actionstaken during a standing position;
showing, (a) cortical von Mises stress (M Pa), (b) trabecular von Mises stress (M Pa), (c)
trabecular von Mises strain and (d) trabecular minimum principal strain.
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6.3. MODELLING OF THE PRENATAL HEMI-PELVIS

The prenatal specimen was analysed as a hemi-pelvic structure to eliminate the
complexity of modelling the entire pelvic girdle. Although the origina specimen was
an articulated fetal pelvis (see Figure 3.1), reconstruction of both innominates would
have proven to be extremely time consuming. Alternatively, the reconstructed right
hemi-pelvis could have been mirrored within the sagittal plane, similar to the
procedure detailed in 6.1.1. However, such modelling would have required the
separate segmentation of the pubic disc and the triradiate cartilage, which was
difficult due to fairly uniform grey scale values of the soft tissue within the pubic
symphysis. Additionally, the material properties of the prenatal pubic disc are not
documented within literature. Therefore, hemi-pelvic modelling was deemed to be
the most feasible option, with the results from section 6.1.2 used to help alleviate

possible high stresses/strains concentrating along the superior pubic ramus.

The prenatal FE model illustrated in Figure 6.12 contained a total of 185,512 and
18,871 volumetric tetrahedral elements to represent the trabecular bone and triradiate
cartilage, respectively. Cortical bone was defined through a total of 17,446 shell
elements, with a uniform cortical thickness of 0.6mm, which was based on the
average values reported throughout the cortex of the neonate by Cunningham and
Black (2009c). The properties of pelvic triradiate cartilage are not reported within
literature, therefore assumptions concerning its modulus were made. The cartilage
was defined as linear elastic material, over preference as a hyperelastic material, due
to the computation expense of modelling the large volume with the latter. As the
triradiate cartilage was under ossification to form bone, its modulus was presumed to
be between articular cartilage and trabecular bone, producing a range between ~5-

70MPa. Therefore, the modulus was set at 40MPa (v = 0.4) unless otherwise stated.
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Figure6.12. The FE mode of the prenatal hemi-pelvis containing a total of 204,383 10-
noded tetrahedral and 17,446 4-noded shell elements.
The FE model was initially loaded with the forces computed by the prenatal MS
model during the passive 2° flexion and 2° extension of the 120° flexed hip joint (see
Table 5.4). The muscular and hip joint forces for each movement were modelled
independently to observe the effect of the muscles undergoing contraction and co-
contraction in isolation (load regimes 1 and 2 of Table 6.1). The maximum force for
each muscle during both movements was also collated into another load regime,
along with the maximal hip joint reaction. Under this loading regime the modulus of
the triradiate cartilage modulus was altered to 5, 20, 30 and 50MPa to observe any
possible influences upon the pelvic mechanics (load regime 3 of Table 6.1). To
analyse the mechanical stresses induced by opposition to the passive movement, the
loading predicted by the MS with a 4N resistive force was also applied (see Table
5.4). Once again, three models were created to represent the two independent

movements, and the cumulative maximal forces (load regimes 4-6 of Table 6.1).
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Load Regime

1 Passive hip joint 2° extension
movement at 120°
flexion
2 2° flexion
3 Cumulative maximal Modelled with
forces of each movement | triradiate moduli of 5,
20, 30, 40 and 50M Pa
4 Hip joint movement | 2° extension
at 120° flexion with a
4N resistive force
5 2° flexion
6 Cumulated maximal
forces of each movement
7 Adult gait loading Cumulative maximal Modelled with
muscle and hip joint triradiate moduli of 5,
forces occurring 20, 30, 40 and 50M Pa
throughout the gait cycle
8 Maximum isometric | Maximum isometric Modelled with 0, 1, 2,
muscle force muscle forces modelled at | 5 and 10 times the
modelling a0° hip flexion prenata BW
9 Maximum isometric Modeled with 0, 1, 2,
muscle forcesmodelled at | 5 and 10 times the
a120° hip flexion prenata BW
10 Vdidation of the Load regime 3with a
pubic constraint fully constrained pubic
symphysis and atriradiate
cartilage modulus of
40MPa
11 Validation of the SIJ | Load regime 3 with

constraint

rotation alowed at the SIJ
and atriradiate cartilage
modul us of 40M Pa

Table6.1. Load cases applied to the prenatal FE model.
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As the prenatal iliac trabecular trgectories reported by Cunningham and Black
(2009b) are likened to that of mature structure with a weight bearing function, the
MS loading associated with the gait cycle was also applied. The previously
developed adult load regime which combined the maximum muscle and joint forces
during the gait cycle was used (as detailed in section 6.2.2). The lines of action for
each muscle were modelled to correspond to those which occurred at the point of the
maximum force (load regime 7 of Table 6.1). Asthe adult loading was unrealistically
high for the prenatal specimen, all forces associated with gait loading were restricted
to 1% of their original values. Once again the triradiate cartilage modul us was altered

to 5, 20, 30, 40 and 50M Pa.

As the validity of the forces predicted by the prenatal MS was unknown, two further
load scenarios were created which modelled each muscle to its MIF (based on the
values in Table 5.3). The MIF's were initially modelled at the lines of action
corresponding to a standing position (load regime 8 of Table 6.1) and then separately
corresponding to a 120° hip flexion (load regimes 9 of Table 6.1). The lines of action
for each scenario were taken from the prenatal MS model. However, there is no
indication as to an appropriate hip joint reaction to model along with the MIF's.
Therefore, various hip joint reactions were modelled at 0, 1, 2, 5 and 10 times the
prenatal BW. To preserve the structural integrity of the prenatal pelvis, the MIF's
were restricted to 0.01% of their actual values, while the triradiate cartilage modulus

was maintained at 40M Pa

To prevent the excessive stresses within the superior pubic ramus due to the absence
of the contralateral hemi-pelves, all models were constrained in al DOF at the SIJ
and in inferio-superior and posterio-anterior translation at the pubic symphysis. Two

further validation models were created (load regimes 10 and 11 of Table 6.1); one

-175-



which fully constrained the pubic symphysis; and another which provided the
capability of SIJ rotation (modelled though the procedure detailed section 6.1.1). For
the load scenarios incorporating the forces computed through the prenatal M'S model,
the muscular line of action for each node within the pelvic origin site was
determined. This was possible in these load regimes only (in contrast to those
associated with the MIF s) as the same hemi-pelvic geometry was modelled in both
MS and FE analyses. Consequently, the fanning nature of the broad muscles, such as

the glutel and iliacus, could be replicated within the FE modelling.

Due to the specimen age, the predicted trabecular von Mises and minimum principal
strain distributions were compared to the trabecular trgectories reported by
Cunningham and Black (2009b). The von Mises stresses of the cortical shell were

compared to the histomorphometry reported by Cunningham and Black (2009c).

6.3.1. Stressand strain distribution associated with in utero loading

The cortical von Mises stress distribution produced by the M S loading during passive
hip joint movements (load regimes 1-3 of Table 6.1), displayed higher magnitudes
during flexion than extension, as illustrated in Figure 6.13. The combined maximal
loading regime (see Figure 6.13(c)) produced distributions and magnitudes
comparative to those of Figure 6.13(b). The locations of maximal stresses were
similar in al models, which were generally concentrated at the SIJ and greater sciatic
notch. In comparison to the histomorphometry of the prenatal cortical shell,
Cunningham and Black (2009c) reported a relatively thin cortex within the medial
surface at these locations. Correlations between high stress concentrations and
regions of thick cortical bone were made within the lateral surface, particularly at the

SIJ. Additionally, a band of high stress within the inferior ilium travelling anterio-
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posteriorly also corresponded to alocation higher cortical rigidity. However, where a
thicker cortex was documented within the central iliac lateral blade, relatively low
stress magnitudes were observed. These stress concentrations produced by load
regimes 1-3 were comparable with those of displayed in Figure 6.6, although varied

levels of stress reduction between the two was observed throughout the cortex.

—— : ————
0 05 55 6.5 & Over

Figure 6.13. The cortical von Mises stress (M Pa) distribution of the prenatal right
hemi-pelvis produced by the M Sloading associated with a passive (a) 2° extension, and
(b) 2° flexion of the 120° flexed hip joint, and (c) the cumulated maximal loading.
Similar to the observations in Figure 6.13, the largest trabecular von Mises strains
were also produced during the flexion and cumulative loading regimes (see Figure
6.14). In relation to the iliac trabecular growth within the prenatal innominate, all
models displayed the highest strains within the inferior ilium, which correlated to the
location of the well defined ar region. This concentration radiated superiorly and

dissipated through to the iliac crest, as shown in Figure 6.14(b) and Figure 6.14(c).
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Consequently, large stresses were also produced within the region of the tc, although
these did not extend to the sn region. No loading regime produced significant
evidence of a strain concentration travelling anteriorly towards the ASIS, to match
the at. The radiation of strains superiorly from the inferior ilium produced additional
concentrations along the ilio-pubic ridge. However, these did not extend to the
superior region of the SIJ articulation site, therefore no concentration was formed to
correspond to the pt. Relatively lower stresses were observed within the sm region
(particularly in Figure 6.14(a)), athough these expanded to the magjority of the

superior ilium.

0 25E-04 50E-04 7.5E-04 10E-03 25E-03 7.5E-03 1.0E-02& Over

Figure 6.14. Thetrabecular von Mises strain distribution of the prenatal right hemi-
pelvis produced by the M S loading associated with a passive (a) 2° extension, and (b) 2°

flexion of the 120° flexed hip joint, and (c) the cumulative maximal loading.

The compressive strains within the trabecular bone showed similar distributions to

those in Figure 6.14, with magnitudes dissipating in a superior direction from a high

-178 -



concentration within the inferior ilium (see Figure 6.15). Compressive strain
distribution was comparable to that of the von Mises, with magnitudes within the
inferior ilium reaching above 7500ue, significantly surpassing the remodelling
threshold level. Strain magnitudes within the vicinity of the tc ranged between 750-
2500ue, which was again consistent with formation of a high level of trabecular
organisation. These magnitudes continued in a posterio-superior direction to loosely
correspond to the pt, although they also spread anteriorly into the lower density sm
region. As observed within the 19yr old hemi-pelvis, compressive strains radiate
superiorly in a uniform manner, thus no distinct concentrations where directed
anteriorly. Strains around the sn ranged between 75-250ue, which was considered

too low to cause the high level of trabecular organisation in this area.

-25E-02 -7.5E-03 -2.5E-03 -7.5E-04 -25E-04 -7.5E-05 -2.5E-05 0

Figure 6.15. Thetrabecular minimum principal strain of the prenatal right hemi-pelvis
produced by the M S loading associated with a passive (a) 2° extension, and (b) 2°

flexion of the 120° flexed hip joint, and (c) the cumulative maximal loading.

-179-



Despite the cortical von Mises stresses and trabecular strains produced by load
regimes 2 and 3 been comparative, differing maximal displacements were produced
at 0.11mm and 0.22mm respectively. However, the largest displacement of 0.31mm
was generated by the MS forces associated with hip joint extension, although this
distance was still only 1% of the prenatal PD. In comparison to the physiological
displacement observed during the gait cycle, the 19yr old hemi-pelvis produced a
maximum displacement of 3% PD. Therefore, the deformation of the prenatal hemi-

pelvis produced by load regimes 1-3, was not considered to be too excessive.

Similar cortical stress and trabecular strain distributions were observed through
applying the MS loading associated with a 4N resistive force to the hip joint
movement (see Figure 6.16 - Figure 6.18). However, cortical stress values were
significantly increased (see Figure 6.16), producing magnitudes which were
comparative to those observed within the adult pelvis under gait loading (Dalstra and
Huiskes, 1995; Maumder et a., 2005). In comparison, trabecular von Mises and
compressive strains both increased by around a factor of 10 from those induced by
the passive loading. However, strains still continued to dissipate in a superior
direction, rather than converging towards the anterior and posterior regions of the
ilium. Therefore, applying M S loading associated with a resisted hip joint movement
only served to increase the stress and strain magnitudes, rather than ater the
distribution. However, this was expected as the prenatal MS model predicted uniform
increases in muscle forces when a greater resistance was applied, thus did not

produce a different muscle force combination (see Table 5.4).
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Figure 6.16. The cortical von Mises stress (M Pa) distribution of the prenatal right
hemi-pelvis produced by the M Sloading associated with aresisted (a) 2° extension, and

(b) 2° flexion of the 120° flexed hip joint, and (c) the cumulative maximal loading.
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Figure6.17. Thetrabecular von Mises strain distribution of the prenatal right hemi-
pelvis produced by the M Sloading associated with aresisted (a) 2° extension, and (b) 2°

flexion of the 120° flexed hip joint, and (c) the cumulative maximal loading.
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Figure 6.18. Thetrabecular minimum principal strain distribution of the prenatal right
hemi-pelvis produced by the M Sloading associated within aresisted (a) 2° extension,
and (b) 2° flexion of the 120° flexed hip joint, and (c) the cumulative maximal loading.

Due to the large increase in stress and strain magnitudes, it was considered that |oad

regimes 4-6 were unrealisticaly high for the prenatal structure. This was confirmed

through analysis of the maximal displacement produced by these load cases, where
the greatest displacement of 3.31mm (11% PD) occurred during hip extension.

Although the lowest displacement of 0.8mm (2.77% PD) (caused by joint flexion)

was more appropriate for the prenatal morphology, the cortical stresses in this

instance remained high (see Figure 6.16(b)). Consequently, these load regimes were

not considered to be representative of in utero MS interactions.

When load regime 3 (see Table 6.1) was applied and the triradiate cartilage modulus
varied, no significant ateration to the trabecular compressive strains was observed

(see Figure 6.19). Similar observations were made for the trabecular von Mises
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strains and cortical von Mises stresses (see Appendix VI), showing there was no
disturbance to the pelvic bone mechanics when varying the moduli. Although the
maximal total displacement varied between the models shown in Figure 6.19 (0.21-
0.97mm), the deformation solely related to the shape of the cartilaginous features.
Additionally, the maximum displacement caused by modelling moduli between 30-
50MPa only varied by 0.06mm. Therefore, these results suggested that modeling MS
loading associated with passive joint movements with a triradiate cartilage modulus

of 40MPa, was suitable for observing physiological pelvic behavior.

PP

(©) (d)
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Figure 6.19. Thetrabecular minimum principal strain distribution produced when
applying the cumulative maximal loading regime of the passive hip joint movement and
varying thetriradiate modulusto (a) 5M Pa, (b) 20M Pa, (c) 30M Pa and (d) 50M Pa.
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6.3.2. Stressand strain distribution associated with gait and

maximal isometric muscle for ce loading

The cortical von Mises stress distribution produced by the cumulative maximal
forces associated with the adult gait cycle (load case 7 of Table 6.1), predicted high
magnitudes around the greater sciatic notch and SIJ (see Figure 6.20(a)). Again, only
the former of these stress concentrations correspond to observed regions of a thicker
cortical shell (Cunningham and Black, 2000c), as did high concentrations within the
lateral ilium. Therefore, a differing cortical stress distribution was observed in
comparison to those predicted through in utero loading. The trabecular von Mises
strains also displayed a variation in distribution and magnitude (see Figure 6.20(b)).
The highest magnitudes were witnessed in the inferior ilium, with secondary
concentrations observed within the iliac fossa medially, and anterior to the greater
sciatic notch lateraly. Unlike previous von Mises strain distributions produced
through predicted in utero MS loading, the distribution in Figure 6.20(b) displayed
higher loading on the lateral ilium in comparison to the medial side. The compressive
trabecular distributions are illustrated in Figure 6.20(c), which shows high strain
within the inferior ilium, but fairly randomised concentrations elsewhere. Although a
large concentration within the medial and lateral iliac blade exceeded the
remodelling limit at over 2500ue, their locations could not be compared with regions
of defined trabecular trgectories. Therefore, the predicted compressive strain
distributions of Figure 6.20(c) showed no correlation to the locations of the known

trabecular trgjectories.
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Figure 6.20. The mechanical response of the prenatal right hemi-pelvis when loaded
with 1% of the cumulative maximum for ces associated with the gait cycle; showing, (a)
cortical von Mises stress (M Pa), (b) trabecular von Mises strain and (c) trabecular
minimum principal strain.

Restricting the muscle and joint forces to 1% of their actua values during the gait

cycle, produced a maximum displacement of 0.13mm (0.43% PD), which did not

cause excessive structural deformation. Similar to the observations in Figure 6.19,
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perturbations to the triradiate cartilage moduli did not alter cortical stress or

trabecular strain distributions significantly (see Appendix V).

Compressive trabecular strains produced when applying muscle forces at 0.01% of
their MIF's, at the lines of action associated with a standing position (load case 8 of
Table 6.1), displayed dlightly reduced maximal magnitudes compared to those seen
previously (see in Figure 6.21). When a BW factor of 1 was loaded through the hip
joint (see Figure 6.21(b)), the strains within the ar region exceeded the remodelling
rate (over 2500ug). Although these magnitudes dissipated quickly, values ranging
between 750-2500ue were still generated within the vicinity of the tc. The strain
dissipation from the inferior ilium occurred in a column-like fashion, and therefore
did not form any concentrations travelling anteriorly or posteriorly. When loading
the acetabulum through various multiples of BW, the strain distribution within the
inferior ilium remained fairly consistent, although there was a dlight increase in the
concentration size. In comparison, the high strains in the central iliac wing became
progressively relieved (see Figure 6.21), producing a radiation of strains from the
inferior ilium which dissipated more drastically. The maximal displacement ranged
between 0.77-1.02mm (2.57-3.4% PD), which was considered relatively low since
ten times the prenatal BW was applied in Figure 6.21(e). Therefore, Figure 6.21
displayed similar strain distributions between the different applied BW factors, with

no increased likeness to the trabecular patterning in Figure 2.18.
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Figure6.21. Thetrabecular minimum principal strain distribution of the prenatal right
hemi-pelvis produced by 0.01% of the maximum isometric muscle forces and a hip
joint force of (a) 0 BW, (b) 1x BW, (c) 2x BW, (d) 5x BW and (e) 10x BW at thelines of
action corresponding to a standing position.

Significantly higher compressive strains were observed when the same forces were
applied at a 120° hip flexion angle (load case 9 of Table 6.1), which predominately
radiated in a superior direction from the inferior ilium (see Figure 6.22). Strains

within the inferior ilium were larger than those observed in Figure 6.21, and they

dissipated less efficiently to produce a higher loaded superior ilium. The strain
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distribution in Figure 6.22(b) displayed magnitudes over 2500ue within the locations
of the tc and ar. The superior radiation of these high strains generated concentrations
within the iliac fossa and towards the SIJ. Although the high strains within the
posterior ilium matched the location of the pt, these magnitudes formed a large
concentration which dominated the majority of the central ilium. Consequently,
strains within the sm region were too high to correspond to a poorly defined
trabecular organisation. When increasing the hip joint force, the concentrations of the
inferiorly located strains rose significantly, producing magnitudes previously unseen
with the other load regimes. Consequently, strains within the superior ilium increased
as well, causing the distribution in Figure 6.22(e) to load the majority of the ilium
over 2500ue. A higher range of maximal displacement (0.28 — 3.19mm) was also

produced at the 120° flexed hip joint.
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Figure 6.22. Thetrabecular minimum principal strain distribution of the prenatal right
hemi-pelvis produced by 0.01% of the maximum isometric muscle forcesand a hip
joint force of (a) Ox BW, (b) 1x BW, (c) 2x BW, (d) 5x BW and (e) 10x BW at the lines
of action corresponding to a 120° flexed hip joint.

6.3.3. Validation of the methods of constraints

Load cases 10 and 11 (see Table 6.1) produced only a limited variation to the

trabecular compressive trabecular strain distribution and magnitudes, when enabling
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rotation at the SIJ (see Figure 6.23(a)) and fully constraining the pubic symphysis
(see Figure 6.23(b)). In comparison to the original trabecular compressive strain
distribution (illustrated in Figure 6.15(c)), the only significant variations occurred
within the superior ilium. However, these alterations were minimal and reflected the
lower compressive strains predicted. The applied M S forces were possibly too low to
cause pelvic rotation at the SlJ, as the maximal displacement only increased by
0.02mm (0.07% PD). The permitted trandation at the pubic symphysis did not cause
any fluctuation in the total displacement. Therefore, Figure 6.23 suggests that
modelling the hemi-pelvis with a fully constraint SIJ and pubic symphysis was a
valid method. However, this conclusion was made with respect to the singular load

case applied.
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Figure 6.23. Thetrabecular minimum principal strain distribution of the prenatal right
hemi-pelvis produced by identical M Sloading and (a) enabling rotation at the SIJ, and
(b) constraining the pubic symphysisin all DOF.

6.4. MODELLING OF THE1YEAROLD HEMI-PELVIS

The 1yr old pelvis was modelled as a hemi-pelvic structure through 152,315 and
51,417 volumetric elements for trabecular and cartilage bone, respectively (see
Figure 6.24). Cortical bone was modelled through 44,461 shell elements with a

thickness of 0.71mm, based on data of Parfitt et al. (2000). The three load cases
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detailed in Table 6.2 were applied to the FE model. These aimed to evaluate the
hemi-pelvic mechanical response when experiencing MS loading associated with
bipedal locomotion (load regimes 1 and 2), and muscle forces at their MIF's (load
regime 3). The average weight of a 1yr old was defined as 10.4Kg, and the MIF's
were based on those displayed in Table 5.3. The forces associated with gait loading
were limited to 5% and 2% of their actual values, respectively, while the MIF s were
limited to 0.25%. Each model was constrained in al DOF at the SIJ and in the
inferio-superior and posterio-anterior tranglation at the pubic symphysis. A triradiate

modulus of 40M Pawas defined, unless otherwise stated.

Figure 6.24. The FE model of the 1yr old left hemi-pelvis containing a total of 203,732
10-noded tetr ahedral and 44,461 4-noded shell elements.
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Load Regime

1 The MS loading associated withthe 5" | Modelled with atriradiate
phase of the gait cycle (taken from the moduli of 5, 20, 30, 40 and
adult M'S model) 50MPa

2 The cumulative maximal muscle and hip | Modelled with atriradiate
joint forces associated with the gait moduli of 5, 20, 30, 40 and

cycle. Muscular lines of action modelled | 50MPa
as those which occurred at the instance

of the maximum force.

3 The maximum isometric muscleforces, | Modelled with 0, 1, 2, 5 and 10
based on PCSA and a muscle stress of times BW.

1MPa. Muscular lines of action
modelled to correspond to a standing

position.

Table 6.2. Theload cases applied to the 1yr and 8yr old FE hemi-pelvic models.

6.4.1. Stressand strain distribution associated with gait loading

Asillustrated in Figure 6.25(a), the MS loading associated with 5" phase of the gait
cycle (load regime 1 of Table 6.2) produced the highest cortical von Mises stresses
around the SIJ medialy, and the greater sciatic notch and inferior ilium laterally. As
witnessed within the prenatal modelling, the largest trabecular von Mises strains
were again located within the lateral inferior ilium, and dissipated superiorly through
the iliac blade, as shown in Figure 6.25(b). However, high concentrations also
radiated towards the PSIS, producing a highly strain posterior ilium, similar to that
observed within the 19yr old hemi-pelvis at same phase of the gait cycle (see Figure
6.8(€)). The trabecular strain magnitudes in Figure 6.25(b) were lower than those

generated within the 19yr old hemi-pelvis.
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Figure 6.25. The mechanical response of the 1yr old left hemi-pelviswhen loaded with
5% of the M Sforces associated with the 5™ phase of the gait cycle; showing, (a) cortical
von Mises Stress (M Pa), (b) trabecular von Mises strain, (c) trabecular minimum
principal strain.

The trabecular compressive strains in Figure 6.25(c) also displayed similarities to

those of the 19yr old (see Figure 6.9(e)), with high compression concentrated within

the inferior ilium which radiated superiorly. However, the smaller maximal
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compressive strains within the 1yr old hemi-pelvis dissipated quickly through the
ilium, producing a lower relatively strained iliac crest. There was no defined strain
distribution travelling anteriorly to match the at, while concentrations reduced around
the greater sciatic notch to magnitudes insufficient to cause formation of the sn
region. Strain magnitudes within the ar region exceeded 2500ue, while in the
locations of the tc and pt they were a minimum of 750ue. Therefore, compressive
strains in these regions were either above or close to the remodelling rate required to
form the highly organised trabecular densities. However, high strains ranging
between 750-2500u¢ also transferred throughout the centre of the medial and lateral
iliac blade. Such values in this region were possibly too high considering the lack of
trabecular formation within the sm location. Restricting the muscle forces to 5% of
their actual values proved successful in preventing excessive deformation of the
hemi-pelvis. A maximal displacement of 0.67mm (1.1% PD) was considered to

produce a physiological structural deformation.

As witnessed in modelling of the prenatal hemi-pelvis, varying the modulus of the
triradiate cartilage did not cause a significant ateration of the trabecular compressive
strain distribution or magnitudes (see Figure 6.26). Despite the maximal
displacement of the models ranging between 0.59-3.07mm (0.98-5.03% PD), the
deformation pertained to the triradiate cartilage. Once again, the structurd
deformation decreased with greater moduli, producing a maximal displacement range

of 0.59-0.79mm (0.98-1.29% PD) when modelling with 30-50M Pa.
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Figure 6.26. Thetrabecular minimum principal strain distribution of the 1yr old left
hemi-pelvis produced by 5% of the M S for ces associated with the 5™ phase of the gait
cycleand atriradiate cartilage modulus of (a) 5MPa, (b) 20M Pa, (c) 30M Pa and (d)
50M Pa.

As illustrated in Figure 6.27(a), cumulative maxima muscle and hip joint forces
(load regime 2 of Table 6.2) generated lower cortical von Mises stresses, although
maximal concentrations were again observed at the SIJ and within the inferior ilium.
The trabecular von Mises strain distribution displayed in Figure 6.27(b) was aso
similar to that predicted by load case 1 (see Figure 6.25(b)), although the magnitudes
were generaly lower. The maximal von Mises strains also dissipated much quicker
to produce a lower strained superior ilium. Consequently, high strains remained

directed in a superior column from the inferior ilium, and did not deviate towards the

anterior or posterior regions of the hemi-pelvis.
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Figure6.27. The mechanical response of the 1yr old left hemi-pelviswhen loaded with
2% of the cumulative maximum muscle and joint for ces associated with the gait cycle;
showing, (a) cortical von Mises Stress (MPa), (b) trabecular von Mises strain and (c)
trabecular minimum principal strain.

The compressive trabecular strains illustrated in Figure 6.27(c) produced a more

varied distribution to those previously observed within the 19yr old and prenatal

hemi-pelves. Although the highest strains again radiated from the inferior ilium, a
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fairly randomised patterning was observed within the iliac fossa and aong the iliac
crest. Magnitudes exceeded 2500ue in the regions of the ar, which is sufficient
enough to instigate bone remodelling. However, the magnitudes reduced to a
maximum of 750ue within the location of the tc region, which was considered too
low to correlate to the highly organised trabecular region. The strain dissipation also
reduced the magnitudes around the greater sciatic notch to unfavourable levels for
maintaining a high remodelling rate. The compressive strain dissipation throughout
theilium did not form any distributions to match the at or pt. Restricting the maximal
muscular and joint forces to 2% of their actual values prevented excessive
deformation of the hemi-pelvic structure, with a maximum displacement of 0.82mm

(1.34% PD) produced.

As observed with the application of load regime 1, the variation of the triradiate
cartilage modulus only served to deform the acetabulum and obturator foramen, and

did not ater the strain distribution of the hemi-pelvic bone (see Appendix V1).

6.4.2. Stressand strain distribution associated with maximal

isometric muscle forces

The cortical von Mises stresses generated through loading of muscle forces at 0.25%
of their MIF's (load case 3 of Table 6.2) are illustrated in Figure 6.28(a). The
maximal stresses again concentrated around the greater sciatic notch and inferior
ilium laterally, and around the SIJ and aong the ilio-pubic ridge medialy. However
the magnitude of the cortical stresses was higher than those previously observed
through load regimes 1 and 2. Similarly, the maximal trabecular von Mises strain
concentrations shown in Figure 6.25(b) were aso larger in size within then inferior

ilium. Although, the strains dissipated fairly rapidly and were contained to the
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regions within the inferior ilium, thus loaded the superior ilium to similar magnitudes

of those in Figure 6.25(b).
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Figure 6.28. The mechanical response of the 1yr old left hemi-pelviswhen loaded with
0.25% of the maximum isometric muscle forces and a hip joint force of 1x BW;
showing, (a) cortical von Mises Stress (MPa), (b) trabecular von Mises strain and (c)

trabecular minimum principal strain.
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The trabecular compressive strain distribution illustrated in Figure 6.28(c) was also
similar to that produced by load regime 1 (see Figure 6.25(c)). High strains radiated
superiorly from the inferior ilium through to the iliac fossa, with a secondary
concentration formed within the posterior ilium. Consequently, the strain magnitudes
within the ar region were sufficient enough to instigate remodelling (at over 2500pu¢),
while within the tc regions they ranged between 750-2500pe. The intensities lowered
to between 250-750ue around the greater sciatic notch, which was possibly too low
to correlate to the high trabecular organisation within this region. A strain
concentration matching the location of the pt trgectory contained sufficient
magnitude to instigate bone remodelling. However, such magnitudes were also
observed within the sm region, and were considered too high to be attributed to the
low level of trabecular organisation in this location. There was no significant

concentration to match the location of the at.

As observed within the prenatal hemi-pelvis, increasing the magnitude of BW |oaded
through the acetabulum caused a subsequent spread of high trabecular compressive
strains throughout the structure (see Figure 6.29). Application of hip joint loading at
5 and 10 times BW dramatically increased the compressive strains to cause the
majority of the ilium to be strained over 7500ue. Through varying the hip joint
loading the maximal displacement increased from 1.1mm (0 BW) to 12.59mm (10x
BW), however the load regime displayed in Figure 6.29(b) generated the lowest
displacement of 0.61mm (1% PD). This unexpected decrease was attributed to the
hip joint loading at 1 times BW counteracting the forces of the pelvic muscles

spanning the acetabulum, thus producing a more stable joint.
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Figure 6.29. Thetrabecular minimum principal strain distribution of the 1yr old left
hemi-péelvis produced by 0.25% of the maximum isometric muscle forcesand a hip
joint force of (a) Ox BW, (b) 1x BW, (c) 2x BW, (d) 5x BW and (e) 10x BW.

6.5. MODELLING OF THE8 YEAR OLD HEMI-PELVIS

The 8yr old pelvis was modelled as a hemi-pelvic structure through 193,934 and
21,647 volumetric elements for trabecular bone and triradiate cartilage, respectively
(see Figure 6.30). Cortical bone was modelled through 19,832 shell elements with a
thickness of 1mm (Glorieux et al., 2000). The three load regimes detailed in Table
6.2 were applied to the FE model, while the average weight of an 8yr old was
estimated at 25K g. The MS forces of load regimes 1 and 2 were limited to 25% and
10% of their actual values respectively, while the maximum isometric muscle forces

were limited to 1% (load regime 3). All models were constrained in all DOF at the
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SIJ and in inferio-superior and posterior-anterior trandation at the PS, and defined

with a triradiate modulus of 40MPa (v = 0.4), unless otherwise stated.

Figure 6.30. The FE mode of the 8yr old left hemi-pelvis containing a total of 215,581
10-noded tetrahedral and 19,822 4-noded shell elements.

6.5.1. Stressand strain distribution associated with gait loading

As illustrated in Figure 6.31(a), load regime 1 generated the highest cortical von
Mises stresses around the SIJ and ilio-pubic ridge, producing a similar distribution to
that observed previously. However, the magnitudes of the cortical stresses were
significantly increased from those witnessed within the 1yr old hemi-pelvis under the
same loading (see Figure 6.25(a)). However, the ilio-pubic ridge and superior pubic
ramus were significantly higher stressed in comparison to the other juvenile FE
models, suggesting the degree of trandation permitted at the pubic symphysis failed

to stress relive the hemi-pelvis in thisinstance.
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Figure 6.31. The mechanical response of the 8yr old left hemi-pelviswhen loaded with
25% of the M S for ces associated with the 5 phase of the gait cycle; showing, (a)
cortical von Mises Stress (MPa), (b) trabecular von Mises strain and (c) trabecular
minimum principal strain.

The von Mises strain distribution shown in Figure 6.31(b) displayed resemblances to

that of Figure 6.25(b), where high strains radiated superiorly from the inferior ilium,

although additional concentrations were also observed travelling posteriorly.
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However, the von Mises strains dissipated more efficiently to produce a marginaly
lower loaded iliac fossa and crest. Compressive trabecular strains within the 8yr old
hemi-pelvis (see Figure 6.31(c)) were dlightly higher than those within the 1yr old
(see Figure 6.25(c)), with magnitudes above 2500ue in the ar region, and ranging
between 750-2500ue around the location of the tc. Compressive strains lowered near
the greater sciatic notch to values of 250-750ue, and dropped to lower levels in the
sm location. A concentration was formed which loosely correlated to the pt, although
no distribution was formed along the at. The restriction of the forces applied through
load regime 1 to 25% of their actual values, was considered appropriate as a
maximum displacement of 0.67mm (0.72% PD) produced a physiological

deformation.

As observed within the prenatal and 1lyr old hemi-pelves, the variation of the
triradiate cartilage did not cause any variation of the trabecular compressive strain
distribution (see Figure 6.32). Despite the maximal displacement ranging between
0.61-2.71mm (0.67-2.91% PD), the deformation remained solely within the triradiate

cartilage, thus did not affect the pelvic bone mechanics.
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Figure 6.32. Thetrabecular minimum principal strain distribution of the 8yr old left
hemi-pelvis produced by 25% of the M Sfor ces associated with the 5™ phase of the gait
cycleand atriradiate cartilage modulus of (a) 5MPa, (b) 20M Pa, (c) 30M Pa and (d)
50M Pa.

Load regime 2 also caused high cortical von Mises stresses to concentrate around the
SlJ and ilio-pubic ridge, and within the inferior ilium (see Figure 6.33(a)). However,
stress magnitudes were lower than those witnessed in Figure 6.31(a), producing a
higher level of stress relieving along the superior pubic ramus. The von Mises strain
distribution of Figure 6.33(b) was also similar to that produced by load regime 1 (see
Figure 6.31(b)), although the high strains within the inferior ilium dissipated more
efficiently. Therefore, load regime 2 produced a significantly lower strain superior

ilium, while the previous large concentrations within the posterior hemi-pelvis

became | ess prominent.
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Figure 6.33. The mechanical response of the 8yr old left hemi-pelviswhen loaded with
10% of the cumulative maximum muscle and joint for ces associated with the gait cycle;
showing, (a) cortical von Mises Stress (MPa), (b) trabecular von Mises strain and (c)
trabecular minimum principal strain.

The trabecular compressive strain distributions were again similar to those observed

in Figure 6.31(c), albeit with slightly lower maximal concentrations. The high strains

located around the ar and tc regions and the pt, ranged between 750-2500u¢g, which is
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sufficient enough to cause the high level of remodelling evident in these regions.
Magnitudes decreased around the sn region to 75-250ue, which was considered too
low to form the high trabecular organisation. Similar values were observed in the sm
region, consistent with the low level of trabecular formation. No concentrations were
observed in the region of the at. Restriction of the maximum forces associated with
the gait cycle to 10% of their actual values, proved successful in maintaining a

physiological displacement of 1.17mm (1.26% PD).

As witnessed previoudly, the variation of the triradiate cartilage only served to alter
the deformation of the acetabulum, and not the mechanics of the pelvic bone (see

Appendix V1).

6.5.2. Stressand strain distribution associated with maximal

isometric muscle forces

Similar cortical von Mises stress distributions were generated through the application
of load regime 3, athough as observed within the 1yr old hemi-pelvis, the stresses
were significantly larger (see Figure 6.34(a)). Therefore, the superior pubic ramus
was once again highly stressed. The trabecular von Mises strains radiated from the
maximal concentration within the inferior ilium, athough a significant concentration
was aso formed posteriorly. The strains dissipated in a column like fashion
superiorly, producing a fairly uniform strain distribution throughout much of the
inferior ilium and iliac fossa (see Figure 6.34(b)). The trabecular compressive strains
illustrated in Figure 6.34(c), generated a more uniform strain distribution that
previously observed, loading the majority of the ilium within a range between 750-
2500pe. Although high strains were located around the ar and tc regions, no other

distributions to match the other trabecular trgjectories could be identified. Despite the
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high levels of compressive strains throughout the structure, a physiological maximal

displacement was still maintained at 1.13mm (1.21% PD).
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Figure 6.34. The mechanical response of the 8yr old left hemi-pelviswhen loaded with
1% of the maximum isometric muscle forces and a hip joint force of 1x BW; showing,
(a) cortical von Mises Stress (M Pa), (b) trabecular von Misesstrain and (c) trabecular

minimum principal strain.
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Similar to that observed within the 1yr old hemi-pelvis, hip joint loading with larger
factors of BW caused a significant increase in the trabecular compressive strains
throughout the whole ilium (see Figure 6.35). Despite the increased strain
magnitudes inciting a variation in the distributions, no clearly correlation to the
trabecular trajectories was observed. The maximum displacement produced by
varying the BW factors ranged between 1.054.12mm (1.13-4.43% PD). However,
when no acetabular loading was applied, a higher level of displacement was
produced in comparison to the models in Figure 6.35(b) and Figure 6.35(c). Thiswas
once again attributed to the hip joint loading at 1 and 2 times BW counteracting the

forces of the pelvic muscles spanning the hip joint.

(d)

-75E-03 -25E-03 -75E-04 -25E-04 -75E-05 -25E-05 0

Figure 6.35. Thetrabecular minimum principal strain distribution of the 8yr old left
hemi-pelvis produced when applying 1% of the maximum isometric muscle forces and
ahipjoint force of (a) 0% BW, (b) 1% BW, (c) 2% BW, (d) 5% BW and (e) 10% BW.
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/. DISCUSSION

The predicted von Mises and compressive mechanical strains generally displayed
similar distributions for the al juvenile ages analysed, characterised by a large
concentrations within the inferior ilium which dissipated superiorly into the iliac
fossa (see Chapter 6). In comparison to the trabecular trgjectories illustrated in Figure
2.7, high strains were observed in the locations of the ar and tc. The maximal von
Mises and compressive strain values exceeded 2500pe within the former,
significantly surpassing the reported thresholds suggested to instigate bone
remodelling (Martin, 2000; Ward et a., 2009). Due to the superior radiation of the
concentrations from the inferior ilium, strain magnitudes between 750-2500ue were
observed within the position of the tc, which again generally exceeded the
remodelling threshold. In relation to the bone remodelling illustrated in Figure 2.3,
this magnitude placed the tc in the overload range, while the ar region was within the
pathological over load range. In instances when the strains dissipated rapidly from
the inferior ilium, the majority of the iliac fossa and crest was relatively unloaded
(see Figure 6.15, Figure 6.25 and Figure 6.31). The resulting strain distribution often
caused a reduction in the magnitudes around the greater sciatic notch, to levels
unfavourable with causing the high trabecular organisation within this region.
Loading which caused an increase in the inferiorly located strain concentrations,
often produced a more uniform distribution with a gradua strain dissipation (see
Figure 18, Figure 22, Figure 25, Figure 28, Figure 33 and Figure 34). Consequently,
high magnitude concentrations travelled along the ilio-pubic ridge and towards the
superior regions of the SIJ articulation, creating a distribution loosely correlating to
the pt. However, this concentration also expanded anteriorly to produce similar strain

magnitudes within the central iliac blade, which were too high to be associated with
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the low density sm region. There was no evidence of a distinct strain concentration
directed anteriorly to correspond to the at. Consequently, comparisons between the
predicted von Mises and compressive strain distributions of the prenatal, 1yr and 8yr
old hemi-pelves and the trabecular trajectories described in literature (Macchiarelli et

al., 1999; Rook et a., 1999; Cunningham and Black, 2009a, 2009b) were limited.

A dlightly varied von Mises and compressive strain distribution was observed within
the 19yr old pelvis, athough larger magnitudes were once again concentrated within
the inferior ilium (see Figure 6.8 and Figure 6.9). High strains radiated both
superiorly into the ilium and inferiorly into the acetabulum, while a secondary
concentration formed within the iliac fossa. This secondary concentration produced
unreasonably high strain magnitudes to be associated with the location of the sm
region. Unfortunately, literature reporting FE analyses of the adult pelvis under
physiological loading (Dalstra and Huiskes, 1995; Majumder et al., 2005; Phillips et
al., 2007) do not report strain distributions, therefore the validity of those predicted in
this study was difficult ascertain. However, the cortical and trabecular stress
distributions of the 19yr old hemi-pelvis (see Figure 6.6 and Figure 6.7) were
comparable with those documented in literature. Although the stress magnitudes
within this study were larger, this was attributed to the use of differing MS loading
and the possible variations of the hemi-pelvic morphology. Therefore, it was

concluded that the hemi-pelvis responded in a physiological manner under |oading.

The contour plots displayed in Chapter 6 aimed to display the range of strains
throughout the hemi-pelvis. Therefore, the strain contours did not reflect the strain
threshold ranges reported by Martin (2000) (see Figure 2.3), thus failing to fully
illustrate the hemi-pelvic regions which were homeostatic or undergoing bone

formation. Figure 7.1 shows altered contours which correspond to the threshold
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ranges for load regimes of the prenatal, 1yr and 8yr old hemi-pelves. Despite the
distribution of the compressive strains being visually altered, they still provided the
same general observations as described previously. Therefore, anaysing strain
distributions through contours which did not fully represent the bone threshold

ranges, was presumed not to affect the observations and conclusions made.

The analysis of the hemi-pelvic strains was also limited to the von Mises and
compressive states. The von Mises strains were recorded to observe if the distribution
produced by the averaged strain magnitudes coincided with the known trabecular
trajectories. The compressive strains were analysed in accordance with Wolff’s law,
which states that the trabecular trgectories align to principa traectories. The
minimum principal strain was deemed appropriate due to the nature of pelvic

loading, which was expected to predominately place the structure in compression.
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Figure 7.1. The minimum principal strain of the trabecular bone showing; (a) the
prenatal hemi-pelvisunder load regime 3 (see Table 6.1), and the (b) the 1yr old hemi-
pelvisand (c) the 8yr old hemi-pelvis under load regime 1 (see Table 6.2).

-212 -



7.1. VALIDITY OF PREDICTED STRAIN DISTRIBUTIONS

The vaidity of the predicted stress and strain distributions was dependent on the
methods employed to construct the juvenile FE models. The areas considered for
discussion are the replication of the physiologica loading and mechanica
interactions of the pelvis though FE methods, the predicted MS loading associated
with in utero and bipedal movements, and the reconstruction of the juvenile hemi-

pelvic geometry.

7.1.1. Validity of thefinite element modelling

The validity of the methods used to replicate the pelvic constraints within the FE
models was assessed through analysis of the 19yr old hemi-pelvis, where computed
cortica and trabecular von Mises stress distributions were comparative to those
within literature. Therefore, modelling of the MS anatomy through single lines of
action per muscle (or segments in cases when muscles were split into regions)
produced valid results. However, this was still considered a limitation of the
modelling, as the forces applied to the nodes within an origin areawere defined at the
same angles. Consequently, this method did not fully replicate the fanning nature of
the muscle fibres, as illustrated in Figure 2.17 and Figure 5.8. Landmarking of
muscle origin sites on the pelvis was open to operator error, although they were
identified with the aid of numerous anatomical texts (Scheuer and Black, 2000;
Moore and Agur, 2002; Stobotta, 2006), which aimed to accurately define their

|ocation.

The constraints applied to the juvenile FE models may have influenced their

mechanical response to the applied MS loading. Modelling the physiological
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interaction between the pelvis and sacrum (Li et a., 2007; Maumder et a., 2007;
Maumder et a., 2008b, 2009; Leung et a., 2009) is only possible with the
availability of the CT data containing the pelvic girdle. However, due to the
disarticulated nature of the specimens of the Scheuer collection, hemi-pelvic
modelling was employed through making possible over estimations of the
physiological structural constraints. Analysing numerous methods of constraining the
19yr old hemi-pelvis suggested that inclusion of the contralateral side, relieved high
stresses along the superior pubic ramus (see section 6.1). An aternative method
which permitted a degree of trandlation at the pubic symphysis also proved successful
in relieving high pubic stresses, and formed similar distributions to those generated
through the inclusion of the contralatera hemi-pelvis. Therefore, this method was
applied to the other juvenile hemi-pelves, and aided in the formation of low stresses
within the prenatal pubis (see section 6.3). Although, there were instances within the
1yr old (see Figure 6.25) and 8yr old (see Figure 6.31) hemi-pelves were the pubic

stresses increased.

The results of section 6.1 also showed that modelling a layer of SIJ cartilage did not
prove successful in achieving rotation of the pelvis. Sagittal rotation would have been
produced through decreasing the SIJ cartilage modulus, although this was expected to
have increased the pelvic deformation beyond a physiological magnitude. Modelling
the hyperelastic materia properties reported in literature (Li et a., 2006; Kim et a.,
2009) would have increased the accuracy in modelling the soft tissue under loading.
An attempt to perform such modelling was unsuccessful due to a high level of
deformation which occurred within the SIJ cartilage elements. However, the limited

rotation of the SIJ within the 19yr old hemi-pelvis did not produce significantly
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altered pelvic stresses in comparison to those previously reported (Dalstra and

Huiskes, 1995; Majumder et al., 2005; Phillips et al., 2007).

The analysis of the juvenile hemi-pelvic stress and strain distributions (see Chapter
6) was made with respect to the assumed material properties modelled. Cortical and
trabecular bone was presumed to behave in a linear isotropic manner (Dalstra et al.,
1993), while homogenous properties were modelled throughout the pelvis. Therefore,
despite the range of the trabecular modulus and cortical thickness reported within the
adult pelvis (Dalstra et a., 1995, Anderson et al., 2005), average values were defined
for each material property. However, this method was employed primarily because
element-specific materia properties could not be determined from the uCT data of
the origina specimens. Although, both Dalstra et a. (1995) and Anderson et al.
(2005) found that modelling homogeneous material properties produced a
mechanical response which was similar to that created through element-specific
values. Anderson et al. (2005) also concluded that predicted pelvic stresses were
more sensitive to aterations in cortical thickness in comparison to trabecular
modulus. Therefore, it would be reasonable to presume the validity of the predicted
stress/strain distributions was mainly subject to the accuracy of representing the
pelvic cortex. The influence of varying the cortical shell thickness within the prenatal
model was examined, using the histomorphometric data reported by Cunningham and
Black (2009c¢) (see Appendix VII). A homogenous cortical thickness was observed to
produce comparative von Mises stress/strain distributions to instances when the
cortex was modelled through eight separate regions of varying thickness. A more
complex cortical structure which comprised of 64 separate regions, produced the
most marked difference in the pelvic mechanics, athough comparisons were still

observed with the more simplistic modelling. Therefore, this provided evidence to
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suggest that homogenous modelling of the cortical thickness was fairly valid in the

case of the prenatal hemi-pelvis.

It is acknowledge that the histomorphometric data of Cunningham and Black (2009c)
relates to the neonatal pelvis, and therefore is not fully applicable to the estimation of
the prenatal morphology. However, due to the estimated gestational age of the
prenatal specimen and the reduction in the MS loading after birth, the thicknesses
applied were not presumed to overestimate the actual stiffness too excessively. The
applied cortical thicknesses for the 1yr and 8yr old hemi-pelves was likely to be less
valid, as they were based on the average thickness from bioposes taken from the
region around the ASIS (Glorieux et a., 2000; Parfitt et al., 2000). Consequently,
reported thicknesses were not representative of the whole pelvic structure. However,
this remains to be the only literature detailing the histomorphometry of the juvenile
pelvic cortex, albeit within a localised region. Modelling of the 19yr old cortical
thickness was based solely on previous FE analyses (Cilingir et al., 2007; Coultrup et

a., 2010).

As material properties of the juvenile pelvic bone is not extensively documented in
literature, the trabecular and cortical moduli was defined using data from adult FE
analyses (Dalstra and Huiskes, 1995; Maumder et a., 2005). Kim et al. (2009)
reported that the trabecular and cortical moduli of a 10yr old pelvis was 64% and 70-
80% of that modelled by Dalstra and Huiskes (1995), while the cortex was 70-80%
of the thickness reported by Majumder et a. (2005). Therefore, this implies that the
properties defined within Chapter 6 overestimated the stiffness of the pelvic
structure. However, these findings were determined through optimising materia
properties through a series of FE analyses, until a predicted pelvic mechanical

response matched that of one recorded experimentally. Consequently, the validity of
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these results was dependent on the accuracy of the experimental data, and only
related to the age of the specimen analysed. Therefore, athough this indicates the
degree to which juvenile bone is weaker compared to adults, its direct use within this
study remained limited. Additionaly, the levels of deflection observed within
Chapter 6 were within physiological ranges. Decreasing the modelled bone strength
would have caused the models to be too flexible and produced unphysiological
responses. Material properties of triradiate cartilage are also sparse within literature,
prompting the estimation of its modulus. Triradiate cartilage was presumed to be a
linear elastic material, despite literature suggesting that cartilaginous materia of the
pubic symphysis and the SIJ is hyperelastic (Li et a., 2007; Maumder et al., 2007,
2008b, 2009; Leung et al., 2009). Although, Anderson et a. (2005) defined
acetabular cartilage as a linear elastic material, therefore assuming triradiate
acetabular cartilage modulus was between this and trabecular bone, was deemed
appropriate. As shown in Chapter 6, variation of the modulus did not affect the
predicted stress/strain distributions within the pelvis, and only served to deform the
shape of the acetabulum. Altering the triradiate modulus also suggested that
modelling between 30-50M Pa produced similar maximal deflections, which were all
considered to be within a physiological range. Therefore, the assumed modulus of
40M Pa was deemed suitable, although modelling of hyperelastic properties may have
proved more valid. However, a considerable amount of computation time would be
required for modelling triradiate cartilage as a hyperelastic material, leaving linear

modelling as amore viable option.

The convergence test detailed in Appendix VI concluded that modelling a mesh
density of ~200,000 elements was sufficient to capture accurate hemi-pelvic

mechanics. Although this was higher than previously reported within literature for
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hemi-pelvic modelling (Kaku et a., 2004; Cilingir et al., 2007; Maumder et al.,
2008; Zant et a., 2008), the additional nodal locations on the structural exterior was
considered advantageous for defining muscle origins. The FE plots within Chapter 6
did not provide any evidence of disruptions to the stress/strain distributions, as would

be expected if the modelled mesh density was inappropriate.

7.1.2. Validity of the musculoskeletal modelling

A magjor limitation of the prenatal MS model was the restriction of the kinematic
movement to solely rotation in the sagittal plane. To faithfully replicate in utero
movements, the hip joint should be modelled in al three degrees of rotation.
However, the extent of the hip adduction/abduction and lateral rotation is difficult to
ascertain, whereas an indication of the flexion can be estimated from Figure 5.1.
Additionally, increasing the range of hip joint motion would increase the complexity

of preventing the muscles from intersecting the pelvic bone and each other.

The predicted forces of the prenatal MS model were also dependent on the defined
MIF' s, which were based on previous modelling of an adult (Heller et a., 2001). This
assumed that the physiology of the prenatal muscles was the same as those within the
adult. The inverse dynamics was also influenced by the fetal weight determined from
an age-to-weight growth chart (Ogden et al., 2002). This was subsequently dependent
on the determination of the prenatal specimen gestation age, therefore inaccuraciesin
these estimations may have affected the MS modelling. Subject-specific MS
modelling from a MRI scan, were the fetal age and weight can be estimated more
accurately, would have reduced such validity issues. However, accessibility of such
datais not freely available and has ethical considerations. Replicating the mechanical

interactions between the prenatal limb and the womb wall was aso simplified
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through applying a resistive force to the kinematic motion. As shown in Table 2.4,
applying a greater resistance to the hip joint movement served only to produce a
relative increase in muscles forces, rather than incite different muscle activity
combinations. Consequently, this could indicate that the simplifications made during

construction of the prenatal model did not replicate the MS system accurately.

The validity of the prenatal MS loading was aso related to the modelled muscular
lines of action. Lenaerts et a. (2009) reported that the accurate definition of the HIC
isrequired to correctly calculate joint kinetics, asincorrect joint centres subsequently
influence the muscular paths spanning the hip. As the acetabulum of the original
prenatal specimen was not fully intact and required reconstruction, functional
methods of determining the HJC could not be utilised. Therefore, predictive methods
were applied and the calculated joint coordinates averaged to estimate the joint
centre. Although predictive methods contain a greater inaccurate in locating the HJC,
the estimated joint centre estimates were closely positioned to each other within the
acetabular labrum (see Figure 5.3). Estimating the HIJC also provided evidence that

the original prenatal specimen contained a correct physiological morphology.

The definition of the muscle lines of action of the prenata model was aso
susceptible to operate variance, although the time expended during the construction
of the muscular anatomy prohibited comparison between different operators. The
method employed to replicate a femur to accompany the hemi-pelvis assumed
comparative morphologies between adult and prenatal femurs. Therefore, this did not
account for possible variations of regions such as the femoral neck (Tardieu and
Damsin, 1997), which has been reported to effect inverse dynamics (Lenaerts et a.,

2008, 2009a).
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The load regimes applied to the 1yr and 8yr old FE models which were based on
forces associated with the gait cycle (load regimes 1 and 2 of Table 6.2), were
defined using the forces predicted from the adult MS model (see section 5.2).
Although, this may be fairly plausible for the 8yr old as a mature gait is achieved
close to this age (Sutherland, 1997), this would not be the case for the 1yr old hemi-
pelvis. Unfortunately, the laborious nature of constructing a MS model of the 1yr old
hip joint during crawling, rendered creating another model impractical. Additionaly,
such modelling would also have to consider the onset of early juvenile gait.
Alteration of ageneric MS model could have enabled estimation of M S forces during
initial bipedalism, athough gait and force plate data would be required for a 1yr old
subject. Consequently, due to these complications, the M S loading from a mature gait
pattern was applied. As the 1yr old pelvis was expected to contain a trabecular
organisation related to a weight bearing function, it was deemed appropriate to apply

MS loading from a mature gait.

The assessment into the validity of constructing subject-specific MS models from
generic models proved inconclusive (see section 5.3). The differences between
predicted and EMG measured muscle activities was attributed to possible
inaccuracies within the experimental data. Therefore, it was concluded that further
validation is required which analyses a larger number of subjects and makes greater
attempts to record accurate experimental readings. This should be coupled with
efforts to evaluate muscle forces through experiment methods, providing a greater
means of comparison to the computed muscle function. Validation of this modelling
technique paves the way for its application in the creation of subject-specific models

of juveniles during the devel opment of a mature gait.

- 220 -



7.1.3. Validity of the mor phometric reconstructions

The digital modelling in Chapter 3 and section 4.2 aimed to create digital volumetric
hemi-pelvic models which faithfully replicated the original articulated morphology.
The GMM technique described in section 4.1 was successfully applied to reconstruct
the articulated forms of the juvenile specimens. The validation of the modelling
method suggested that a reconstructed 9yr old hemi-pelvis was close to the
morphology of its original articulation (see section 4.2). The sight variation in form
did not cause significant variation upon predicted strain distributions. However, the
PCA results of Figure 4.7 showed that the original and reconstructed 9yr old hemi-
pelves differed in morphology from those within the original morphometric data set,
and that of the warped template. As the 9yr hemi-pelvic form was presumed to be
accurate, this raised issues concerning the validity of the morphometric data set. This
relates to the process of the manually reconstructing the disarticulated juvenile pelvic
specimens, from which the original morphometric data was based. However, the even
distribution of the data points of the original morphometric data set within Figure
4.7, suggests any possible misplacement within the manual reconstruction occurred
with the same magnitude throughout the data set. Although this was considered to be
unlikely, it did highlight the need for a morphological database generated through
originally articulated juvenile hemi-pelves. The results of the validation were
analysed with respect to the fact that only one reconstruction was compared to its
original form, and that the 9yr old hemi-pelvis did not contain vast amounts of
triradiate cartilage. In comparison, the 1yr hemi-pelvic bones were more difficult to
rearticulate due to the lack of definition within the ilio-ischial, ilio-pubic and ischio-
pubic articulation sites (see Figure 4.19). Consequently, a larger volume of triradiate

cartilage was created, introducing greater inaccuracies when reconstructing its
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articulated form. Therefore, additional modelling is required on younger specimens
to fully analyse the validity of the technique. However, scan data containing the
articulated juvenile pelves is not freely available, while cadaveric specimens are

often dry and may have undergone morphological alterations.

The use of the landmark configuration illustrated in Figure 2.2 proved successfully in
warping a range of differing adults pelves to warped templates of comparative
morphologies. However, the analysis of the results in section 4.4 was made with
respect to the unknown sex and age of the adult hemi-pelvic specimens used. Despite
this, the use of the 19yr old hemi-pelvis from which to create the hemi-pelvic
templates during the reconstruction process, was not considered to have any

associated validity concerns.
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8. CONCLUSION

This thesis aimed to investigate the influence of mechanical loading induced by the
development of bipeda locomotion, upon the trabecular growth and remodelling
within the human juvenile pelvis. It has been reported that the growth of trabecular
bone within the adult pelvis aligns to the strain distribution produced during bipedal
locomotion. Ontogenetic studies have observed the gradual optimisation of trabecular
bone within the lower extremities, in response to juvenile locomotion. However,
recent studies of the fetal and neonatal pelvis have observed organised trabecular
structures comparative to those associated with a weight bearing function. The
factors which cause such trabecular growth remain unknown, although a possible
genetic blue print within the bone cells and the mechanical loading in utero provides

afeasible explanation.

The issues related to performing biomechanical analyses based on cadaveric juvenile
bone specimens were highlighted through the digitisation of the pelvis. The cadaveric
dry pelvic specimens of the Scheuer Collection are mainly disarticulated, therefore a
morphometric reconstruction technique was applied to reconstruct articulated
structures. This technique demonstrated the ability to utilise morphometric datasets
of juvenile landmark configurations, to estimate the complete morphologies of

disarticul ated bone specimens.

Evaluation of the muscular and joint forces produced during bipedal |locomotion,
highlighted the capabilities of simulation software packages to create subject-specific
MS models. The personalisation of generic MS models provides an opportunity to
perform juvenile modelling, and determine the loading associated with various stages

during the development of a mature gait. The MS modelling of the prenatal hip joint
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to replicate the in utero mechanical environment, demonstrated the possibilities to

model other juvenile movements such as crawling.

Predicted von Mises and compressive mechanical strains from FE analyses of the
prenatal, 1yr and 8yr old pelvis failed to display complete correlation to the
trabecular histomorphometry within the ilium. A range of load regimes was applied
which aimed to replicate the MS loading associated with the adult gait cycle, and the
MIF that each muscle could exert on the pelvic cortex. The majority of the von Mises
and compressive strain distributions produced by these load regimes displayed
similar characteristics. Strains magnitudes exceeding threshold ranges suggested to
instigate remodelling were generally concentrated within the inferior ilium, which did
correspond to regions of high trabecular organisation. Although, these high strains
generally dissipated superiorly in a column-like fashion, rather than travelling
anteriorly or posteriorly as observed in the growth of pelvic trabecular bone.
Therefore, no strain distribution correlated to the complex trabecular morphology in
the ilium. Consequently, the results of this study imply that the trabecular growth
witnessed within the prenatal and neonatal pelvisis predominately related to genetic
influences, while mechanical loading provides a secondary system to further

structural optimisation.

This study has only provided a primitive insight into the juvenile pelvic response
under loading, and was subject to the validity of the applied modelling techniques.
Further work is required to develop the methods of representing the pelvic MS
system within biomechanical analyses. Employing a subject-specific modelling
approach would enhance the accuracy of modelling procedures, initially enabling
digitisation of complete anatomical features. Histomorphometric data of the juvenile

pelvic bone properties could also be directly applied to FE analyses to define the
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bone mechanics. Therefore, a subject-specific modelling should be adopted to

investigate juvenile pelvic strains further.

-225-



9. FUTURE WORK

As this study failed to observe distinct correlations between computed mechanical
strains and the complete trabecular organisation within the juvenile pelvis, further
work is required to develop the applied modelling techniques. An initial study which
involves the construction of a subject-specific MS model and a FE analysis of an
adult patient, should be performed to analyse the validity of the employed modelling
procedures. This should am to analyse if applying subject-specific MS loading
produces a close comparison between computed strains and the trabecular
organisation within the pelvis. Observing a closer match between the two than that
witnessed in this study, would provide further confidence in the modelling

techniques and enable further work to apply the methods to the juvenile pelvis.

As a dignificant proportion of this study concerned the reconstruction of
disarticulated juvenile pelves, future work should also concentrate on improving the
reconstruction process and locating a source of articulated specimens. Although a
morphometric reconstruction technique was created which facilitated the
reconstruction of disarticulated bones, the method was dependent on the accuracy of
the utilised morphometric dataset. Therefore, a dataset is required that contains a
larger sample number and includes at least one specimen for each juvenile age. To
eliminate the validity issues concerning the current dataset, juvenile landmark
configurations should be taken from wet articulated pelvic specimens. This will
enable greater accuracy in the estimation of juvenile landmark configurations based
on anatomical measures, and provide a greater indication as the geometry of absent

cartilaginous features.
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The acquisition of wet articulated juvenile pelvic specimens also enables a more
subject-specific approach to be employed, in instances when modelling the bones of
disarticulated specimens is not essential. The direct modelling of wet samples also
provides the opportunity to determine material properties from CT data, providing
element-specific properties within FE analyses. This will facilitate greater accuracy
in modelling the strength of the juvenile pelvis throughout ontogeny. In addition,
mechanical testing of pelvic triradiate cartilage is necessary to establish if linear or
hyperelastic modelling is more appropriate to represent its behaviour. However, this
is dependent upon the nature of the wet specimens, as preservation methods can alter
material properties. Alternatively, clinical CT scans could aso be used, athough the
ethical implications of obtaining such data is problematic. Using specimens which
contain an articulated pelvic girdle also permits accurate replication of the
physiological interactions between the separate bones, rather than simplifying
assumed joint motion. Experimental validation of the FE procedures employed is
required to validate the assumptions made in the material modelling. However, due
to the scarce availability of juvenile bone specimens and their often fragile nature,

obtaining permission to perform experimentation on them is unlikely.

Locating a repository of articulated juvenile specimens would also aid the
construction of MS models which replicate in utero and crawling movements.
Modelling of specimens that maintain the complete structure of the acetabular labrum
enables the use of functional methods to locate joint centres, in contrast to relying on
predictive estimations. Juvenile pelvic specimens with accompanying femurs, would
enhance the accuracy of created juvenile MS models, as muscle attachment sites
could be identified. The complexity of the prenatal MS model should be increased

further to consider adduction/abduction and rotation of the hip joint. Future work
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could possibly investigate the use of ultrasonography as a means of quantifying the
kinematics of fetal movement. Determining the M S loading associated with crawling
will enable the analysis a greater range of juvenile ages, and analyse the strains
induced through the first significant mechanical loading experienced during juvenile

devel opment.

The possibility of applying subject-specific MS modelling techniques to juveniles
should also be investigating, as it provides the capabilities of determining muscle and
joint forces associated the development of a mature bipedal gait. Initial work has
already created MS models of juveniles based on experimentally recorded kinematic
and kinetic data. However, the anthropometric scaling within AnyBody used to alter
generic models, only adjusts the thigh and shank length and the pelvic width (see
Figure 9.1). Therefore, to accurately model the juvenile anatomy, the complexity of
the scaling requires increasing to optimise the pelvic height, and to a lesser extent,

the radius of bones such as the femur.

Figure 9.1. A MSmodel of a 7yr old within AnyBody.
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Recent developments within AnyBody now provide the capabilities of importing a
subjects skeletal geometry into the generic models, as determined from CT data.
Identification of the muscle attachments from the scan data increases the accuracy of
the subject-specific modelling. Therefore, upon the availability of such data for the
juvenile, the representation of the actual juvenile anatomy significantly increases.
The genera method of the subject-specific modelling technique requires further
validation, aimed at establishing a greater correlation between predicted and
experimental muscle activity. This should be performed through analysing a greater
number of participants, and devising a method of experimentally measuring a muscle
force. Possible use of a isokinetic dynamometer to measure peak torques during
voluntary contraction has been used to convert EMG signalling to a force, although

this method needs further investigation.
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APPENDI X |

This study uses the following terminology which is based on the reference frames of

the body shown in Figure A. The four imaginary planes intersect the body through

the following definitions:-

Median plane —

Sagittal plane —

Frontal plane —

Transverse plane —

a vertical plane intersecting the body longitudally,
dividing it into left and right halves;

avertical plane parallel to the median;

a vertical plane perpendicular to the median plane,
dividing the body into anterior (front) and posterior
(back) parts;

a horizontal plane passing through the body
perpendicular to both the median and frontal planes,
dividing the body into superior (upper) and inferior

(lower) parts.

In addition, the following definitions are also used:-

Superior —
Inferior —
Anterior —
Posterior —
Media —
Lateral —
Proximal —

Distal —

directed upwards towards the head;

directed downwards towards the feet;
directed towards the front of the body;
directed towards the back of the body;
directed towards the mid line of the body;
directed away from the mid line of the body;
nearest to the point of attachment or origin;

located away from the attachment or origin.
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Figure A. A superior and anterio-lateral view of therefer ence planes of the body
(adapted from Moore and Agur, 2002).
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APPENDI X [1

The extent to which the comparative hemi-pelvis created in section 4.3 varied from
the originally articulated and reconstructed 9yr old forms, was observed through a
PCA. The analysis was performed on the original morphometric dataset including the

9yr old forms, as shown in Figure B.

The close accuracy between the originally articulated and reconstructed hemi-pelves
was again witnessed (particularly along PC2 and PC3), athough with a dlight
decrease along PC1l (see Figure B). In contrast, the comparative hemi-pelvis
displayed a greater variation in form along PC1 and this increased further within
PC2. However, this variance decreased significantly along PC3, with the
comparative hemi-pelvic morphology similar to that of the reconstructed form (see
Figure B(b)). Therefore, although the comparative hemi-pelvis exhibited a larger
morphological variance from the originally articulation than previously seen with the

reconstructed model, it was till considered to maintain a general pelvic morphology.

As only the relative positioning between the pelvic bones was altered, and not their
individual morphology, the comparative hemi-pelvis was considered to contain an

appropriate variation in form for use within the FE validation.
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Figure B. Multivariate regression analysis of the original morphometric dataset ( +),
including the originally articulated (+), reconstructed () and compar ative (H) 9yr old
hemi-pelvic forms; showing (a) PC1 vs PC2 (b) PC1 vs PC3 (c) PC2 vs PC3.
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APPENDIX |1

To determine if the meshes analysed throughout this study modelled a sufficient
element density, a convergence test was performed on various meshes which ranged
between ~117,000-2 million elements. All meshes were based on the digitised model
of the originaly articulated 9yr old hemi-pelvis (see section 4.3), and consisted of
volumetric 10-noded tetrahedral elements (representing trabecular bone and triradiate
cartilage) and 4-noded shell elements (for cortical bone). The tetrahedral element

parameters of each mesh were adjusted to the recommended levels within AMIRA.

Materia properties defined during the convergence testing were the same as those
detailed within section 4.3.1. A simplistic loading regime was defined for each mesh,
comprising of constraining four nodes within the superior ilium (two on the medial
side; and two on the lateral side) in al DOF. A negative load of 12N was distributed
evenly between four nodes positioned at roughly equal spacing along the obturator

foramen, asillustrated within Figure C.

Figure C. The applied loading regime during the conver gence testing which
constrained four nodeswithin the superior ilium (2 lateral and 2 medial) and loaded
the obturator foramen through four nodes (spher es show the five locations associated
with elementson irregular profiles).
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The level of convergence was analysed through an inter-mesh comparison of the
cortical and trabecular von Mises strain distribution, and the nodal strains at specific
locations. These locations were selected to include nodes associated with elements
that followed regular and irregular surface profiles. As shown in Figure D, the
locations of elements which were characterised by regular profiles included the iliac
fossa and medial ischial body, where the surface remained fairly flat. In constrast,
locations of irregular profiles were selected in regions such as the ASIS and ischial
spine (see Figure C). This aimed to distinguish the level of convergence for nodes
measuring a relatively even flow of strain distribution, and those experiencing a

higher rate of strain change.

Figure D. Thelocations of ten nodes attached to elements on regular surface profiles.

Asillustrated within Figure E and Figure F, minimal variation in the trabecular and
cortical von Mises strain distribution was observed throughout the varying mesh
densities. Within the trabecular bone, there was a slight increase in a concentration
near the iliac crest (highlighted in Figure E(h)) when the mesh exceeded ~542,000
elements. There was aso an emergence of a higher localised strain concentration
within the superior iliac fossa (see Figure E(i)). It was aso observed that the 2

million element mesh produced a region of a slightly increased strain within the
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medial body of the ischium (highlighted within Figure E(j)). The most noticeable
variation in the cortical von Mises strain distribution occurred within an iliac
concentration or low magnitude (highlighted in Figure F(d)), which reduced in size
between the mesh densities of ~175,000 and 250,000 elements. However, these
minor variations in distribution only marginaly atered the strain magnitudes and
were localised to small areas. Therefore, when analysing the overall trabecular and
cortical surface strains, a reasonable level of convergence was observed throughout

al the meshes modelled.
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Figure E. Thetrabecular von Misesstrain distribution produced by mesh densities

containing around (a) 117,000, (b) 143,000, (c) 175,000, (d) 201,000, (€) 224,000, (f)

278,000, (g) 378,000, (h) 542,000, (i) Imillion and (j) 2 million elements (the circles
relateto locations of alter strain distribution).
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FigureF. Thecortical von Mises strain distribution produced by mesh densities
containing around (a) 117,000, (b) 143,000, (c) 175,000, (d) 201,000, (e) 224,000, (f)
278,000, (g) 378,000, (h) 542,000, (i) Imillion and (j) 2 million elements (the circles

relateto locations of alter strain distribution).
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When analysing individual nodal von Mises strains, the trabecular bone displayed a
high level of convergence for all mesh densities when experiencing magnitudes
below 40ue (see Figure G). However, more profound fluctuations were observed
above this value, particularly for the mesh densities containing less than ~175,000
elements. Although, these fluctuations became less pronounced which an increasing
element density. Figure G also shows that for some nodal strains above 40ue, the
level of convergence decreased once the total element number exceeed ~542,000 or 1
million. Such strain variation could suggest that the meshes had still not converged at
the highest element densities modelled, although it was considered more plausible
that these were anomalous results. This seemed a reasonable assumption, as in these
instances the nodal strains remained fairly consistent for the mesh densities ranging
between ~201,000 and 542,000 elements. Only two nodes produce erratic strain
values between consecutive mesh densities, both of which related to elements lying
on regular surface profiles. One node produced a significantly increased fluctuation

between the mesh densities and was not included in Figure G.

No clear distinction was observed between the convergence of the nodes attached to
elements on irregular profiles, and those associated with curved geometries. Figure G
also illustrates that even low mesh densities were capable of capturing the

mechanical response of the hemi-pelvic features.
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Figure G. The nodal von Mises strains of the trabecular bone produced by increasing
mesh densities (red lines cor respond to nodes attached to elements on regular profiles,
blue lines correspond to nodes attached to elementson irregular profiles).
Similar observations were observed for the nodal results of the cortical von Mises
strain, asillustrated in Figure H. Overal, a dightly higher level of convergence was
observed in comparison to Figure G. However, as seen previoudly, the strain
fluctuations increased for nodes recording higher strain magnitudes. Instances again
occurred in which nodal strain variation increased upon modelling mesh densities
exceeding 542,000 elements. Although, these fluctuations occurred after a relative
plateau of nodal strains. Once again, there was little distinction between nodes laying

on flat surfaces and those on curved geometries.
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FigureH. The nodal von Mises strains of cortical bone produced by increasing mesh
densities (red lines correspond to nodes attached to elements on regular profile; blue
lines correspond to nodes attached to elementson irregular profiles).

To determine whether the fluctuation observed in Figure G and Figure H were
anomalous data or representative of other structural regions, the average noded
trabecular and cortical von Mises strains were calculated across the whole pelvic
surface. As shown in Figure I, the average cortical strains converged throughout all
the mesh densities modelled, producing a maximum relative variation of 2.75%
(calculated as the range/the average strain). In comparison, averaged trabecular
surface strains displayed an increased deviation, with a maximum relative variation
of 13%. However, as shown within Figure |, the average trabecular surface strains
decreased dlightly once the mesh density exceeded ~542,000 elements. Therefore,

when these results were discarded, the maximum relative variation reduced to 6.25%.
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Figurel. The average surface nodal von Mises strain of the trabecular (blue) and

cortical (red) bone produced by varying mesh densities.

Asillustrated within Figure J, analysis of the maximum displacement throughout the

pelvic structure displayed a high level of convergence. As observed previously, there

was an increase in deformation with the higher density meshes, although the

maximum relative variation was only 5%.
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The maximum displacement measured throughout the pelvic structure by the

varying mesh densities.
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The convergence testing displayed similar mechanical responses of the 9yr old hemi-
pelvis between all of the meshes densities modelled (see Figure E and Figure F).
However, analysis of noda strains at specific locations did suggest that the lower
dense meshes were more prone to calculating inaccurate values. Although Figure G
and Figure H both displayed a small number of nodes which failed to show the level
of convergence observed at other locations, it was predicted these were the cause of
anomalous data, and not a common occurrence throughout the structure. This
assumption was strengthened by a low level of variation observed within the average
surface strains and deformation (see Figure | and Figure J), and the limited disruption
to the distributions displayed in Figure E and Figure F. Therefore, when analysing
the strain distribution across the whole surface, rather than at specific points, the

lower density meshes were deemed suitable.

Although the above results highlighted dlight inaccuracies within the less dense
meshes, the total number of elements was higher than those reported within previous
hemi-pelvic models, which typically contain less than ~60,000 elements (Kaku et al.,
2004; Cilingir et al., 2007, Majumder et a., 2008; Zant et a., 2008). Therefore,
despite been significantly increased from the total element numbers in literature, a
mesh density closer to ~200,000 elements was chosen for this study. Although, this
element total is similar to that of literature which has modelled the full pelvic girdlie
(Anderson et a., 2005, 2008; Majumder et al., 2008b), it was considered appropriate

as the extra nodes enabled more accurate mapping of muscle attachments.

The conclusions regarding convergence are made with respect to the limited
complexity of the applied loading, and the measure of only one stress state. The
simplistic loading regime was selected based upon its ease of definition, and the

increased accuracy of achieving identical loading between the various meshes.
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Although modelling of physiological MS forces would be more representative of the
forces used in this study, achieving identical loading between meshes would prove

problematic, due to the operator interpretation in mapping muscle attachments.
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APPENDIX IV

The moment of inertiafor the prenatal femur was determined through the parameters
of the segment mass (M), length (L), radius (R) and bone density (D). The segment R
was cal culated through the pre-defined equation within AnyBody (listed as Equation
A), while the bone density was also taken from the software. Therefore, the
following parameters were defined:-

R =[M/(3.1416 x L x D)]°> Equation A

M =0.2503Kg

L =0.625m

R =0.035704m

D = 1000Kg/m°
The Ixx, lyy and lzz components of the moment of inertia were subsequently

calculated through Equations B-D, producing the following values:-

Ixx = (0.25 X M X R?) + (1/(12 X M X L?) Equation B
Iyy = 0.5 X M X R? Equation C
Izz = Ixx Equation D
Ixx = 0.000161

lyy = 0.00016

Izz = 0.000161
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APPENDIX V

Definition of the MIF for each muscle in AnyBody is calculated through the product
of the PCSA (Klein Horsman et al., 2007), a muscle stress of 0.27MPa and a strength
leg index of 1.53. Consequently, calculated MIF's are reduced in magnitude
compared to the method employed by Heller et a. (2001). Therefore, an analysis was
performed to observe if the definition of differing MIF's within the prenatal MS
model, would predict altered maximum muscle forces from those displayed in Table
5.3. A similar procedure to that detailed in section 5.1.5 was performed, whereby the
hip joint performed a passive 120° flexion, and then a 120° extension back to a

neutral position.

As shown in Figure K, identical maximum muscle forces to those in Table 5.3 were
predicted when the MIF' s were lowered to 1% of their original values. Differing
muscle force combinations were only produced when the MIF' s were restricted to
0.1%, athough the gluteus medius, obturator internus and rectus femoris exceeded
their maximal strengths. Therefore, as observed in section 5.1.5, reducing the MIF' s
to 1% of their original value was suggested to be a suitable strength from which to
perform further modelling. Figure K also demonstrates that when modelling passive
joint movements with MIF's at 1% of their origina values, no difference was found
in predicted maximal forces between the methods of Anybody and Heller et al.

(2001).
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100% 10% 1% 0.1%
MIF | Force % Force | %of | Force| % | Force| %
(N [ (N) | MIF | (N) | MIF | (N) |MIF| (N) | MIF
Adductor Brevis 145 | 022 | 0152 | 022 | 152 | 0.22 | 15.2 0 0
Adductor Longus | 624 | 0.78 | 0.125 | 0.78 125 | 0.78 | 125 0 0
Adductor Magnus | 1004 | 0.6 | 0.059 0.6 059 | 06 | 59 9 89.6
Biceps Femoris 1124 | 0.67 | 0.059 | 0.67 059 | 0.67 | 59 17 | 1528
Gemellus 169 | 035 | 0207 | 035 | 207 | 035 [20.7| O 0
GluteusMaximus | 2053 | 1.23 | 0.059 | 1.23 059 | 1.23 | 59 | 314 | 1529
Gluteus Medius 2039 | 122 [ 0059 | 122 | 059 | 122 | 59 | 321 | 1574
Gluteus Minimus 351 | 0.73 | 0.207 | 0.73 2.07 | 0.73 | 20.7 0 0
Gracilis 202 | 013 | 0064 | 013 | 064 | 013 | 64 0 0
lliacus 372 0.8 | 0.215 0.8 215 | 08 | 215 0 0
Ob ExternusAnt | 1016 | 205 | 0201 | 205 | 201 | 205 |201| O 0
Ob Externus Pos 1016 | 156 | 0.153 | 1.56 153 | 156 | 153 0 0
Ob Internus 1049 | 217 | 0206 | 217 | 206 | 217 | 206 | 34 |3241
Pectineus 281 | 054 | 0192 | 054 192 | 054 | 19.2 0 0
Piriformis 335 | 021 | 0063 | 021 | 063 | 0.21 | 6.3 0 0
Quad Femoris 603 0.2 | 0.016 0.2 0.16 | 02 16 0 0
Rectus Femoris 1194 | 247 | 0.206 | 247 | 206 | 247 | 206 | 3.86 | 323.2
Sartorius 244 0.5 | 0.205 0.5 205 | 05 |205 0 0
Semimembranosus | 706 | 042 | 0.059 | 042 | 059 | 042 | 59 0 0
Semitendinosus 607 | 0.36 | 0.059 | 0.36 059 | 0.36 | 59 0 0
TFL 363 | 075 | 0206 | 075 | 206 | 075 |206| O 0

Figure K. The maximum muscle for ces gener ated by the prenatal MS model when

flexing the hip joint to 120° and then back to 0°. Maximum for ces ar e displayed which

wer e generated through reducing the MIF’ sto 10, 1 and 0.1% of their original values.
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APPENDIX VI

As observed within the trabecular compressive strains of Figure 6.19, varying of the
triradiate cartilage modulus within the prenatal hemi-pelvis did not disturb the
cortical von Mises stresses (see Figure L) or trabecular von Mises strains (see Figure
M). The stress and strain distributions were comparative to those in Figure 6.13(c)
and Figure 6.14(b) respectively, again that showing that increased deformation

related solely to the triradiate cartilage.

Application of load regime 7 (see Table 6.1) to the prenatal hemi-pelvis produced
similar results when varying the triradiate cartilage modulus. The trabecular
compressive strain distributions illustrated in Figure N were comparative to that in
Figure 6.20(c), despite the maximal displacement ranging between 0.11-0.73mm
(0.37-2.43% PD). As observed within section 6.3.1, the maximal displacement range

significantly reduced when modelling moduli between 30-50M Pa (0.11-0.16mm).

The minimal influence of varying the triradaite cartilage modulus on the predicted
trabecular compressive strain distributions was aso observed in the 1yr and 8yr old
hemi-pelves. The strain distributions of the 1yr old hemi-pelvis showed in Figure O
were similar to the one displayed in Figure 6.27(c), producing a maximal
displacement range of 0.72-3.8mm (1.18-6.29% PD). Within the 8yr old hemi-pelvis,
the strain distributions displayed in Figure P were comparative to those within Figure
6.33, dthough a maximal displacement range of 1.17-3.72 (1.26-3.89% PD) was
recorded. As analysed in the prenatal FE models, both cases produced a reduction in

the maximal displacement range when modelling moduli between 30-50M Pa.
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FigureL. The cortical von Mises stresses (M Pa) of the prenatal right hemi-pelvis
produced by the cumulative maximal for ce loading of the passive hip joint movement
and varying thetriradiate modulusto (a) 5M Pa, (b) 20M Pa, (c) 30M Pa and (d) 50M Pa.
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Figure M. Thetrabecular von Mises strains of the prenatal right hemi-pelvis produced
by the cumulative maximal loading regime of the passive hip joint movement through
varying thetriradiate modulusto (a) 5M Pa, (b) 20M Pa, (c) 30M Pa and 50M Pa.
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Figure N. Thetrabecular minimum principal strains of the prenatal right hemi-pelvis
produced by 1% of the cumulative maximum for ces associated with the gait cycle and
varying thetriradiate modulusto (a) 5M Pa, (b) 20M Pa, (c) 30M Pa and 40M Pa.
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Figure O. Thetrabecular minimum principal strain distribution of the 1yr old left
hemi-pelvis produced by 2% of the maximum for ces associated with the gait cycleand
varying thetriradiate modulusto (a) 5M Pa, (b) 20M Pa, (c) 30M Pa and (d) 50M Pa.
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Figure P. The trabecular minimum principal strain distribution of the 8yr old left
hemi-pelvis produced by 10% of the maximum for ces associated with the gait cycle and
varying thetriradiate modulusto (a) 5M Pa, (b) 20M Pa, (c) 30M Pa and (d) 50M Pa.
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APPENDIX VII

The validity of modelling a homogenous cortical thickness was analysed through
altering the complexity of the cortex morphology within the prenatal FE model. Four
additional models were created which split the cortical bone into separate regions,
thus enabling definition of thicker cortices within specific areas (such as the gluteal
surface). The separate regions were defined through mapping out grids on the pelvic
cortex in a symmetrical manner between the medial and lateral sides. The four
models were defined through the following characteristics:-

Model 1 - 2 grids (one grid medialy and one laterally);

Modédl 2 - 4 grids (see Figure Q(a));

Modéd 3 - 8 grids (see Figure Q(b));

Modé 4 - 64 grids (see Figure Q(c)).
Model 4 was created to match the location of the 64 square grid used in the
histomorphometric analysis performed by Cunningham and Black (2009c). The
thicknesses of the cotical bone within each grid were defined using the data of
Cunningham and Black (2009c). The cortical modulus and the material properties of
the trabecular bone and triradiate cartilage were the same as those detailed in Chapter

6.

All models were loaded within the cumulated maximal muscular and joint forces
predicted by the prenatal MS model during the passive hip joint movement (load case

3 of Table 6.1). Identical constraints to those detailed in section 6.3 were applied.
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Figure Q. Modelling of the prenatal pelvic cortex through (a) 4 grids (model 2), (b) 8
grids (modd 3) and (c) 64 grids (model 4).
The cortical von Mises stress distributions illustrated in Figure R, were al similar to
the one created through modelling a homogenous cortical thickness (see Figure
6.13(c)). Variations between the cortical stresses of models 1 — 3 were minimal,
where dlight deviations in the distributions generally related to the lower stress
magnitudes. However, model 4 displayed a greater fluctuation in the distribution,
producing increased stresses within the inferior ilium on the media side (see Figure
R(d)). Therefore, a more accurate representation of the cortical shell, produced a
mechanical response which deviated the most from modelling a homogeneous

thickness.
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Figure R. Thecortical von Mises stressdistribution (MPa) of the prenatal right ilium
when modédling the cortex through (a) 2 grids, (b) 4 grids, (c) 8 gridsand (d) 64 grids.
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The distribution of the trabecular compressive strains displayed a dlightly greater
variation (see Figure S). Once again, the distributions of models 1-3 produced the
greatest similarities, athough their comparison to strains in Figure 6.15(c) was not as
close as observed within the cortical bone. The most noticeable variations in the
distributions occurred in the concentrations of low strains, although models 1-3
predicted a large area within the posterior ilium on the medial side to be in tension.
This was not captured in Figure 6.15(c) or by model 4 (see Figure S(d)). Therefore,
despite the increasing number of grids used to replicate the pelvic cortex dlightly
increasing the model flexibility, fairly comparative compressive distributions were

created in regions strained near or above the remodelling limit.

The similarities between the predicted cortical von Mises stresses of the complex and
homogenous cortical modelling, was in agreement with the findings of Dalstra and
Huiskes (1995) and Anderson et a (2005). However, these results were analysed
with respect to the fact that an exact cortical morphology was not examined, as only
grids were modelled. Additionally, the cortical thickness values were taken from
literature which examined a neonatal morphology rather than that of a prenata
(Cunningham and Black, 2009c). Although a small influence on the compressive
strains within the trabecular bone observed, a larger degree of fluctuation may have
occurred if non homogeneous material properties for the trabecular bone had been

defined.
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Figure S. The trabecular minimum principal strains of the right prenatal ilium when
modelling the cortex through (a) 2 grids, (b) 4 grids, (c) 8 gridsand (d) 64 grids.
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