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A B S T R A C T

If the articular facets of the vertebra grow in an asymmetric manner, the developed bone geometry causes an
asymmetry of loading. When the loading environment is altered by way of increased activity, the likelihood of
acquiring a stress fracture may be increased. The combination of geometric asymmetry and increased activity is
hypothesised to be the precursor to the stress fracture under investigation in this study, spondylolysis. This
vertebral defect is an acquired fracture with 7% prevalence in the paediatric population. This value increases to
21% among athletes who participate in hyperextension sports. Tests were carried out on porcine lumbar ver-
tebrae, on which the effect of facet angle asymmetry was simulated by offsetting the load laterally by 7 mm from
the mid-point. Strain in the vertebral laminae was recorded using six 3-element stacked rosette strain gauges
placed bilaterally. Specimens were loaded cyclically at a rate of 2 Hz. Fatigue cycles; strain, creep, secant
modulus and hysteresis were measured.

The principal conclusions of this paper are that differences in facet angle lead to an asymmetry of loading in
the facet joints; this in turn leads to an initial increase in strain on the side with the more coronally orientated
facet. The strain amplitude, which is the driving force for crack propagation, is greater on this side at all times up
to fracture, the significance of this can be observed in the increased steady state creep rate (p = 0.036) and the
increase in yielding and toughening mechanisms taking place, quantified by the force-displacement hysteresis (p
= 0.026).

1. Introduction

Spondylolysis is a stress fracture of the pars interarticularis, part of
the posterior portions of the vertebra. A number of authors have pro-
posed facet joint asymmetry as a precursor for this stress fracture
(Rankine and Dickson, 2010; Masharawi et al., 2007; Crawford et al.,
2015), however to date none have examined this using a mechanical
methodology. When bones grow in an asymmetric manner, the under-
lying structure adapts to this new loading environment over time (Frost,
2004). During normal loading such as that experienced with every-day
activities the asymmetric structure is sufficient. However, when the
loading environment is altered by way of increased activity the asym-
metric structure alters the apportionment of load and increases the
incidence of stress fractures of the pars interarticularis (Rankine and
Dickson, 2010; Masharawi et al., 2007). This vertebral defect is an
acquired fracture with a 7% prevalence in the paediatric (< 18 years
old) population (Hensinger, 1989), however, this number increases in
the athletically active population with a prevalence of up to 11% of
female gymnasts (Jackson, 1976), 10.5% of Swedish athletes (Swärd

et al., 1989) and 10.7% of Canadian gymnasts (> 10 years old) (Toueg
et al., 2010). It can occur unilaterally which ordinarily leads to healing,
or bilaterally, which in chronic cases can lead to the establishment of
non-union and grade 1 or 2 spondylolisthesis (anterior displacement of
the vertebral body) (Beutler et al., 2003; Rankine and Dickson, 2010).
The fracture occurs at the lowest lumbar level in 90% of cases and many
patients with spondylolysis will develop significant lumbar complica-
tions in later life (Crawford et al., 2015).

When this stress fracture occurs it has been shown to originate in the
caudal (lower) vertebra of the pair of vertebrae in question, and on the
ventral aspect (facing the abdomen) of the pars interarticularis (Terai
et al., 2009). The pars interarticularis fits Currey's (Currey, 1984) de-
scription of a “sandwich” bone, that is, a pair of cortices comprised of
cortical bone bearing the bending load with trabecular filling main-
taining the space between them, thus keeping the second moment of
area large. The backward bending force created by extension of the
spine is transmitted to the pars interarticularis via the facet joints. The
force inducing this bending is applied perpendicular to the principal
axis of the pars, on a plane which is 30° from the mid-plane of the
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intervertebral disc (Fig. 1). In this plane, the extensor force can be di-
vided between the left and right hand facet joints. If one of these facet
joints is more coronally orientated the portion of extensor force on that
side will be increased, thus the force acting in the posterior direction on
that side will be greater than the less coronally orientated side.

While a considerable volume of work exists on the links between
athletic technique and spondylolysis (Crewe, 2013; Annear, 1992;
Jackson, 1981), particularly among athletes who participate in hyper-
extension sports, where a prevalence of 21% of spondylolysis has been
recorded (Hoshina, 1980), the physical mechanisms causing spondy-
lolysis remain unclear. It is clear from the increase in prevalence, be-
tween the normal paediatric population and those that are athletically
active, that the fracture has a mechanical aetiology. Furthermore, in-
dividuals with one facet joint more coronally orientated than the other
have been shown to be predisposed to unilateral spondylolysis
(Masharawi, 2007; Rankine and Dickson, 2010; Crawford et al., 2015).

The hypothesis under investigation is that increased asymmetry of
load on the facet surfaces leads to increased rates of damage and sub-
sequent failure.

2. Background theory

Stress fractures in bone come about as a result of fatigue failure
characterised by the growth and coalescence of short cracks. However,
the bone tissue when observed during compression-compression cy-
clical testing moves through a number of loading phases from the initial
linear elastic phase, through a yielding phase, followed by steady state
creep (phase 3) before fracture (phase 4) (Gupta and Zioupos, 2008).
During phase 1, the bone material reacts in a reversible manner with no
permanent alteration in form. During the yielding phase the material
remains structurally intact, but plastic deformation occurs due to effects
on multiple scale levels. Yielding effects such as the unwinding of tro-
pocollagen molecules at the nano scale (Buehler, 2007), together with
the breaking of bonds between adjacent mineralised collagen fibrils at
the 10–100 nm scale (Gupta et al., 2006) and at a coarser µm scale the
release and re-attachment of sacrificial bonds comprised of protein
polymers acting as type of glue (Fantner et al., 2006), and finally at the
1–10 µm scale, diffuse microcracking, the prevalent mechanism of mi-
croscale deformation. Fatigue cracks formed under uniaxial compres-
sive loads form at an oblique angle to the line of loading (Carter and
Hayes, 1976), together these multiscale effects work collectively to
absorb energy and allow the development of diffuse microcracking
damage at the expense of stiffness and residual strength (Gupta and
Zioupos, 2008). During phase 3 which is observed as steady state creep,
the laws of fracture mechanics take over. Many authors (Nalla et al.,
2004; Koester et al., 2008; Ritchie et al., 2005) have shown crack

resistance curve (R-curve) behaviour is dominant during this 3rd phase.
R-curve behaviour is characterised by an increase in crack resistance
(toughness) with crack extension and is known to be orientation de-
pendent (Nalla et al., 2005). This rising R-curve behaviour is controlled
by the three phenomena of microcracking, crack deflection and crack
bridging by collagen fibrils working collectively to control the or-
ientation dependence of toughness. It has also been observed that ex-
trinsic toughening is the dominant mechanism, which, as stated by
Ritchie (Ritchie, 1988) operates principally in the wake of the crack tip
and acts to ‘‘shield’’ the crack from the applied driving force. The me-
chanism of short crack toughening due to bridging by collagen fibrils
was also supported by the findings of Kruzic (Kruzic et al., 2006) in a
study of surface cracks. Another toughening mechanism which must be
considered is osteon pull-out. As the vertebral laminae also experience
bending, the ventral surfaces are experiencing tensile cyclical loading.
Osteonal de-bonding and pull-out has been identified as a toughening
mechanism, whereby, osteons “telescope” out and bridge between ad-
jacent crack surfaces before breaking (Hiller et al., 2003; Piekarski,
1970).

The experimental observation of these toughening mechanisms at
work and their effect on material properties is the desired outcome of
this paper. All of the mechanisms described are linked by their ability to
absorb energy, Feltner, in 1960, summarised succinctly these energy
absorbing phenomena as follows: “If a cyclically loaded material exhibited
a perfectly linear elastic relationship between stress and strain, that is, if
there is no deterioration of the elastic energy, the material would be resistant
to fatigue fracture. The energy necessary to cause fracture is accumulated in
small amounts during the course of the cyclic loading and is observable in
terms of strain hysteresis.” (Feltner and Morrow, 1961). Strain hysteresis
is a measure of the absorbed plastic strain energy per fatigue cycle. For
both cortical and trabecular bone it has been shown to increase with the
number of applied fatigue cycles (Brouwers et al., 2009; Caler and
Carter, 1989; Bowman et al., 1994). It manifests in 3 distinct phases
during cyclical loading; the first phase is significant material property
degradation, characterised by an increase in hysteresis, followed by a
plateau phase before a further rapid increase in hysteresis immediately
prior to fracture (Pattin et al., 1996). This increase in strain hysteresis is
typically accompanied by a reduction in secant modulus brought about
by the local yielding and creep mechanisms described previously
(Dendorfer et al., 2009). The aetiology of stress fractures in bones has
been shown to be repetitive high bone strains and strain rates (Fyhrie
et al., 1998; Burr et al., 1996). Evidence also suggests that muscle
contractions play a role in the alteration of bone strain patterns, par-
ticularly after muscle fatigue (Milgrom et al., 2007). These strains are
essential to the repair and remodelling processes of bone, however the
cyclical application of high strains has been linked with a loss of

Fig. 1. Micro CT Section through a Porcine Vertebra
Showing the Ventral and Dorsal Cortices Separated
by Cancelous Bone – Scanned in inverted position.
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material stiffness (Carter et al., 1981; Cotton et al., 2005), increase in
hysteresis (Carter et al., 1981) and an increase in residual plastic strain
(Winwood et al., 2006).

3. Materials and methods

3.1. Specimens

For this study, porcine lumbar vertebrae were selected, the 3rd, 4th
& 5th lumbar vertebrae from 10 different animals (6 months old), 21
specimens in total (several were rejected due to damage sustained
during the butchering process). The vertebrae were dissected of all soft
tissue including the facet surface cartilage, then cleaned using a scalpel,
vertebral body endplates were left intact. The specimens were sepa-
rated into 2 groups, the first 12 to be fitted with strain gauges, the
remaining 9 to be prepared without gauges. The laminae surfaces were
prepared for the fitting of strain gauges by cleaning with sandpaper
(grade 400) and degreasing using Vishay GC-6 isopropyl alcohol. Three
TML (Tokyo Sokki Kenkyujo Ltd.) 45°/90° 3-Element Stacked Rosette
gauges (∅4.5 mm) were fitted on each side of the vertebral lamina, 6 in
total (Fig. 2(c)). The gauges were fitted using cyanoacrylate adhesive
(TML). Strain data was recorded using LabView C-Daq (National In-
struments, TX, USA) data acquisition hardware.

A mould was manufactured in order to cast a specimen fixation
material (polyurethane resin) around the 2 pieces of facet bone. The
superior end of the vertebral body and superior facets were also fixed in
cast polyurethane using an identical method (Fig. 2(b & c)). Specimen
hydration was maintained by placing saline soaked gauze inside the

neural canal and around the pedicles.

3.2. Test method

In order to examine the response of the posterior portions of the
vertebra it was necessary to load them in isolation. The method pro-
posed by Cyron et al. (1976) was adapted whereby the fully intact
vertebra is mounted, cranial end down, such that the facet surfaces are
loaded on a plane 30° from the plane of the IV disc. This plane is ap-
proximately perpendicular to the principal axis of the dorsal cortex of
the pars interarticularis therefore applying load on this plane will in-
duce bending in this cortex (Fig.s 1 and 2). The vertebral body of each
specimen is secured in the test rig by way of four 4 mm tapered pins top
and bottom which penetrate the end plates of the vertebral body. The
loads (F1 & F2) are applied to the cast polyurethane domed surfaces on
each facet (Fig. 2(b)).

3.3. Test loads

Due to the effect of inter-specimen variability a method, similar to
that used by Cristofolini et al. (Cristofolini et al., 2013), was used in
order to establish a standard test load for each specimen. Strain levels
were monitored as compressive loads were applied incrementally until
the average strain = 1500 µƐ across all gauges on a given specimen was
reached. The load at 1500 µƐ was taken to be the mean fatigue load
with the upper and lower limits equal to± 50% of that load. This load
(always compressive) was applied cyclically at a rate of 2 Hz. The re-
maining 9 specimens without rosette strain gauges were tested at

Fig. 2. a: Planes of loading through IV disc (A) and
loading (B), b: Oblique view of specimen as mounted
in apparatus, also showing cast PU loading domes, c:
Posterior view of strain gauge locations on left and
right hand laminae, d: Experimental apparatus.
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−400± 200 N. Table 1 gives details of the specimens used and the
corresponding test loads.

3.4. Facet angle asymmetry offsets

Fig. 2(a) shows a schematic layout for the planes of loading. The
predominant forces acting on the facet joints in the lower lumbar
column are the sum of the force due to the upper body mass and the
extensor muscles, both together called, in this case, the Extensor Force
(F). This extensor force acts on a plane ‘B′ orientated 30° from the plane
of the IV disc, plane ‘A′. The assumption is that this force is equally
apportioned to each facet and acts normal to the surface of the facet.
Since each facet surface is at a different angle, it is possible to calculate
the forces on plane ‘B′ acting in the Y direction (parallel to the sagittal
plane) for each facet as:

=F F θ( /2)cos1 1

And

=F F θ( /2)cos2 2

The ratio of forces acting in direction y is equal to =
θ
θ

F
F

cos
cos

2
1

2
1

Equation 1
Facet angle asymmetry values were found by measuring clinical CT

scans, where the facet angle is defined as the angle (on plane ‘A′) be-
tween the surface of the facet and the coronal plane (Table 1). From this
data a medium level of facet angle asymmetry equal to 18° difference
between facets, and a maximum level of facet angle asymmetry equal to
28° of difference were defined. This gives maximum load ratio (F2/F1)
of 1.75 for 18° of facet angle asymmetry and 3.34 for 28° of facet angle
asymmetry. The test apparatus was designed such that the base could
be adjusted in the transverse direction. This adjustment allows the point
of loading to be displaced either left or right in order to mimic the
effects of facet angle asymmetry. The actuator that applies the load to
the facets was mounted on a lug and clevis assembly to facilitate ro-
tation in plane ‘B′ and a linear slide bearing to allow lateral displace-
ment (Fig. 2d). A load cell (ATI Mini45 Force/Torque) was mounted
above the lug and clevis and secured to the test machine (MTS Bionix).
The maximum offset for the apparatus was 7 mm giving a load ratio
(F2/F1) of 3.33, equivalent to 28° of facet angle asymmetry, an inter-
mediate offset was also chosen at 3.5 mm giving a load ratio of 1.74,
equivalent to 17.73° of facet angle asymmetry.

3.5. Steady state creep rate (SSCR)

The steady state creep rate was calculated by measuring the slope of
the secondary phase of each creep displacement plot. The beginning of
the secondary creep phase was defined as the point at which the rate of
change of the tangent slope is minimised to a value equal to twice the
final calculated value. This was calculated by examining just the pri-
mary and secondary creep phases, carrying out a Log-Log transforma-
tion, and using linear regression to find the slope and intercept of the
resulting plot. This allowed the formulation of a function describing the
1st and 2nd creep phase, for which the 2nd derivative was calculated.
This methodology allowed the accurate identification of the 2nd creep
phase from which a slope was calculated for each specimen.

3.6. Strain

Strain data was recorded for each gauge element, 3 elements per
gauge, and 6 gauges per vertebra. From this recorded data the principal
strain values Ɛ1 and Ɛ2 were calculated. This calculated strain was then
averaged over the 3 strain rosettes on each lamina (Left and Right)
giving a measure of the state of strain over the area circumscribed by
the gauges. This lamina strain for each specimen was then averaged for
all those within each facet angle asymmetry level grouping.

3.7. Hysteresis

The displacement and strain hysteresis measurements were defined
as the difference in area under the curve between the loading and un-
loading portions of their respective plots. The data in each case is
treated as a 1 dimensional array of numbers, from which a peak to peak
sub array is selected. This sub array is divided at the minimum value
(valley) between the peaks into two 1 dimensional arrays, each of
which is integrated and subtracted. If the bone material has a perfectly
linear elastic relationship, the subtraction of these integrals should
equal zero. Any difference between them is a measure equivalent to the
absorbed plastic strain energy. Calculations are carried out at equally
spaced Life fractions (N/Nf) for each specimen.

3.8. Secant modulus

The secant modulus was defined as ∆ ∆N mm/ at a particular life

Table 1
Specimen details, test loads & test results.

Specimen No. Asymmetry Animal Mass (kg) Strain Recorded Mean Load (N) Load Amplitude (N) Failed Nf (cycles)

492-L4 0° 76 Y −270 135 Y 675,000*

493-L4 0° 85 Y −400 200 N 200,000
491-L3 0° 70 Y −300 150 N 200,000
311-L4 0° 67 Y −310 155 N 200,000
S18-L4 0° 80 N −400 200 N 100,000
S52-L4 0° 90 N −400 200 N 100,000
S52-L5 0° 90 N −400 200 N 100,000
492-L5 18° 76 Y −270 135 N 200,000
312-L4 18° 67 Y −430 215 N 200,000
492-L3 18° 76 Y −270 135 N 200,000
493-L3 18° 85 Y −400 200 N 200,000
311-L3 18° 67 N −360 180 Y 36,900
S18I-L4 18° 80 N −400 200 N 100,000
S119-L5 18° 72 N −400 200 N 100,000
489-L4 28° 70 Y −400 200 N 200,000
493-L5 28° 85 Y −400 200 Y 30,700
313-L4 28° 65 Y −400 200 Y 24,300
312-L5 28° 67 Y −430 215 Y 29,400
S52-L3 28° 90 N −400 200 N 100,000
S119-L3 28° 72 N −400 200 N 100,000
S119-L4 28° 72 N −400 200 N 100,000

* Data truncated to 200,000 cycles for analysis.
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fraction (N/Nf). The data was recorded using an MTS Bionix servo-
hydraulic test machine. Analysis focussed on the reduction in secant
modulus during the steady state creep phase (0.35<N/Nf< 0.8). The
recorded data was normalised for ease of comparison.

All measurements and calculations were carried out using a series of
custom built virtual instruments (National Instruments LabView). The
results of the calculations were plotted using MS Excel.

4. Results

4.1. Steady state creep rate

The change in steady state creep rate (SSCR) demonstrated that as
apportionment of load between facets is altered, the SSCR increases by
23% at the intermediate level (18°) of facet angle asymmetry, and by
67% at the maximum level (28°) of facet angle asymmetry (Fig. 3). This
change in steady state creep rate as a result of increasing load asym-
metry is statistically significant with p = 0.036 (a = 0.05). Creep plots
for each level of asymmetry are presented in Fig. 7.

4.2. Strain

The average maximum principal strain (Ɛ1 and Ɛ2) values are pre-
sented in Fig. 4 where a clear dominance in compressive principal strain
is displayed with average values between 4000 µƐ and 6000 µƐ in
comparison to tensile principal strain values of 1000 µƐ to 2500 µƐ.
Compressive strain values show a decreasing trend with increasing
asymmetry on both the left and right hand side, conversely the tensile
strain values show an increasing trend. No statistical significance was
calculated with p-values all> 0.05.

Fig. 5 is comprised of the compressive strain results, measured
against life fraction (N/Nf) for left (lower load) and right (higher load)
pars interarticularis and for each level of angular difference from 0°
(Top), 18° (Middle) to 28° (Bottom). The compressive principal strain
values for 0° (Top) and 18° (Middle) conform to a well fitted log shape

(R2> 0.91 for all). The 2 plots relating to the maximum level of
asymmetry are not as well fitted with R2 = 0.87 (LH) and R2 = 0.9
(RH).

4.3. Strain range

The results for the intermediate level (18°) of facet angle asymmetry
displayed little difference (4%) between the strain range on left hand
pars (930 µƐ) interarticularis and the right hand pars (970 µƐ). The
maximum level (28°) of facet angle asymmetry, particularly for the 3
out of 4 specimens that failed (Fig. 6) where the strain range in the right
hand pars exceeded the left by 26% (420 µƐ). The average strain range
on each side is constant during the yield and steady state creep phase
until N/Nf = 0.5 when the strain range on the left pars begins to in-
crease, this increase continues until N/Nf = 0.9 when a marked in-
crease in left pars range is observed together with a slight dip in the
right pars before specimen failure.

4.4. Secant modulus

Secant modulus reduction rate for the steady state creep phase was
calculated showing positive slopes with a large degree of scatter for
reference level (0°) with slope = 27 [(N/mm)/(N/Nf)] and standard
deviation of 35 [(N/mm)/(N/Nf)] and the intermediate level (18°) slope
= 32 (SD = 63). The plot for the maximum (28°) level of facet angle
asymmetry shows a negative average slope of −30 [(N/mm)/(N/Nf)]
accompanied by a large variance (SD = 139). No statistical significance
was calculated for the relationship between the increase in facet angle
and difference and secant modulus reduction rate p = 0.429 (a =
0.05).

4.5. Hysteresis

The results for hysteresis are examined alongside the results for
creep. Fig. 7 shows 6 plots in total, the vertical dash line represents the
average transition to the steady state creep phase. This transition occurs
at approximately the same point for the reference level (0°) and the
intermediate level (18°), N/Nf = 0.35; however for the maximum level
(28°) of facet angle asymmetry this transition occurs at a life fraction
(N/Nf) of 0.42, albeit with significantly shorter cycles to failure (Re-
sults). The left hand column shows the characteristic creep curve for
each level of facet angle asymmetry. A clear primary and secondary
creep phase is visible for the reference level (0°) and the intermediate
level (18°) representing the initial linear elastic and yielding phase to-
gether with the steady state creep phase. The creep curve for the
maximum level (28°) of facet angle asymmetry shows a tertiary phase
relating to the fracture of the specimens. The error bars show a wide
degree of scatter for the reference level (0°) which diminishes for the 2
following plots, showing a tighter grouping during the yielding phase
before diverging during steady state creep.

The second column of plots are the force-displacement hysteresis
where the results for each level of facet angle asymmetry display a good
fit to a log trend with R2> 0.89 for all 3 levels of facet angle asym-
metry. The slope of the linear phase of each plot was measured between
N/Nf = 0.5 and 0.85 with a significant (p = 0.026) increases of 12%
between the reference level (0°) and the intermediate level (18°) and
50% between the reference level (0°) and the maximum level of facet
angle asymmetry.

4.6. Summary table of results

See Table 2 and 3.

5. Discussion

Cyclical compression tests were carried out on 3 batches of

Fig. 3. Steady State Creep Rate (SSCR) for porcine specimens during cyclical compression
tests.

Fig. 4. Tensile and compressive principal strain values for each level of facet angle
asymmetry, RH Pars was the highly loaded side.
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Fig. 5. Compressive principal strain for each level of facet angle asymmetry 0° (Top), 18° (Middle) & 28° (Bottom). Right column relates to the right pars which was the highly loaded side.

Fig. 6. Strain range at maximum level of facet angle asymmetry, RH Pars was the highly loaded side.
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specimens, on which the effects of bone facet angle asymmetry were
simulated. When the fatigue cycle (Nf) results in Table 1 are analysed,
where only 5 out of the 21 specimens failed it is clear that the majority
failed at the maximum level of asymmetry, however it is not possible to
state that this is a significant result (p = 0.153). When just the speci-
mens at the maximum level (28°) of asymmetry are considered in iso-
lation, 3 out of 7 specimens failed at Nf ≤ 30,700, this reduction in
fatigue life could be due to the effects of torsion as shown previously by
Taylor (Taylor et al., 2003), induced in this case as a result of the load
offset whereby the specimen begins to twist away from the point of
maximum load inducing a torsional load.

5.1. Steady state creep rate

Steady state creep results were analysed for each level of facet angle

Fig. 7. Creep (left), force-displacement hysteresis (middle) for each level of facet angle asymmetry 0° (Top), 18° (Middle) & 28° (Bottom). Vertical dashed lines on each plot indicate the
beginning of the steady state creep phase.

Table 2
Summary of results calculated for life fraction (0.35<N/Nf< 0.8): Steady state creep
rate (SSCR), secant modulus degradation and hysteresis rate.

Asymmetry Steady
State
Creep
Rate
[(mm)/
(N/Nf)]

SD Steady State
Modulus
Degradation
[(N/mm)/(N/
Nf)]

SD Steady State
Hysteresis Rate
[(Hysteresis)/
(N/Nf)]

SD

0° 0.62 0.15 27 35 0.57 0.15
18° 0.76 0.10 32 63 0.64 0.10
28° 1.04 0.29 −30 139 0.86 0.24
p-value 0.026 – 0.429 – 0.036 –
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asymmetry. At the reference level (0°) a large degree of scatter is pre-
sent (SD = 0.15), this is due to inter-specimen variability. This scatter
is reduced at the intermediate level of facet angle asymmetry (SD =
0.1) However, at the maximum level of facet angle asymmetry the
scatter increases once more (SD = 0.29) due mainly to an outlier
specimen (313-L4) without which the standard deviation would be in
keeping with the intermediate level of facet angle asymmetry. It is
important to note that the creep data is recorded using a uniaxial test
machine, therefore it is a global measurement for the specimen (both
facets). The overall increase in slope magnitude is 50%, this is sig-
nificant as it comes about not as a result of an increase in force, but
instead as a result of increased asymmetry of load on the facet surfaces.
It should also be noted that steady state creep rate (SSCR) has a positive
linear correlation with the steady state damage rate (R2 = 0.90), this is
expected as creep displacements must result from accrued specimen
damage.

5.2. Strain measurements

The pars interarticularis, having a “sandwich bone”(Currey, 1984)
type of structure is undergoing bending when the facets are loaded. The
ventral surface (facing the abdomen) of this bone segment should
therefore be in tension and the dorsal surface in compression as shown
by Shah (Shah et al., 1978). The ventral surface of these specimens was
not accessible with strain gauges, however, when the principal strain
values calculated for the rosette gauges placed on the dorsal surface
were analysed; a strong dominance in compression was observed
(Fig. 4). At each level of facet angle asymmetry (0° to 28°) the principal
compressive strain (Ɛ2) was greater than its tensile counterpart (Ɛ1).
The maximum values recorded for compressive principal strain (all 6
gauges) at each facet angle asymmetry level (0°, 18° & 28°) were
6200µƐ, 5000µƐ and 4400µƐ respectively, with differences between the
left and right hand laminae of 6.3%, 4.3% and 4.9% in favour of the
highly loaded side respectively. The magnitude of compressive prin-
cipal strain reduces by ≈1800µƐ with increasing asymmetry. Strain is
known to be the dominant force in crack initiation in bone (Nalla et al.,
2005) and reduction in cycles to failure is known to be determined by
strain range (Carter et al., 1981). The strain range on the highly loaded
pars (right) is 26% higher than the side with the lower load (Fig. 6)
therefore the driving force for crack growth is greater on this side. Fig. 5
(facet angle Δ = 28°) supports this assertion with the right side leading
in terms of strain magnitude at each life fraction (N/Nf) up to fracture
with a redistribution of strain in the final 10% of life due to fracturing
of the right hand pars and the subsequent increase of load on the left
pars.

5.3. Hysteresis

It is clear from the results thus far that asymmetrical loading of bone
brings about a number of interesting results, particularly when related
to an increase in torsion loading which is known to increase the level of
microcracking (Taylor et al., 2003; Fatihhi et al., 2016), the prevalent
mechanism of microscale deformation. This, along with other extrinsic
toughening mechanisms work to absorb energy and reduce stiffness and
residual strength (Nalla et al., 2005; Gupta and Zioupos, 2008). This
work has utilised 2 methods to quantify this energy absorption, the first

method measures the Force-Displacement hysteresis where Pattin
(Pattin et al., 1996) describes the energy absorption (hysteresis) oc-
curring in 3 distinct phases, an initial rapid increase followed by a
plateau before a further increase to fracture. This 3-phase pattern is
visible for all levels of facet angle asymmetry where the transition to the
plateau phase coincides with the beginning of steady state creep. Re-
sults in Fig. 7 display an initial rapid increase in energy absorption
related to yielding mechanisms described previously. This moderates
into the plateau phase where the intrinsic and extrinsic toughening
mechanisms work in opposition to control microcrack length (Nalla
et al., 2006; Koester et al., 2008; Ritchie et al., 2005) and energy is
much more slowly accumulated, before finally the growth and coales-
cence of these diffuse microcracks becomes the beginning of a fracture
and the energy absorbed increases rapidly before final fracture. What is
of particular interest is the step increase in the level of energy absorbed
as the level of facet angle asymmetry is increased, between 0° and 18°
there is an 11% increase, with a further 20% between 18° and 28°. This
indicates that increasing asymmetry of load leads to increased damage.

The second hysteresis method utilised was compressive principal
strain hysteresis; Fig. 8 shows an analysis of specimen 493-L5, this
specimen was tested at 28° of asymmetry and failed at 30,700 cycles.
The results displayed are calculated using the data from a single strain
gauge (No. 3) showing the relationship between mean compressive
principal strain (Ɛ2), strain range, compressive strain hysteresis and the
associated damage to the bone directly beneath the strain gauge. The
applied force amplitude is fixed at 200 N therefore changes in the
measured strain magnitude and range is due to damage and the asso-
ciated specimen creep. The damage is represented by absorption of
energy quantified in the hysteresis plot which has a positive linear
correlation (R2 = 0.91) with mean compressive strain and a negative
correlation with strain range (R2 = 0.86). This shows that as damage is
accrued and the bone stiffness is reduced, the mean strain increases and
the measured strain range is reduced.

6. Conclusion

The data presented herein describes a complex set of mechanisms
that occur during the yielding and creep phases of cyclical compression
tests. Inclusion of facet angle asymmetry together with the use of intact
vertebrae broadens the knowledge on the subject of the spondylolysis
stress fracture, but is also applicable to any stress fracture in bone
particularly in the presence of asymmetrical loading. This is applicable
in particular to the study of scoliosis and hip joint loading in patients
with altered gait after stroke.

The principal conclusions of this paper are that differences in facet
angle lead to an asymmetry of loading in the facet joints; this in turn
leads to an initial increase in strain on the side with the more coronally
orientated facet. The strain amplitude, which is the driving force for
crack propagation, is greater on this side at all times up to fracture, the
effects of which can be observed in the increase in steady state creep
rate and the increase in yielding and toughening mechanisms that take
place, quantified by the force-displacement and compressive principal
strain hysteresis. These results confirm the hypothesis that increased
asymmetry of load on the facet surfaces leads to increased rates of
damage and subsequent failure.

Table 3
Summary of strain results calculated at life fraction N/Nf = 0.9 (pre-failure maximum).

LH Pars [µƐ] RH Pars [µƐ]

0° Ɛ1 0° Ɛ2 18° Ɛ1 18° Ɛ2 28° Ɛ1 28° Ɛ2 0° Ɛ1 0° Ɛ2 18° Ɛ1 18° Ɛ2 28° Ɛ1 28° Ɛ2

1089 −5862 1548 −4790 2092 −4227 1153 −6232 1109 −4995 2429 −4435
685 2673 841 1671 1679 999 583 1493 804 1410 1046 698
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