BONE

www.elsevier.com/locate/bone

&

ELSEVIE

Bone 41 (2007) 946957

Regional variation in vertebral bone morphology and its contribution to
vertebral fracture strength

P.A. Hulme **, S.K. Boyd®, S.J. Ferguson ®

& MEM Research Center, University of Bern, Stauffacherstrasse 78, CH 3014, Bern, Switzerland
b Schulich School of Engineering, University of Calgary, Calgary, Alberta, Canada

Received 12 April 2007; revised 6 August 2007; accepted 7 August 2007
Available online 17 August 2007

Abstract

Vertebral fractures may result in pain, loss of height, spinal instability, kyphotic deformity and ultimately increased morbidity. Fracture risk can
be estimated by vertebral bone mineral density (BMD). However, vertebral fractures may be better defined by more selective methods that account
for micro-architecture.

Our aim was to quantify regional variations in bone architecture parameters (BAPs) and to assess the degree with which regional variations in
BAPs affect vertebral fracture strength. The influence of disc health and endplate thickness on fracture strength was also determined.

The soft tissue and posterior elements of 20 human functional spine units (FSU) were removed (T9 to L5, mean 74.45+4.25 years). After
micro-CT scanning of the entire FSU, the strength of the specimens was determined using a materials testing system. Specimens were loaded in
compression to failure. BAPs were assessed for 10 regions of the vertebral cancellous bone. Disc health (glycosaminoglycan content of the
nucleus pulposus) was determined using the degree of binding with Alcian Blue.

Vertebrae were not morphologically homogeneous. Posterior regions of the vertebrae had greater bone volume, more connections, reduced
trabecular separation and more plate-like isotropic structures than their corresponding anterior regions. Significant heterogeneity also exists
between posterior superior and inferior regions (BV/TV: posterior superior 12.6+2.8%, inferior 14.6+3%; anterior superior 10.5+2.2%, inferior
10.7£2.4%). Of the two endplates that abutted a common disc, the cranial inferior endplate was thicker (0.44+0.15 mm) than the caudal superior
endplate (0.37+0.13 mm). Our study found good correlations between BV/TV, connective density and yield strength. Fracture risk prediction,
using BV/TV multiplied by the cross sectional area of the endplate, can be improved through regional analysis of the underlying cancellous bone
of the endplate of interest (R 0.78) rather than analysis of the entire vertebra (R> 0.65) or BMD (R* 0.47). Degenerated discs lack a defined
nucleus. A negative linear relationship between disc health and vertebral strength (R* 0.70) was observed, likely due to a shift in loading from the
weaker anterior vertebral region to the stronger posterior region and cortical shell.

Our results show the importance of considering regional variations in cancellous BAPs and disc health when assessing fracture risk.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Osteoporosis is estimated to afflict 200 million women world-
wide [1]. In the US alone, osteoporotic fractures are estimated to
affect 24 million individuals. 1.5 million new fractures, nearly
half of which are vertebral (700,000), are reported each year,
outnumbering fractures of the hip and ankle combined [2—5].
Vertebral fracture may result in pain at the fracture site, loss of
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height due to vertebral collapse, spinal instability and in many
cases a kyphotic deformity [6]. Chronic pain and kyphotic
deformity may lead to depression, decreased appetite (leading to
poor nutrition), decreased pulmonary function, impaired mobility
and a reduction in the quality of life, the ultimate result being a
significant increase in morbidity [7—10]. The World Health
Organization defines osteoporosis as a bone mineral density
(BMD) of more than 2.5 standard deviations below the mean of a
young healthy reference population of the same gender. How-
ever, BMD only partially determines fracture risk [11]. Various
investigators have found that bone quality, and hence fracture
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risk, is independent of BMD, as determined through dual energy
X-ray absorptiometry (DEXA), and have suggested a role for
micro-architecture, turnover, damage accumulation and mineral-
ization [12—17]. DEXA itself does not account for regional
variability in bone quality or vertebral geometry and may include
structures that do not add to the mechanical strength of the
vertebra, including posterior elements and osteophytes [18].
Furthermore, osteoporosis drug treatment strategies have shown
poor correlations between BMD and the risk of vertebral fracture
[19-24]. Hence, vertebral fracture risk may be better defined by
more selective methods.

Regional vertebral morphology has been examined using
histological methods [11] or using micro-CT measurement of
bone cores [25,26], but few studies consider the analysis of the
vertebral body as a whole [27]. Bone volume for vertebrae has
been determined to be between 6.5% and 16% [11,15,25,28].
Observed age-related architectural changes to the cancellous
bone include: a decrease in bone volume compared with the
total vertebra volume (BV/TV), a shift from plate-like trabe-
culae to more rod-like structures (SMI), a decrease in connec-
tivity density (Conn.D), an increase in orientation of trabeculae
along the axis of principle loading (DA), an increase in trabe-
cular separation (Tb.Sp) and a corresponding decrease in trabe-
culae number (Tb.N) [11,29-31]. Trabecular thickness (Tb.Th)
has been reported to increase or decrease with age [11,31]. An
increase in trabecular thickness has been explained as either
adaptive remodeling of the remaining vertical trabeculae or
removal of the thinner struts resulting in an increase in mean
trabecular thickness [15,26,32]. The etiology of these structural
changes remains unclear, whether it is excessive osteoclastic
resorption or incomplete osteoblast activity resulting in perfora-
tion and thinning of trabecular elements [31,33,34]. However,
the net result is a reduction in vertebral fracture strength.

The aim of this study was to describe the regional morpho-
logy of the elderly human thoracolumbar vertebra using micro-
CT and to relate its derived bone architecture parameters (BAP)
to vertebral failure. The micro-CT gantry allows for entire
functional spine units (FSU) to be scanned non-destructively,
allowing subsequent material tests to be performed using phy-
siologically relevant loading configurations. We hypothesize
that the bone architecture parameters (BAP) of the less dense
anterior and central vertebral body regions will be a better
predictor of failure than those of the whole vertebra or DEXA
measurements [25,28]. We extended our regional analysis to
determine if BAPs can help explain the reported preferential
failure of the superior endplate [35]. Additionally, we consi-
dered the role of disc health on endplate thickness, the under-
lying trabecular bone and vertebral failure.

Methods

Sample preparation

The surrounding soft tissue and posterior elements of 22 osteoporotic ca-
daveric human functional spine units (FSU) were removed (average 74.45+
4.25 years). Vertebrae were grouped as follows: one T9-T10, three T11-T12,
five T12 L1, five L1 L2, four L2 L3, two L3 L4 and two L4 L5. Previous
investigators have found little difference between male and female bone mor-

phology and no major difference in BV/TV between T9 and L5 (1% T9 to L5,
0.5% T11 to L5). Since morphologic changes due to the aforementioned con-
founding factors are minimal, we pooled all the vertebrae together for analysis
[15,26,36]. Our study population consisted of vertebrae that were used in a
preceding experiment that involved submaximal uniaxial compressive loading
of the FSU. Six of 22 specimens had polymethylmethacrylate (PMMA, Verte-
cem, Synthes, Switzerland) present in the caudal vertebra. Morphology was
assessed prior to cement injection. Bone mineral density (BMD) was assessed
using dual energy x-ray absorptiometry (DEXA) (Discovery C, Hologic, Bed-
ford, MA).

Impressions were made of the cranial and caudal endplates in semi-cured
bone cement (Sulfix, Sulzer Orthopaedics Ltd). A jig ensured that the two end
caps were parallel to each other. The molded end caps only extended to the
cortical rim, thereby not adding any structural strength to the FSU. Specimens
were stored in air evacuated polyethylene bags at —20 °C until testing.

Micro-CT scanning and determination of morphology

All measurements were performed on a microcomputed tomography system
(XtremeCT, Scanco Medical AG, Bassersdorf, Switzerland). Scans ranged from
770 to 990 slices with a nominal isotropic resolution of 82 um (field of view
125 mm, 1536 x 1536 pixels, integration time 200 ms). Scans were performed in
air, before mechanical testing. Total scan time per specimen approached
30 minutes. Regions of interest (ROI) were identified for trabecular bone and
endplate thickness analysis. The region for trabecular bone analysis included the
cancellous bone from just below the cranial endplate to just above the caudal
endplate, separated into 10 regions (Fig. 1). ROI were filtered using a Laplace—
Hamming filter and segmented using a global threshold. Bone architecture
parameters (BAP) analyzed included (Image Processing Language, v4.29d,
Scanco Medical AG, Bassersdorf, Switzerland): bone volume ratio (BV/TV),
connectivity density (Conn.D), structure model index (SMI), trabecular number
(Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and degree
of anisotropy (DA) (Table 1). Trabecular thickness, number and separation were
based on direct measures using a distance transformation and not using trabe-
cular model assumptions [37].

Endplate thickness was determined using a region of interest (ROI) that
encompassed only the endplate. A Gaussian filter (sigma 0.8, support 1) was used
to reduce noise. The segmentation threshold was chosen to preserve as much of

Superior Endplate

Inferior Endplate

Fig. 1. Regions of the vertebra for which bone architecture parameters were
determined. Regions were composed of superior (S), inferior (I), anterior (A),
posterior (P), left (L), right (R) and central (CE) regions.
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Table 1
Explanation of bone architecture parameters

Term Units Explanation

BV/TV Ratio or % Proportion or percentage of the volume of
interest that is bone

Conn.D 1/mm? Connectivity density: Indicates the number of
connections normalized by the volume of interest

SMI 0-3 Structural model index: a quantification of the
prevalent type of trabecular element. 0 for
parallel plate, 3 for cylindrical rods.

Tb.N 1/mm Trabecular number: the number of trabeculae
encountered per unit length

Tb.Th mm Trabecular thickness

Tb.Sp mm Trabecular separation: the average
separation between trabeculae (marrow space)

DA 1 Degree of anisotropy: a measure of preferential

alignment of the trabeculae along a directional
axis. (1 =isotropic, >1 anisotropic)

the interconnecting trabeculae as possible without artificially thickening the
endplate or any of the trabeculae. Endplate thickness was determined by
identification of the upper and lower surface of the endplate (custom programs
written in C; Visual Studio 6.0, Microsoft; and Matlab, MathWorks Inc., Natick,
MA). Exploiting the difference in area between trabeculae and trabecular
separation, a 2D median filter was used to remove trabeculae that may have been
included in the determination of the lower endplate surface. Endplate thickness
was calculated as the distance between the upper and lower endplate surface. The
endplate was separated into the ring apophysis and the central endplate region.
The central endplate region was determined by visual inspection of the endplate
height map (the central endplate region is lower than the ring apophysis). User
selected points defined the transition between the ring apophysis and the central
endplate region, which were connected using a cubic spline (Matlab, MathWorks
Inc., Natick, MA). The ring apophysis and central endplate region were further
separated into anterior and posterior regions.

Mechanical testing

Prior to mechanical testing, samples were defrosted overnight in a 0.15-M
NaCl bath at 5 °C. Three hours prior to mechanical testing, the samples were
removed from the refrigerator and allowed to reach room temperature. Testing
was performed on an MTS 858 Mini Bionix II servohydraulic testing machine
(MTS, Eden Prairie, MN, USA). The samples were kept moist with saline
soaked gauze throughout the test. Loading was performed in a similar manner to
our previous FSU mechanical testing procedure [38]. The FSUs were loaded to
50 N and cycled for 600 cycles between 50 and 450 N at 1 Hz for pre-
conditioning. Immediately following cyclic loading, the sample was compressed
under displacement control at 0.5 mm/s to a total compression of 10 mm. During
compression, load and displacement data were recorded at 100 Hz. Ante-
roposterior and lateral single section scans using micro-CT were performed after
mechanical testing of the failed FSU to determine the location of the fracture. It
should be noted that 9 of 22 analyzed specimens failed during the loading step of
the preceding experimental series in which specimens were also tested under
axial compression but at a slower loading rate, 0.004+0.003 mm/s. The reduced
loading rate is not thought to have altered the experimental outcome. Ochiva
et al. [39] found no difference in endplate fracture load between low (10 mm/s)
and high loading rates (2500 mm/s), thus differences between the loading rate of
0.5 mm/s and the lower loading rate used in the previous experimental series
should be negligible.

Disc health assessment

A decrease in the proteoglycan content of the nucleus pulposus has been
associated with disc degeneration [40—43]. To determine proteoglycan content
of the nucleus pulposus (NP), samples were removed from the specimen,
weighed (wet weight) and lyophilized (dry weight). Samples were then digested

with papain (Sigma) in a cysteine buffer (L-cysteine hydrochloride, Fluka) [44].
Proteoglycan content was determined using the degree of binding with Alcian
Blue (Alcian Blue 8 GX, Fluka) and reported as the ratio of the weight of the
glycosaminoglycan (GAG) side chains divided by the weight of the dry tissue
sample [45]. GAG content was normalized by dry tissue weight since the effect
of mechanical testing, scanning and NP sample removal on disc hydration may
not have been consistent between samples.

Statistics

Regional variations in bone architecture parameters and endplate thickness
were explored using a one-way ANOVA (Statistica, StatSoft, Tulsa). Newman—
Keuls post hoc analysis was used to identify differences between trabecular
regions. A significance value of p=0.05 was defined. Relationships between
bone quality, endplate thickness, disc health (GAG content) and mechanical
strength; endplate thickness, disc health and bone quality; and disc health and
endplate thickness were assessed using linear regression. The quality of the fit is
reported as the correlation coefficient R?.

Results

Two specimens were removed from the analysis due to an
imaging error on one and the presence of extensive vertebral
sclerosis on the other. The remaining specimens had an average
age of 74.2+4.3 years and were grouped as follows: one T9—
T10, three T11-T12, five T12-L1, four L1-L2, four L2-L3,
one L3-L4 and two L4-L5. The average BAPs for the sample
population (n=20) are given in Table 2. The mean water content
of the nucleus pulposus of the discs was 70+3% and the mean
GAG content was 0.17£0.06 (mg GAG/mg dry tissue, n=20).

Regional morphological variations—trabecular bone

The posterior regions of the vertebrae had greater bone
volume, more connections, more trabeculae, reduced trabecular
separation and more plate-like isotropic structures than their
corresponding anterior regions (Fig. 2). Vertical inhomogeneity
was observed only in the posterior regions. The posterior in-
ferior region had higher bone volume ratio, greater connectivity
density and a greater number of trabeculae, which were more
plate-like in structure and isotropic than its corresponding su-
perior region. It should be noted that there was no statistical
differences noted between any regions using a direct 3D mea-
sure of trabecular thickness [37]. Semi-derived trabecular thick-
ness assessment [31] resulted in lower thickness measurements

Table 2
Bone architectural parameters for whole vertebrae

Number of Mean Minimum Maximum SD

vertebrae

Age (years) 40 74.2 63.0 80.0 42
Failure load (N) 40 2918 1250 5407 1227
BMD (g/em?) 40 0.494 0.380 0.624 0.066
BV/TV (%) 40 12.5 74 16.9 24
Conn.D (1/mm’) 40 1.322 0.612 2.234 0.372
SMI 40 2422 1.967 3.022 0.311
Tb.N (1/mm) 40 0.896 0.718 1.073 0.084
Tb.Th (mm) 40 0.215 0.183 0.250 0.018
Tb.Sp (mm) 40 1.110 0.917 1.391 0.111
DA 40 1.359 1.172 1.525 0.077
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Fig. 2. Regional variation in bone architecture parameters. Data are displayed as the mean bone architecture parameter+95% C.1I. (1) Significant difference between
transverse regions (i.e. anterior and posterior) of the same vertical region (i.e. superior or inferior); (2) significant difference between vertical regions of same transverse

region (*p<0.05, **p<0.005).

(total: 0.139+0.022 mm), less variability but no change in
overall regional distribution. Regions of low trabecular thick-
ness include anterior and central regions.

Regional morphological variations—endplate
The endplate was thinnest in the center and the anterior of the

central endplate region and greatest in the posterior ring apo-
physis (Fig. 3). Differences in endplate thickness were noted

between endplates abutting a common disc. The mean thickness
of the cranial inferior endplate within the central region was
0.44+0.15 mm (max 0.87 mm, min 0.27 mm, n=19) while the
caudal superior endplate thickness was 0.37+0.13 mm (max
0.70 mm, min 0.19 mm, n=19). The inferior cranial endplate
was thicker than the superior caudal endplate for all regions
except the anterior ring apophysis. However, differences were
only statistically significant for the posterior central endplate
region (Fig. 3).
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Fig. 3. Regional thickness of the caudal and cranial endplate. Insert illustrates a typical endplate thickness map, the white boundary indicates the central endplate
region. Dark regions are thinner than lighter regions (n= 19 inferior, 19 superior endplates; RA: ring apophysis; CER: central endplate region; *p<0.05 between cranial
inferior and caudal superior endplates; “p<0.05 between regions on either the cranial or caudal endplate). Data are displayed as the mean+1 SD.

There were large variations in endplate thickness between
specimens, dependent upon the presence of sclerotic bone
formation. The molded endcaps, created to facilitate mechan-
ics testing, were present during the micro-CT scans. Unfor-
tunately, the contrast between the molds and the endplate was
not sufficient to resolve the two components; thus, analysis
of the superior cranial and inferior caudal endplate was not
possible.

A positive correlation was noted between the central region’s
endplate thickness and the BV/TV of the underlying trabecular
bone (R 0.44, p<0.001).

Bone morphology parameters that best predict vertebral failure

Pearson’s correlation coefficients between regional BAPs
and vertebral fracture strength are given in Table 3 and Figs. 4—6.
Correlations were improved through consideration of vertebral
geometry (BAPXCSA). Cross-sectional area (CSA) of the
endplates was determined from the micro-CT scans, after digital
removal of the osteophytes. While the BAPs derived from the
analysis of an entire vertebra had good correlations with failure
strength, it was not until regional variations were taken into
consideration that significant improvements were noted over
traditional BMD measurements (Figs. 5, 6). Regional measures
of connectivity density and BV/TV best predicted vertebral
failure load (BV/TV R*=0.78 Fig. 7, Conn.D R*=0.70
Table 3). The best correlations between BAPs and fracture
strength were obtained when the trabecular zone below the
fractured endplate was analyzed (Fig. 5), confirming the role of
regional BAPs in fracture prediction. There was also significant
transverse variability in the ability of BAPs to predict vertebral
strength. With few exceptions the posterior region correlated
best with fracture load (Fig. 6), possibly due to the loading
protocol and the effects of disc health [46,47].

Preferential failure of the superior endplate may be explained
through morphological analysis of the vertebrae which abut a
common disc [35,48,49]. During our experimental series, 13 of
14 FSUs (without cement present in the caudal vertebra) expe-
rienced caudal superior endplate fractures. Cranial inferior end-
plate fractures occurred in those FSUs whose caudal vertebrae
were augmented with PMMA. The superior endplate caudal to a
disc was found to be thinner than the inferior cranial endplate, but
only the posterior region’s differences reached statistical signi-
ficance (Fig. 3). However, since only a moderate correlation was
determined between endplate thickness and vertebral yield
strength (R? 0.38, p=0.003), it is unlikely that endplate thickness
is the sole cause for preferential superior endplate failure. The
endplate derives its strength from the underlying trabecular bone.
While no difference could be detected between the underlying
anterior trabecular bone region of the cranial inferior and caudal
superior endplate, the cranial posterior trabecular region does
have superior bone quality: higher bone volume and connectivity
density, more plate like elements and increased trabecular num-
ber (p=0.04, 0.01, 0.05, 0.01, respectively, n=20).

Disc health (GAG content of the NP) and morphology

There was a weak negative correlation noted between BV/
TV beneath the endplate and disc health (R 0.19, p=0.006). A
negative correlation was found between disc health and the
central endplate thickness (R* 0.33, p<0.001). Disc health was
assessed by determining the ratio of mg GAG to mg dry tissue.

The effect of disc degeneration on vertebral fracture strength
Disc health had a significant effect on vertebral failure load

(Fig. 8). Disc health had a negative linear relationship with
vertebral failure strength (R* 0.70, p<0.001).
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Discussion

Vertebrae are not morphologically homogeneous. While
vertical homogeneity was observed for the anterior trabecular
regions, there is considerable posterior vertical and transverse
inhomogeneity, confirming previous reports. The presented
methodology differs from previous investigations in that it is not
limited to histological analysis of specific regions or the

Table 3

analysis of regional bone plugs, thus allowing non-invasive
morphology assessment of the entire vertebral body, followed
by mechanical analysis [11,17,25,26,28,36,50]. This method-
ology allows the direct assessment of the relation between
structure and function. Banse et al. [28] reported a 25% and
20% difference in bone volume between the superior and
inferior posterior regions for thoracolumbar and Iumbar
vertebrae, respectively. Our results are similar, with a combined

Pearson’s correlation coefficients relating bone architecture parameters and vertebral failure strength

Bone architecture parameter Region closes to fracture

Region furthest from Fx Superior region Inferior region

BAP-Load BAP-Stress BAPxCSA—-Load BAPxCSA—Load BAPxCSA—-Load BAPxCSA-Load
(Z1,2) (Z34)

BMD 0.34 0.35 0.49 0.49 0.49 0.49
BV/TV
Total 0.32 0.46 0.65 0.65 0.65 0.65
Center 0.16 0.33 0.52 0.26 0.50 0.29
Average anterior 0.37 0.50 0.63 0.40 0.58 0.43
Average posterior 0.46 0.62 0.75 0.33 0.64 0.57
Average anterior and posterior  0.48 0.64 0.78 0.40 0.67 0.55
Conn.D
Total 0.22 0.29 0.41 0.41 0.41 0.41
Center 0.28 0.38 0.48 0.16 0.32 0.02
Average anterior 0.22 0.22 0.33 0.17 0.29 0.22
Average posterior 0.40 0.59 0.70 0.13 0.48 0.39
Average anterior and posterior  0.37 0.48 0.57 0.17 0.40 0.32
SMT
Total 0.23 0.35 0.47 0.47 0.47 0.47
Center 0.13 0.22 0.36 0.34 0.45 0.24
Average anterior 0.23 0.26 0.34 0.34 0.38 0.31
Average posterior 0.44 0.58 0.67 0.24 0.49 0.44
Average anterior and posterior  0.39 0.48 0.54 0.32 0.47 0.40
Th.N
Total 0.09 0.14 0.32 0.32 0.32 0.32
Center 0.24 0.34 0.44 0.14 0.19 0.37
Average anterior 0.17 0.22 0.38 0.15 0.24 0.28
Average posterior 0.11 0.20 0.37 0.21 0.31 0.35
Average anterior and posterior  0.15 0.23 0.39 0.19 0.28 0.33
T6.Th
Total 0.06 0.09 0.26 0.26 0.26 0.26
Center 0.00 0.02 0.18 0.22 0.25 0.14
Average anterior 0.00 0.02 0.15 0.25 0.25 0.15
Average posterior 0.11 0.09 0.26 0.28 0.35 0.19
Average anterior and posterior  0.04 0.05 0.22 0.29 0.32 0.19
Th.Sp
Total 0.09 0.14 0.27 0.27 0.27 0.27
Center 0.19 0.30 0.36 0.08 0.14 0.27
Average anterior 0.16 0.23 0.33 0.13 0.20 0.21
Average posterior 0.10 0.19 0.33 0.17 0.26 0.32
Average anterior and posterior  0.14 0.23 0.35 0.15 0.24 0.27
DA
Total 0.01 0.12 0.32 0.32 0.32 0.32
Center 0.32 0.16 0.00 0.19 0.01 0.18
Average anterior 0.01 0.08 0.26 0.45 0.29 0.41
Average posterior 0.06 0.01 0.07 0.47 0.21 0.30
Average anterior and posterior  0.01 0.01 0.18 0.53 0.28 0.40
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thoracolumbar and lumbar difference of 16%. The ratio of the
average anterior and posterior ash density (1.24), reported by
Nepper-Rasmussen and Mosekilde [50], agrees with the trans-
verse variation of BV/TV found in the current study (1.28, ratio
of mean posterior BV/TV to mean anterior BV/TV). The re-
gional re-enforcement of trabecular bone is reflected in observed
vertebral fracture location. Low energy compression fractures
can occur in the anterior or posterior superior regions of the
vertebra, but rarely the inferior posterior region [28,51,52]. One
rationale for the regional inhomogeneity of BV/TV, higher in the
inferior posterior region, is that the cortical shell of the superior
posterior region is re-enforced by the posterior elements, relying
less on the trabeculae for strength (Fig. 9). However, the inferior
posterior region of the cortical shell does not have re-enforce-
ment, lacking any posterior elements and thus must rely on the
trabecular core for strength [28].
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The increased BV/TV of the posterior inferior vertebral re-
gion, and to a lesser extent a thickening of the posterior end-
plate, likely strengthens the inferior endplate resulting in a
preferential failure of the superior endplate. Our results show
how vertebral morphology can influence function. In the study
by Grant et al. [48], only the posterior inferior endplate was
found to be significantly stronger than the superior endplate.
Similarly, in the present study the greatest increase in bone
quality and endplate thickness was noted in the inferior poste-
rior region (Fig. 3).

The relationship between vertebral strength and structure is
complex, involving contributions from the endplate, cortical
shell, trabeculae and intervertebral disc health [11]. The present
study found good correlations between BV/TV and Conn.D and
yield strength (Fig. 5). There was greater variability in Conn.D
and to a lesser extent BV/TV between specimens, compared
with the other BAP parameters. A high standard deviation could
indicate BAPs that are sensitive to remodeling changes (hence
useful for fracture prediction), or a reflection of measurement
inaccuracies. However, both BV/TV and Conn.D correlated
strongly with fracture strength; thus, the first hypothesis is more
probable. It should be noted that a small variability in BAP does
not necessarily reflect poor ability to predict fracture strength,
only that appropriate equipment is required to resolve the dif-
ferences between samples.

The strength of bone is significantly more sensitive to a loss of
trabeculae compared with a similar overall reduction in bone mass
[31,53,54]. The high correlation of Conn.D with failure highlights
its importance in the maintenance of bone strength (Table 3). As
bone volume decreases, there is a corresponding decrease in
connectivity density (Fig. 10), possibly due to the loss of small
interconnecting trabeculac with small initial diameter [36]. The
ratio of vertical trabeculae to horizontal, while almost 2:1 for

1

Total Vertebra Zone nextto Zone Furthest
Endplate Fx from Endplate

Volume

Zone 1,2 Zone 3,4

Fx

Fig. 5. Correlation between regional BAP x CSA and failure load for various vertebral regions (SMI is divided by CSA, $p>0.05).
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Fig. 6. Correlation of BAP x CSA and vertebral failure load for various transverse regions (SMI is divided by CSA, all correlations p<0.05).

young individuals, increases with age [32,55]. Thus, trabecular
perforation and subsequent removal occurs preferentially for
horizontal struts [ 18,56]. The loss of horizontal trabeculae leads to
an increased susceptibility to buckling, a recognized primary
mode of failure for cancellous bone [53,55-57].

A linear regression model was used to determine the corre-
lation between bone architecture and failure load and stress.
Although the use of a power model is more biologically correct,
Cody et al. [58] and Ebbesen et al. [59] found minimal im-
provement using the power relationship. The inclusion of ex-
trema into the data would probably necessitate the use of a power
model, but for examination of a specific age cohort with minimal
variation in bone volume, a linear model is valid [59].
Correlation between failure and bone architecture parameters
(BAP) can be improved if, as other authors have suggested, load
is correlated to BAP X CSA [60-62]. In addition to multiplying
BAP by CSA, we tried other fracture prediction schemes [58].
There was no improvement in correlation coefficient noted using
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the standard deviation of regional BAP or the relative density
index (ratio of the maximum and minimum regional BAP), two
schemes postulated to reflect bone remodeling changes [58].
The correlation of BAPs with failure stress or load differed
according to the region analyzed. We did not find improved
correlations between BAPs and yield for the anterior or central
region as was hypothesized (Table 3, Fig. 6), possibly due to the
loading protocol which preferentially loads the posterior regions
[46]. For both the normal and degenerated FSU, the majority of
the load is carried by the posterior vertebral body during upright
postures [46]. Cody et al. [58] found that bone mineral density
had the highest correlation with failure load in the inferior
region. This region had moderate correlation between BV/TV
and fracture load in the present study but correlation was higher
when analyzing the superior region or the entire vertebra [58].
One would expect that the weakest zone (superior half of the
vertebra) would dictate at what load the vertebra would fail.
While good correlations were found between the BAPs of the

100 120 140 160

180 200 220 240 260 280

BV/TV x CSA in mm?

Fig. 7. A linear relationship exists between BV/TV X CSA and vertebral fracture strength. The subchondral bone below the fractured endplate was analyzed (mean of

the anterior and posterior region).
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Fig. 8. Correlation of disc health (GAG content of the nucleus pulposus) with vertebral failure strength.

superior region and vertebral strength, there was no improve-
ment over using analysis of the entire vertebra, likely due to the
two fracture modalities that were created (caudal superior
endplate fracture vs. cranial mixed fracture mode). Vertebral
fracture strength could not be explained through analysis of one
specific region, instead BAPs from the region in which the
fracture occurred (Fig. 5) correlated best with vertebral fracture
strength. This result highlights the importance of regional
assessments for fracture risk.

The loading protocol of this study was limited to uniaxial
compression, resulting in ostensibly endplate fractures with
some cortical involvement. However, most elderly fractures that
occur are wedge fractures, the result of applied compression and
bending moment to induce flexion [63,64]. One would expect in
this situation that the importance of BAPs of the anterior ver-
tebral body region might predict fracture strength more effec-
tively. Due to the bore size of the micro-CT, posterior elements
were removed from the specimens; therefore, the contribution
of the neural arch to load bearing was not considered. The
neural arch only carries a minor fraction of the load for an FSU

a Superior Endplate

o o
3 78" £ 78 G

with a normal disc under axial compression. However, the
presence of a degenerative disc shifts a considerable portion of
the load to the neural arch [46,65]. Thus, our experimental
construct represents a worst case scenario, when the entire load
fraction is carried by the vertebral body. The lack of posterior
elements may also explain the low failure loads recorded.
Changes in loading pattern from the in vivo situation (i.e.,
elimination of the neural arch) may shift regional trabecular
loading anteriorly resulting in early failure of the vertebra.
Previous quantitative computed tomography (QCT) and
DEXA studies have found correlations between vertebral
strength and the product of QCT bone minimal density (or
DEXA) and cross-sectional area between R*=0.45 to 0.88 for
multiple vertebral segment constructs [58,60,66—68] and 0.26 to
0.82 for single vertebra tests [61,62,69—71]. Given our study
population and the relatively unrestrictive inclusion criteria, the
correlation between micro-CT derived BAPxCSA and failure
load was good (R*=0.78). We hypothesize that strict inclusion
criteria will yield significantly improved correlations. Our results
have shown only moderate correlation between BMD x CSA and
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Fig. 9. Vertical morphological heterogeneity is evident in this sagittal slice through a vertebral specimen. Bone volume ratio and connectivity density are higher in the
posterior inferior region. Sections (a) and (b) illustrate a transverse slice near the superior and inferior endplates, note both the presence of transverse heterogeneity
within the slices and vertical heterogeneity between the posterior regions of the slices. Boxes highlight the regions from which the slices were constructed (sagittal slice
is 1.64 mm thick, transverse slices are 2.46 mm thick). Arrows indicate osteophytes.
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Fig. 10. A linear relationship exists between bone volume ratio and the connectivity density—as the bone volume ratio decreases, connections are lost between

trabeculae.

load (R*=0.47). AP DEXA is a general measurement of bone
quality, including contributions from the cancellous bone, cor-
tical shell and posterior elements, and is influenced by sclerotic
growth and osteophytes. The experimental protocol required that
the posterior elements be removed to facilitate mechanical testing
and micro-CT scanning. However, remnants still remained to a
varying degree on the FSU, which would affect the BMD, in-
creasing values for those with greater remnants without a corres-
ponding increase in mechanical strength. Some specimens also
had considerable osteophytes (evident on Fig. 9a), which do not
add to the mechanical strength of the vertebrae, but increase their
BMD. The determination of BAP by micro-CT has the advantage
of allowing the volume of analysis to be specified, allowing the
user to remove any anomalous regions.

We did not consider the contribution of the cortical shell to
vertebral fracture strength. The percentage of the load carried by
the cancellous bone and cortical shell varies dependent upon the
distance from the endplates [27,47,72—74]. Near the endplates,
the majority of the load is carried by the cancellous bone, which
changes to about equal sharing between the cortical shell and
cancellous bone at the midtransverse plane [27,47,72-74]. All
of the specimens in this experimental series had endplate
fractures, a region in which most of the load is carried by the
cancellous core [27,47,72—75]. Thus, only BAPs for the can-
cellous core were correlated to fracture strength. However, this
is not to say that the cortical shell has no role in fracture
prediction. An improvement in fracture prediction was noted by
Andresen et al. [76] after considering the contribution of both
the BMD of the cancellous bone and cortical shell. The impor-
tance of the cortical shell for structural strength, especially for
osteoporotic vertebrae, has been highlighted by various other
investigators [27,74,76,77]. Future studies should consider the
combined role of cortical shell and cancellous bone in fracture
prediction.

We found a strong negative correlation between disc health
(GAG content) and endplate failure load (Fig. 8). A negative
correlation also exists between disc health and endplate thick-

ness and BV/TV. While specimens with poor disc health typi-
cally had increased BV/TV and endplate thickness, the effect of
disc health on bone quality alone cannot explain the correlation
between disc health and fracture strength. A shift in load trans-
fer between vertebral bodies also occurs for degenerative discs.
Degenerative discs lack a defined nucleus and under axial
compressive loads typically have lower stresses in the anterior
half of the disc [46]. Load shift towards the periphery of the
vertebral body and the posterior elements decreases the amount
of bone at risk of fracture. A shift in loading from the weaker
anterior vertebral region to the stronger posterior region results
in higher vertebral fracture strength [46,47].

A limitation to the micro-CT analysis is that the measure-
ments were performed using a nominal resolution of 82 um,
which is close to the mean thickness of human trabeculae, thus
partial volume effects may result in a measurement bias. How-
ever, to reasonably determine bone architecture, resolutions
below 100 um have been shown to be acceptable [78,79]. The
performance of the micro-CT scanner used in this study
(XtremeCT) has been assessed versus the gold standard of a
high-resolution micro-CT scanner (19 um) [79]. It was found
that bone architecture parameters BV/TV, Conn.D, Tb.N, Tb.Sp
and DA performed well. Although BV/TV was over estimated
by 28%, it was a significant improvement over the 60% re-
ported by Banse et al. [28] using different equipment. The
resolution of the scanner can result in measurement inaccura-
cies for the parameters, Tb.Th and SMI [79]; however, it should
be noted that in the present study, we were not constrained to in
vivo scanning protocols, thus integration time could be in-
creased. This yields improved image contrast and likely im-
proved determination of bone architecture parameters over the
previously reported in vivo protocol-based accuracy and pre-
cision assessments [79,80].

Our research has demonstrated the relation between whole
vertebra micro-architectural parameters and fracture strength
using micro-CT and identified regional variation in trabecular
morphology. In addition we have identified disc health as an
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important contributor to vertebral fracture prediction. Micro-CT
currently cannot be used clinically to directly assess bone qua-
lity of vertebral bodies and to date the relation between peri-
pheral X-ray-based analysis and vertebral failure strength lacks
adequate correlation [66,70]. In vivo assessment using lower
resolution clinical CT scanners permit reasonable estimates of
BV/TV but may not have the resolution required to estimate
Conn.D, the two parameters that this study identifies as best
correlating with fracture strength [68]. However, an under-
standing of regional morphology may be used to focus DEXA
or clinical CT analysis to specific trabecular zones to further
improve fracture prediction for specific fracture modalities.
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