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Background: Bone strength depends on multiple factors such as bone density, architecture, and
composition turnover. However, the role these factors play in osteoporotic fractures is not well
understood.

Purpose: The aim of this study was to analyze trabecular bone architecture, and its crystal and
organic composition in humans, by comparing samples taken from patients who had a hip

fracture (HF) and individuals with hip osteoarthritis (HO).

Methods: The study included 31 HF patients and 42 cases of HO who underwent joint
replacement surgery between 1/1/2013-31/12/2013. Trabecular bone samples were collected
from the femoral heads and analyzed using dual-energy X-ray absorptiometry, u-CT, and solid-
state high-resolution magic-angle-spinning nuclear magnetic resonance (MAS-NMR)

spectroscopy.

Results: No differences in proton or phosphorus concentration were found between the two
groups using H single pulse, 3P single pulse, 3P single pulse with proton decoupling NMR
spectroscopy, in hydroxyapatite (HA) c-axis or a-axis crystal length. Bone volume fraction
(BVITV), trabecular number (Tbh.N), and bone mineral density (BMD) were higher in the HO
group than in the HF group [28.6% + 10.5vs 20.3% + 6.6 (p = 0.026); 2.58 + 1.57 mm™ vs 1.5
mm? +0.79 (p = 0.005); and 0.39 g/cm? + 0.10 vs. 0.28 g/cm? + 0.05 (p = 0.002), respectively].
The trabecular separation (Th.Sp) was lower in the HO group 0.42 mm + 0.23 compared with the

HF group 0.58 mm + 0.27 (p=0.036).

In the HO group, BMD was correlated with BV/TV (r = 0.704, p = <0.001), Th.N (r = 0.653; p =

<0.001), Th.Sp (-0.561, p = <0.001), and *H concentration (-0.580, p = <0.001). BMD was not
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correlated with BV/TV, Tb.Sp, Tb.Th, Th.N, Th. PF, *H concentration, or HA crystal size in the

HF group.
Conclusions:

Patients with HO who did not sustain previous hip fractures had a higher femoral head BMD,
BV/TV, and Th.N than HF patients. In HO patients, BMD was positively correlated with the
BV/TV and Tbh.N and negatively correlated with the femoral head organic content and
trabecular separation. Interestingly, these correlations were not found in HF patients with
relatively lower bone densities. Therefore, osteoporotic patients with similar low bone densities
could have significant microstructural differences. No differences were found between the two

groups at a HA crystal level.

Keywords: Micro-computed tomography, Nuclear magnetic resonance, femoral head bone

fractures, osteoporosis, hydroxyapatite, crystal structure.

MANUSCRIPT:
Introduction:

The strength of a material is a function of the composition of the material as well as its geometric
structure described at the macro, micro and nano dimensional scales. In the case of bone, these
dimensional scales correspond respectively to the overall bone shape (e.g., cortical thickness),
trabecular architecture (e.g., bone volume fraction, trabecular number), and apatite
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nanocrystalline structure (e.g., crystal size, distribution, structure and chemical composition) [1,
2]. Except for mineral content (BMC or BMD), composition has rarely been included in
investigations of bone strength. This study uniquely applies a variety of experimental methods to
study bone morphology at the micro and nano-structural scales, as well as a variety of

compositional parameters.

The macro and microstructural features of bone have been extensively studied in the literature
using micro-computed tomography scan (U-CT) analysis and other techniques, suggesting that
the trabecular architecture could be an independent factor contributing to bone strength [3-5].
The role bone mineral density plays on the mechanical properties of bone has been well
stablished, and dual-energy x-ray absorptiometry (DXA) which is the traditionally used method
for the diagnosis of osteoporosis, has proven its efficiency in the prediction of hip and vertebral
fractures [6]. Although research on bone at the macro- and microstructural levels are routinely

carried out, studies at the nanostructural level are scarce.

On other hand, x-ray powder diffraction (XRD) is a technique used to analyze the structure of
crystalline materials, which gives information on the crystal nanostructure and its chemical
composition. XRD has been previously used in the nanostructural analysis of hydroxyapatite
(HA) crystals [7]. Solid-state magic-angle-spinning (MAS) spectroscopy is a novel method used
to perform experiments in solid-state nuclear magnetic resonance (NMR) spectroscopy and
liquid proton nuclear magnetic resonance [8]. It improves the resolution of the analysis by
spinning the sample at the magic angle 6 with respect to the direction of the magnetic field.
Solid-state NMR spectroscopy is a useful tool in the characterization of the organic content of

bone and MAS technique permits recording NMR spectra of solid materials [9-11]. The
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objective of this study was to examine the nanostructural composition and microstructural
features of trabecular femoral head bone in patients undergoing surgery for hip fracture or hip
osteoarthritis using XRD, MAS-NMR spectroscopy as well as p-CT scan, and bone densitometry
analyses. In addition, we aimed to analyze the correlation between BMD, which is the current
gold standard in the diagnosis of osteoporosis, with other bone micro-and nanostructural

parameters of bone trabeculae.

Materials and Methods:

Approvals from our local ethical board and from the Andalusian Public Health System Bio-bank
were obtained to conduct this cross-sectional study. Femoral heads were collected from patients
who underwent total or partial hip replacement during the period 1/1/2013 — 31/12/2013. The
clinical information of the participants was withdrawn from the computerized database of the
Orthopedic Surgery Department without any exposure of personal information. We included
samples taken from individuals who were operated for the treatment of either osteoporotic
intracapsular hip fractures, or hip osteoarthritis (with no previous hip fractures). Patients with
high energy fractures as well as pathological fractures (i.e., secondary to osteomalacia, Paget’s
disease, primary bone tumors or bone metastasis), or diagnosed with avascular necrosis of the
femoral head, were excluded from the analysis. The following parameters were retrieved from
patients” files and computerized records: age, gender, fracture side, body mass index (BMI),
information on drug intake, history of smoking and alcohol consumption. The general health

status was estimated using the age-factored Charlson comorbidity score [12].

Sample preparation:
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The femoral heads were harvested during standard total hip and partial hip replacement
procedures. An awl was used to withdraw 1.0 cm @ x 1.5 cm cylindrical bone samples from the
weight bearing area of the femoral head, 1.0 cm above the fovea (Figure 1). The bone samples
were then placed in a 10% formaldehyde solution and stored at 4° C. A 2.0 mm?® bone fragment
was then collected from the distal end of each sample, using a 1.0 @ mm cylindrical burr adapted
to a handpiece drill (Stryker, Hamilton, ON). Then, each fragment was cleaned with three 60
minute cycles of de-ionized distilled water at 25°C, followed by three cycles of dehydration and
defatting with 100% alcohol for 60 minutes [13]. Finally, the bone samples were powdered using

a ceramic pestle, and the resulting powder transferred to separate sample tubes and stored at 4°C.

Bone densitometry:

Bone density was analyzed using a bone densitometry device (GE Lunar PIXImus) with a focal
spot size of 0.25 x 0.25 mm, an image area of 100 x 80 mm, current of 400 YA, and energy of 80
kV. The region of interest (ROI) was established 10.0 mm deep from the articular surface, to
avoid subchondral bone. The following parameters were measured: bone mineral content (BMC,
ratio between the mineral weight and the dry weight of the bone sample), and bone mineral

density (BMD, is the amount of bone mineral in bone tissue).
Micro-computed tomography:

The structural characteristics of the bone samples were analyzed using a p-CT (SkyScan1172;

SkyScan; Kontich, Belgium) with a voltage of 80 kV, current of 120 pA, a resolution of 10.88
9
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pm, an aluminum filter of 0.5 mm thickness, and a rotation step of 0.5 degrees. The ROI
included trabecular bone from 5.0 to 10.0 mm deep from the articular surface, selected to bypass
sclerotic areas or subchondral cysts (Figure 1). The following features were then measured:
trabecular number (Tb.N, reflects the number of trabeculae within the region of interest),
trabecular separation (Th.Sp, measures the space between the trabeculae), trabecular pattern
factor (Th.Pf, quantifies the connectedness between the trabeculae), bone volume fraction
(BVITV, the percentage of bone in relation the total volume) , and trabecular thickness (Tbh.Th,

reflects the size of the trabeculae) .

X-ray powder diffraction:

The hydroxyapatite (HA) crystals were analyzed using an XRD device (D8-Discover/GADDS,
Bruker, Karlsruhe, Germany). The diffractometer with CuKa radiation (setting: 40 kV, 40 mA,
Thetal 15°, Theta2 15° scanning angle, frame width 23°, mode STEP and 1800 scan step time)
was used to record the XRD [14]. Data from each XRD spectrum were analyzed using A

DIFFRAC-plus EVA software (AXS, Bruker, Karlsruhe, Germany) [15].

The average HA a-axis and c-axis crystal lengths were calculated for each bone sample using
Scherrer’s formula (Eq. 1) and the (310) and (002) Bragg peaks of the XRD spectrum. In general
the HA crystal size increases both along the ¢ and a axes [16]. K is the shape factor, D is the
average of domain lengths, A is the x-ray wavelength, B is the line broadening at half the

maximum intensity (FWHM) and 0 is the Bragg angle:

D = K\MBcosb (1)

Solid-state magic-angle-spinning nuclear magnetic resonance spectroscopy:

10
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MAS-NMR spectroscopy was used to analyze the chemical composition of the powdered bone
samples. This is a well-established technique used in the compositional analysis of solid
materials [17]. Measurements were obtained using a Bruker (Billerica, MA) AVANCE NMR
spectrometer, equipped with a Magnex (Oxford, UK) 14 Tesla field strength magnet, yielding
phosphorus and proton frequencies of 242.94 and 600.13 MHz, respectively. We used a Bruker
solid-state CPMAS cross-polarization magic-angle-spinning) probe with By fields of 70-80 kHz
(40 kHz for CP) to obtain solid-state 3P spectra with a single 90° pulse and with proton
decoupling at a sample rotation speed of 2.5 kHz. All measurements performed on the powdered
bone samples were immediately consecutive, to prevent potential tuning changes of the
spectrometer. Measurements were stratified by the weight of the power, into four different
variables: (1) phosphorus relative concentration measured with *H/3'P cross-polarization NMR
spectroscopy, (2) hydrogen relative concentration measured with H single pulse NMR
spectroscopy, (3) phosphorus relative concentration measured with 3P single pulse NMR
spectroscopy, and (4) phosphorus relative concentration measured with 3P single pulse with
proton decoupling NMR spectroscopy. These concentrations are denoted as “relative” because
they are dimensionless quantities relative to each other but are not referenced to an absolute
concentration unit such as g/lcm2. The 'H, 3P, and 3!P with proton decoupling measurements
reflect the organic matrix content, the overall mineral content, and the mineral content of the
interior of the apatite nanocrystals respectively; the last quantity factors in the size of the
nanocrystals [10, 11, 17, 18]. The organic matrix constitutes about 40% of bone tissue. It is
mainly composed of type | collagen fibers that bind to each other in a triple helix structure [19].

In this study, the hydrogen relative concentration reflects primarily the protein content of the

11
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bone matrix because fat and most of the water were eliminated from the specimens during the

bone powder preparation, and the NMR spectrum permits exclusion of any residual fat signal.

'H to 3P cross-polarization measurement permits observing 3P spectra when the 3P spins are
dilute (and the signal weak), but more importantly for the present measurements, it yields 3!P
spectra predominantly from regions within the bone nanocrystals which are hydrogen-rich
(generally in the surface regions of the nanocrystals). Thus, the four types of NMR spectra

provide separate, though complementary, information.

Statistical analysis:

The statistical analysis was performed using SPSS 22.0 (SPSS Inc, Chicago, IL, USA), G*power
3.0.10 (Universitat Kiel, Germany) and Origin Pro 8.0 (OriginLab Corporation, Northampton,
USA) software. Mean values were presented with their corresponding standard deviations. The
distribution of continuous variables was analyzed using Q-Q plots and the Shapiro-Wilk test.
Differences between the two study groups were analyzed using a multivariate analysis of
variance. Differences between groups were considered significant when two-tailed P values were
< 0.05. Power analyses were performed using the Wilcoxon-Mann-Whitney test for two groups
or a two-tailed post-hoc t-test for two independent means with an a-error probability of 0.05.
Correlations between different continuous variables were adjusted to age, BMI and BV/TV using

a linear regression model.
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Results:
Demographic

A total of 84 femoral heads were collected during the study period, 11 were excluded, and 73
fulfilled our inclusion criteria (i.e., 31 hip fractures and 42 cases of hip osteoarthritis). The
average age of the individuals that sustained a hip fracture was 79.6 years + 10.1, whereas the
mean age of patients with hip osteoarthritis was 64.38 years + 10.3 (p=<0.001). The male-female
ratio for patients with hip fractures and hip osteoarthritis was 0.34, and 1.21, respectively,
(p=0.01). Individuals who suffered a hip fracture had a lower BMI compared with patients who
had hip osteoarthritis (25.7 +3.7 and 28.48 * 3.9, respectively) (p=0.01). The smoking and non-
smoking ratios for fractured patients and osteoarthritis patients were 0.35 and 0.68 respectively,
(p=0.15). The mean age-factored Charlson comorbidity score for patients with hip fractures was

5.27 £ 1.98, compared to 2.82 £ 1.47 in patients with osteoarthritis (p=<0.001) (Table 1).
Bone densitometry:

The mean BMD in the osteoarthritis group (0.39 g/cm? + 0.10) was higher than in hip fracture
patients [0.28 g/lcm? + 0.05; p=0.002, power 99.9%]. The BMC was 0.18 g/cm + 0.08 in
individuals with osteoarthritis and 0.13 g/cm + 0.05 in hip fracture patients. There were no

significant differences in the T area between the hip fracture and osteoarthritis groups (Table 2).
Micro-computed tomography (u-CT):

The BV/TV was higher in the osteoarthritis group 28.6% + 10.5 than in the hip fracture group
20.3% = 6.6 patients (p= 0.026; power 99.2%). The Th.N was also higher in individuals with

osteoarthritis 2.58 £ 1.57 than in patients with hip fractures 1.5 + 0.79 (p=0.002; power 99.4%).
13
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Moreover, the Th.Sp was lower in the osteoarthritis group 0.42 = 0.23 than in the hip fracture
group 0.58 + 0.28 (p=0.036; power 79.3%). No significant differences were found between the
two groups regarding the Tb.Th (0.18 + 0.02 in the hip fracture group vs. 0.13 £ 0.04 in

osteoarthritis group, p=0.156) (Table 2).

X-ray powder diffraction:

There were no differences between the two groups involving the HA c-axis and a-axis (Table 2).
Solid-state magic-angle-spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy:

No significant differences were found between the two groups, regarding hydrogen or

phosphorus concentration measured by NMR spectroscopy (Table 2).
Correlations between bone mineral density and other structural features:

In the hip osteoarthritis group, BMD was strongly correlated with BV/TV (r=0.689, p=<0.001),
and moderately correlated with Th.N (r= 0.664; p=<0.001). BMD was negatively correlated with
Th.Sp (-0.561, p=<0.001), and 'H concentration (-0.580, p=<0.001). A crude negative
correlation was also observed between H concentration and 31 P single pulse with proton
decoupling (-0.535, p=<0.001). No correlations were observed between BMD and the length of

the HA crystals on both the c-axis and a -axis in the hip osteoarthritis group.

In the hip fracture group, no correlations were found between BMD and BV/TV, Th.Sp, Th.Th,
Th.N, Th. PF, hydrogen or phosphorus concentration, and HA crystal a-axis and c-axis. (Table 3)

(Figures 2 and 3).
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Discussion:

Bone microstructure:

In this study, we observed that patients who suffered a hip fracture had a higher Th.Sp, lower
Th.N, and overall a lower BV/TV compared with patients with osteoarthritis. These results are in
concordance with previous reports in the literature which suggest that compared with subjects
with hip osteoarthritis, patients with hip fractures may suffer a deterioration in trabecular bone
architecture [20-22]. A previous research comparing the microstructural features of trabecular
and cortical bone between patients with hip fractures and osteoarthritis, reported that the cortical
thinning, and the loss of the trabecular bone mass and connectivity could play a significant role
in skeletal fragility in hip fractures [20]. The study also showed that the spatial orientation of the
trabeculae differed between these two groups [20]. Another study compared the 2D and 3D bone
microarchitecture of the femoral neck in postmenopausal women using high resolution
peripheral quantitative tomography and histomorphometry. The 3D methods revealed an
alteration of trabecular and cortical bone in hip fractures compared with osteoarthritis [21].
Moreover, a previous study performed by our team, in which we analyzed the femoral head 3D
structure in hip fracture patients and subjects with hip osteoarthritis, revealed that the mean
intercept length anisotropy was higher in the hip fracture group, whereas the osteoarthritis group
had a higher connectivity density per unit volume than the hip fracture group [23]. Another
cross-sectional study compared the mechanical and microstructural features of the femoral head
in 17 postmenopausal women who underwent surgery for hip fracture or osteoarthritis.
Significant differences were found in bone volume fraction (BV/TV) and trabecular thickness

between the two groups [22].
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On the other hand, research has suggested that the trabecular microstructure could act as an
independent factor contributing to bone strength [3-5]. In a study performed on middle aged men
with osteopenia, no differences were found in the BV/TV between individuals with vertebral
fractures and those who did not sustain fractures [3]. However, the authors of this study observed
higher trabecular connectivity and Tb.N in patients without vertebral fractures [3]. In a
comparative study analyzing the differences between cancellous bone in patients with hip
fractures and cadaveric controls, Ciarelli et al, reported that controls had a higher Th.N and
connectivity than patients with hip fractures. However, as in our study, no differences were
found between the two groups regarding the trabecular thickness [5]. Another report analyzed 21
cadaveric bone samples using uCT system, digital topological analysis and pCT-based finite
element models. The study observed that the trabecular microarchitecture could also affect the
modulus of elasticity of trabecular bone [4]. All the previous mentioned studies highlight the
important contribution of the trabecular microstructure, including the trabecular number,

connectivity and anisotropy, on the mechanical properties of trabecular bone [3-5].

Bone mineral density:

We observed that individuals who suffered a hip fracture had a lower BMD than patients with
osteoarthritis. Previous reports have postulated that osteoarthritis and osteoporosis could be
inversely related conditions, as patients with early osteoarthritis may present increases in BMD
[24, 25]. However, the risk of suffering an osteoporotic fracture does not seem to decrease in
patients with osteoarthritis despite having higher BMD values [26]. This could involve other
factors not related to bone structure, such as postural instability and muscle strength. Low BMD
at the lumbar spine has also been found to be associated with a lower incidence of knee

16
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osteoarthritis although it does not seem to stop the progression of knee osteoarthritis [26].

Nevertheless, the inverse relation between osteoporosis and osteoarthritis remains unclear.

In this study, the BMD was not correlated to BV/TV, Th.N, and Tb.Sp in the hip fracture group.
These findings are in concordance with recent research which analyzed the femoral heads in 16
patients who underwent hip arthroplasty [27]. Interestingly, in our study we did found a
correlation between BMD and BV/TV, Th.N, and Tb.Sp, in the osteoarthritis group. These
findings suggest that DXA could be a useful method to estimate other architectural features of
bone in patients with high bone densities, but not in subjects with low bone mineral densities.
Therefore, patients with similar low bone densities could have significant microstructural
differences. This could explain why the fracture predictive value of DXA scan decreases with

age as BMD progressively declines [28, 29].

Hydroxyapatite crystals:

In this study, no differences were found between the two groups regarding the HA crystal c-axis
and a-axis size. The relation between the mineral features of bone and its mechanical properties
is poorly understood. HA crystals are arranged between collagen fibrils in bone. The size of
these crystals determines the surface area where mineral-collagen interactions occur [30]. Longer
HA crystals could increase the interaction surface and affect the mobility of the collagen
molecules decreasing the overall tissue ductility. Pathologies known to enlarge the HA crystal
size in animal studies (i.e., ovariectomized mice, rachitic rats, and osteopontin-null mice) have
been found to increase bone fragility, ductility , and brittleness [30] . Nevertheless, conditions
which decrease the crystal size (i.e., Osteogenesis imperfecta mice, hypophosphatemic mice,

osteopetrotoc rats) have also been found to have a detrimental effect on the mechanical
17
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properties of bone causing brittleness and reduced ductility [30] [31, 32]. This relation between
mechanical properties and the grain size of poly crystalline materials is well explained by the
Hall-Petch model that stipulates that above a critical crystal size an inverse correlation exists
between material toughness and crystal size while this relation is reversed when the crystal size
falls beneath the optimal critical size. This, alongside with our results and the previous literature
would indicate that bone probably has an optimal crystal size consisting of a mixture of small
(recently formed) and larger crystals and deviations beneath or above this crystal size would
result in inferior mechanical properties. [30, 33, 34]. Although, the HA crystal size which carries

the optimal mechanical properties in bone is still unknown [31].

Some animal and human studies have found that osteoporosis is associated with larger HA
crystals compared to controls [30, 35]. In osteoporosis, bone turnover is accelerated [30, 35], as
there is increased osteoclastic activity and [36] an overall decreased osteoblastic activity and less
formation of new HA crystals. Subsequently, this could favor the predominance of older and
larger HA crystals. In osteoarthritis , there is an early increase in bone remodeling and bone loss,
followed by a slower turnover which leads to densification of the subchondral bone [37]. Two
different groups of osteoblasts have been differentiated in osteoarthritis: low osteoarthritis
osteoblasts, which present decreased OPG expression,increased in RANKL secretion, and
probably induce bone resorption; and high osteoarthritis osteoblasts, which present increased
OPG production and reduced RANKL expression, and may favor bone formation [38]. The latter
group could result in a lower osteoclastic activity and therefore in the accumulation of more
mature and larger HA crystals. Nevertheless, the specific mechanisms by which bone remodeling

may influence the HA crystal size in osteoporosis and osteoarthritis are still unknown. However,
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as mentioned above, both conditions have the potential to form larger HA crystals as a result of a
decreased bone formation in osteoporosis and osteoclastic inhibition in osteoarthritis [35]. This
could be a possible explanation to why in this study no HA crystal size differences were found

between the two groups.

On the other hand, in this study we only analyzed trabecular bone, which is less dense than
cortical bone and enamel. Previous research has shown that the bone strength was strongly
related to the trabecular microstructural features, whereas the strength of cortical bone was more
related with the total cortical bone volume [39]. Moreover, multiple studies have shown that
cortical porosity, a microstructural measure of cortex plays an important role in bone strength
[40] [41]. Perhaps, the HA crystal size at the nanostructural level could have a more significant
influence on cortical bone strength, were porosity and total cortical bone volume play more

determinant roles.

The organic matrix:

No significant differences were found between the two groups, regarding the hydrogen content
of trabecular bone. However, we observed a trend showing a higher relative phosphorus
concentration with 3P single pulse NMR spectroscopy in patients with osteoarthritis. The
importance of the organic content in bone is evident in conditions such as osteogenesis
imperfecta, some forms of osteoporosis, and osteomalacia (impaired mineralization). In
osteogenesis imperfecta mutations in the COL1A1 and COL1A2 genes result in the formation

thinner collagen fibrils, and consequently the formation of excessively brittle bone [42]. In
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idiopathic osteoporosis and postmenopausal women, there is increasing evidence suggesting that
a high remodeling rate could be associated with decreased bone mineralization and subsequently
reduced bone stiffness. In addition, higher bone turnover rates could alter the content of collagen
crosslinks [43]. Conditions that may result in impaired bone mineralization (osteomalacia, or
insufficient mineral with respect to the amount of matrix), such as chronic kidney disease,
calcium malabsorption in the small intestine, vitamin-D deficiency or inadequate ultraviolet
exposure of the skin, can lead to bone pain, skeletal fragility and distortion, and microfractures.
Moreover, recent research has found that the cross-link profile of bone collagen correlates with
bone fracture toughness and strength [44]. The orientation of collagen fibers is another factor
involved in bone strength. Accordingly, the strength of bone tissue is higher in the direction of

physiological loading that corresponds to the orientation of osteons in the cortical bone [45].

Research has shown that bone hardness is strongly correlated to mineralization, but
the organic matrix also accounts for a significant part of its variance [46]. A previous report
observed that long-term running in dogs significantly reduced the vertebral BMD, and lead to the
reorganization of the collagen fibers without changing the mechanical properties of bone [43].
Another study, revealed that COL1AL1 Spl polymorphism could be associated with both bone
strength and BMD [47]. These findings suggest that the bone strength depends on the balance
between the organic and mineral content of bone, and that the collagen matrix could act as an

important independent factor in bone strength.

On the other hand, we observed an inverse correlation between the quantity of the organic matrix
in the osteoarthritis group measured as *H, and both BMD and 31P single pulse with proton

decoupling. These last two measurements reflect the bone mineral content. In addition to the
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physical and biochemical changes in articular cartilage that occur in osteoarthritis, the
subchondral bone often undergoes morphological changes as a result of an abnormal remodeling,
turnover and mineralization [48]. The inverse correlation between BMD and the organic matrix
content is a clear confirmation of the relative demineralization that is known to occur in
osteoarthritis [49]. This correlation was not observed in the osteoporotic hip fracture group, no

such effect is generally known to occur in osteoporosis.

Strengths and limitations:

To the best of our knowledge this is the first study to show that the HA crystal size in trabecular
bone does not differ between patients with osteoarthritis and individuals with osteoporotic
fractures. Moreover, this study was the first to identify an inverse relation between BMD and the
quantity of the organic matrix in humans using solid-state NMR spectroscopy. In addition, this
study highlights the limitations of DXA scan in the estimation of trabecular bone structural
features in patients with low bone densities. This study has a relatively large sample size
compared with previous reports, and our statistical analyses were adjusted to eliminate potential
confounders using linear regression models or multivariable analyses of variance. However, this
work has several limitations. We did not include a mechanical analysis of the samples which
would have provided valuable information on the relation between the different structural
properties of bone and mechanical bone strength. In addition, we only included a relatively
limited age range, confined only to elderly individuals who underwent joint replacement surgery;
therefore, the bone features that have been observed in this study can only be extrapolated to an

elderly population.
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In this study, hip fracture patients were relatively older compared with osteoarthritis patients.

The structural features of bone change with age, as part of the natural aging process. Previous
research has shown that BMD and the organic bone content progressively decrease with age [50,
51]. Therefore, age could have acted as an independent confusion factor in the present study.
However, to decrease a possible age-related confusion bias, our linear regression models and
multivariable analyses of variances were adjusted to age-factored CCI. Finally, our study was
also limited to the analysis of the cancellous femoral head bone and it did not include tests
involving the lumbar spine or cortical bone.

Conclusions:

Individuals with osteoarthritis have a higher BMD, BV/TV, and trabecular number that patients
who suffered hip fractures. Moreover, the HA crystal size in trabecular bone does not differ
between patients with osteoarthritis and individuals with osteoporotic fractures. In the
osteoarthritis group, BMD was correlated with BV/TV, Th.N, and Th.Sp. However, BMD was
not correlated to BV/TV, Th.N, and Th.Sp in the hip fracture group. This could explain why the
fracture predictive value of BMD decreases in older populations with lower BMDs, as patients
with similar low densities could have significant microstructural differences. This study was also
the first to identify an inverse relation between BMD and the quantity of the organic matrix in
humans using solid-state NMR spectroscopy. However, this correlation was only found in

patients with osteoarthritis.
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Legends:

Figure 1: A. The region where the bone samples were harvested during standard total hip and

partial hip replacement procedures. B. A 1.0 cm @ x 1.5 cm cylindrical bone sample. The
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selected region of interest on an anteroposterior x-ray view. Micro-computed tomography axial

cut of the femoral head samples: C and E hip fracture; D and F hip osteoarthritis.
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Figure 2: Correlation between bone mineral density and other structural features on p-CT scan.

0.20

Bone minerd content { giom2)
Trabecular Number (mm-1) Bone Volume (%) )

Trabecuar Separation (mm )

A. Hip osteoarthritis group

02 03 04 05 08 o7

Bone Mineral Density (g /om2)

02 03 04 05 08 o7

Bone Mineral Density (g /cm2)

02 03 04 05 08 o7

Bone Mineral Density (g /cm2)

0.2 0.3 0.4 0.5 0.6 07

Bone Mineral Density (g/om2)

Bone mineral contert { giom?2)

B. Hip fracture group

030
025
-
020
a.15
o104
0,05
o.00 ——— T
045 020 022 0.2¢ 028 028 030 032 03¢ 038 038
Bone Mineral Density (g/omz2)
20+
.
354
.
a0 .
F -
£ 25 | - . .
] . . -
.
= - [ -
T, . P
5 15 .
2 .
1o -
s -
045 020 022 0.2¢ 028 028 030 032 03¢ 038 038
Bone Mineral Density (g/em2)
£
E aq .
g
z
5 -
ERE . . -
5 . v .. u
d - . -
14 . -
] P S
8 -
= -
.
ad
048 020 022 0.24 028 0.25 0.00 032 044 038 048
Bone Mineral Density (a/em2)
e
.
REN
E
E
E 0]
c -
5 -
ﬁ . .
Boad . . -
5 - P
FEXE] e
5 -
3 . =
2 a0
2 .
B - .
"oz = . .
.
0.0

018 020 022 024 026 028 030 032 034 036 038

29



631  Figure 3: Correlation between bone mineral density and hydroxyapatite crystal size and

632  hydrogen content from single pulse proton solid-state magic-angle-spinning NMR spectroscopy.
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Table 1. Demographic features of the study group

Characteristics  Hip fracture Hip osteoarthritis P values
(n=31) (n=42)
Age, y 79.6 +10.1 64.4+10.3 <0.001*
Sex
Men 8 (25.8) 23 (54.8) 0.01*
Women 23 (74.2) 19 (45.2)
Smoking status
Yes 8 (25.8) 17 (40.5) 0.15
No 23 (74.2) 25 (59.5)
Body mass 25.7 £3.7 28.48+3.9 0.01*
index ?
Operated Side
Right 14 (45.2) 14 (66.7) 0.06*
Left 17 (54.8) 28 (33.3)
Alcohol abuse
Yes 2 (6.5) 4 (9.5) 0.49
No 29 (93.5) 38 (90.5)
CClI 5.27 £1.98 2.82+£1.47 <0.001*

Data are presented as No. (%) or mean * standard deviation.
Abbreviations: CCl, age-factored Charlson comorbidity score.

& Measured as weight in kilograms divided by the square of height in meters.

*Statistically significant results

Student T, Chi square, Mann-Whitney U
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Table 2. Multivariable analysis of variance adjusted to bone volume fraction, and body mass

index and Age-factored-Charlson’s comorbidity index. Structural features of trabecular bone, hip

fracture vs. osteoarthritis (Micro-computed tomography, dual-energy x-ray absorptiometry, x-ray

diffraction and Solid-state magic-angle-spinning nuclear magnetic resonance spectroscopy).

Characteristics Hip fracture Hip osteoarthritis Crude Adjusted
(n=31) (n=42) P value P values
BV/TV (%) 20.37 £ 6.6 28.62 £ 10.51 0.001* 0.026*
Th.Sp (mm) 0.58 +0.28 0.42 +0.23 0.005* 0.036*
Th.Th (mm) 0.18 +0.021 0.13 £ 0.037 0.043* 0.156
Th.N (mm-1) 1.5+0.79 2.58 +1.57 0.000* 0.002*
Th.Pf (mm™) -0.49 + 20.59 -9.32 £ 25.62 0.072 0.101
BMD (g/cm?) 0.28 £ 0.05 0.39+£0.115 0.000* 0.002*
BMC (g/cm?) 0.13+0.05 0.18 £ 0.08 0.020* 0.195*
B area (cm?) 4.62+1.18 451+ 1.13 0.492 0.442
T area (cm?) 5.05+1.24 483+1.2 0.226 0.337
HA c-axis? (nm) 171+1.8 17.2+2.2 0.901 0.775
HA a-axis® (nm) 81+0.9 7.96+13 0.675 0.853
Hydrogen 0.956 + 0.08 0.983 +0.11 0.232 0.325
concentration®
Phosphorus 6.90+19 741+18 0.206 0.318
concentration®
Phosphorus 7.18+2.0 7.66+2.1 0.377 0.494
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651

652

concentration®

Phosphorus 1.2+£0.3 174+ 15 0.269 0.141
concentration®

Abbreviations: BV/TV, bone volume fraction; Tb.Pf, trabecular pattern factor; Th.N, trabecular
number; Th.Sp, trabecular separation; Th.Th, trabecular thickness; BMD, bone mineral density;
BMC, bone mineral content.

Data are presented as mean + standard deviation.

*Statistically significant results

4Hydroxyapatite crystals

bRelative intensity of integrated signal in single pulse *H MAS NMR spectroscopy

°Relative intensity of integrated signal in single pulse 3P MAS NMR spectroscopy

Relative intensity of integrated signal in single pulse 3P MAS NMR spectroscopy with H
decoupling

®Relative intensity of integrated signal in *H-3!P cross polarization PMAS NMR spectroscopy

Table 3 Correlation between Bone mineral density and other structural features on micro-computed
tomography, dual-energy x-ray absorptiometry, x-ray diffraction and Solid-state magic-angle-spinning
nuclear magnetic resonance spectroscopy

Characteristics Correlation Correlation coefficient Correlation coefficient R

coefficient R R (both groups, n=73)

Hip fracture (n=31)  Hip osteoarthritis

(n=42)

Crude Adjusted  Crude Adjusted  Crude Adjusted
BVITV (%) 0.138 0.112 0.720* 0.704* 0.694* 0.689*
Th.Sp (mm) -0.083 -0.035 -0.580* -0.561* -0.497* -0.486*
Th.Th (mm) -0,049 -0.078 -0.360* -0.295 -0.353* -0.313*
Tb.N (mm-1) 0.034 0.080 0.679* 0.653* 0.661* 0.664*
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Th.Pf (mm?) 0.174 0.239 -0.201 -0.108 -0.196 -0.152

BMC (g/cm?) 0.819* 0.836* 0.843* 0.853* 0.845* 0.850*
HA c-axis® -0.114 -0.464 -0.085 -0.084 -0.107 -0.136

(nm)

HA a-axis® -0.025 -0.084 -0.055 -0.065 -0.104 -0.099

(nm)

Hydrogen -0.201 -0.115 -0.478* -0.580* -0.385* -0.494*
concentration®

Phosphorus -0.123 -0.068 0.011 -0.100 0.044 -0.010

concentration®

Phosphorus -0.052 -0.034 0.143 -0.045 0.131 -0.016

concentration®

Phosphorus -0.001 -0.058 0.062 0.050 0.138 0.188

concentration®

*Statistically significant

Abbreviations: BV/TV, bone volume fraction; Th.Pf, trabecular pattern factor; Th.N, trabecular number;
Th.Sp, trabecular separation; Th.Th, trabecular thickness; BMC, bone mineral content; BMI , body mass
index.

*Statistically significant results

®Hydroxyapatite crystals

bRelative intensity of integrated signal in single pulse *H MAS NMR spectroscopy

°Relative intensity of integrated signal in single pulse 3P MAS NMR spectroscopy

dRelative intensity of integrated signal in single pulse 3P MAS NMR spectroscopy with *H decoupling
®Relative intensity of integrated signal in *H-3'P CPMAS NMR spectroscopy

Linear regression analysis adjusted to age, BMI and BV/TV

34



