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26Whole bone strength is determined by bone mass, microarchitecture and intrinsic properties of the bone matrix.
27However, few studies have directly investigated the contribution of bone tissuematerial properties towhole bone
28strength in humans. This study assessed the role of bonematrix composition on whole lumbar vertebramechan-
29ics. We obtained 17 fresh frozen human lumbar spines (8W, 9 M, aged 76 ± 11 years). L3 bone mass was mea-
30sured by DXA and microarchitecture by μ-CT with a 35 μm-isotropic resolution. Microarchitectural parameters
31were directly measured: Tb.BV/TV, SMI, Tb.Th, DA, Ct.Th, Ct.Po and radius of anterior cortical curvature. Failure
32load (N), stiffness (N/mm) and work to failure (N.mm) were extracted from quasi-static uniaxial compressive
33testing performed on L3 vertebral bodies. FTIRM analysis was performed on 2 μm-thick sections from L2
34trabecular cores, with a Perkin-Elmer GXII Auto-image Microscope equipped with a wide band detector.
35Twentymeasurements per samplewere performed at 30 ∗ 100 μmof spatial resolution. Each spectrumwas col-
36lected at 4 cm−1 resolution and 50 scans in transmission mode. Mineral and collagen maturity, and mineraliza-
37tion and crystallinity index were measured. There was no association between the bone matrix characteristics
38and bone mass or microarchitecture. Mineral maturity, mineralization and crystallinity index were not related
39to whole vertebra mechanics. However, collagenmaturity was positively correlated with whole vertebra failure
40load and stiffness (r = 0.64, p = 0.005 and r = 0.54, p = 0.025, respectively). The collagenmaturity (3rd step)
41in combination with bone mass (i.e. BMC, 1st step) and microarchitecture (i.e. Tb.Th, 2nd step) improved the
42prediction of whole vertebra mechanical properties in forward stepwise multiple regression models, together
43explaining 71% of the variability in whole vertebra stiffness (p = 0.001). In conclusion, we demonstrated a sub-
44stantial contribution of collagen maturity, but not mineralization parameters, to whole bone strength of human
45lumbar vertebrae that was independent of bone mass and microarchitecture.
46© 2013 Published by Elsevier Inc.
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51 Introduction

52 Mechanical principles dictate that whole bone strength is determined
53 by bonemass, bonemicroarchitecture and intrinsic properties of the bone
54 matrix [1,2]. Beside bonemass, the contribution of microarchitecture and
55 its spatial distribution (i.e.; microarchitecture heterogeneity) has been
56 extensively explored biomechanically and clinically. It is probably the
57 best understood among the different levels of analysis [3–7]. Specifically,
58 impairment in trabecular and cortical microarchitecture impacts dramat-
59 ically on whole bone strength and the risk of fragility fracture, indepen-
60 dently of areal bone mineral density (aBMD) [3,4]. In addition, the
61 post-fracture mechanical behavior of vertebrae after initial mild fracture
62 was demonstrated ex-vivo to be related to bone microarchitecture but

63not bone mass [5]. Abnormalities in age-related enzymatic and
64non-enzymatic collagen cross-links affect the mineralization process,
65and can lead to microdamage accumulation and impaired bone me-
66chanical behavior therefore contributing to fracture risk prediction.
67However, the direct contribution of bone matrix properties to bone
68strength ismore difficult to assess and therefore, remains poorly under-
69stood at the whole bone level in humans [2,8–11]. Micro- or nano-
70indentation techniques in human iliac bone samples demonstrated a
71strong relationship between the bone matrix and local tissue mechanical
72behavior [12,13]. Along with mineralized matrix, the organic matrix ac-
73counts for one third of the variance in bone microhardness at the bone
74structural unit level [12]. Particularly, collagen maturity explained plastic
75mechanical properties whereas elastic mechanical properties were
76explained by mineralization [13]. In addition, at the whole-bone level in
77rat humerus, bone tissue material composition was a strong predictor of
78mechanical behavior, accounting for up to 83% of the variability in bone
79mechanics [14]. Therefore, the mechanical properties of the bone matrix
80are important parameters to explore to enhance the understanding of
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81 mechanisms involved in bone fragility. For example, in cohort studies,
82 bisphosphonates impacted on bone matrix formation, in addition to
83 their well-established antiresorptive effect. They contribute, therefore,
84 to fragility fracture prevention and highlight the necessity for assess-
85 ment of the bone matrix contribution to whole bone strength [15,16].
86 This study aimed to investigate the direct contribution of the
87 organic and inorganic bonematrix properties to the mechanical behav-
88 ior of whole human lumbar vertebrae. We hypothesized that bone
89 matrix directly impacts mechanical behavior at the whole bone level,
90 independently of bone mass and microarchitecture.

91 Material and methods

92 Bone specimens

93 Lumbar spines (L1–L5) were harvested fresh from 17 Caucasian
94 elderly human donors (8 women and 9 men) aged 76 ± 11 years-old.
95 Source of the donors was anatomical donation and their available
96 medical history was limited to the cause of the death. The absence of
97 prevalent fractures or significant bone diseases involving the lumbar
98 spine (i.e., bonemetastasis, Paget's disease, or Kellgren–Lawrence grades
99 3 and 4 lumbar spine osteoarthritis) was assessed using high-resolution
100 lateral radiographs of the whole lumbar spine (Faxitron X-ray Corp.,
101 Lincolnshire, IL, USA). Then, the L2 and L3 vertebrae were separated
102 from the lumbar spines and frozen at −20 °C wrapped in saline-soaked
103 gauze. Bone mass, trabecular and cortical microarchitecture and bone
104 mechanics weremeasured on the L3 vertebrae [3–5]. The organic and in-
105 organic trabecular bonematrix properties were assessed on the L2 verte-
106 brae using Fourier transform infrared microspectroscopy (FITRM) [17].

107 Bone mass and microarchitecture assessment

108 After thawing at room temperature, bonemineral content (BMC, g)
109 and areal lateral bone mineral density (aBMD, g/cm2) of the L3 verte-
110 brae was measured using dual-energy X-ray absorptiometry (DXA;
111 Delphi W, Hologic, Waltham, MA, USA). Then, the posterior arches and
112 surrounding soft tissues including the intervertebral disks were carefully
113 removed. Microarchitecture was measured using a μ-CT device (Skyscan
114 1076, Aartselaar, Belgium) on L3 vertebral bodies immerged in Ashman's
115 solution. A nominal isotropic voxel size of 35 μmwas used (field of view
116 70 mm, 2000 × 2000 pixels, X-ray source: 100 kV–100 μA). Two- to
117 three-dimension processing, analysis and visualization were performed
118 using Skyscan Ant® software. The following microarchitectural parame-
119 ters were directly measured: trabecular bone volume per tissue volume
120 (Tb.BV/TV, %), trabecular thickness (Tb.Th, mm), structure model index
121 (SMI, #), degree of anisotropy (DA, #), anterior cortical thickness
122 (Ct.Th, mm) and porosity (Ct.Po, %), and anterior cortical radius of curva-
123 ture (Ct.Curv, mm).

124 Mechanical testing

125 After μ-CT acquisition, L3 vertebral bodies were kept moist at
126 +4 °C with Ashman's solution until mechanical testing. A polyester
127 resin interface (Soloplast V11, Vosschemie, Saint-Egrève, France)
128 with a quick-setting polymerization at low temperature (maximum
129 exothermic peak b +40 °C) was applied to each endplate of the L3
130 vertebral body to achieve parallel surfaces for load application.
131 Then, quasi-static uniaxial compressive testing was performed on
132 the whole vertebral body submerged in +37 °C-controlled Ashman's
133 solution using a screw-driven testing machine (Schenck RSA-250,
134 Darmstadt, Germany) under displacement control at 0.5 mm/mm
135 until failure. The compressive load and displacement were measured,
136 respectively, using a 5000 N load cell (F 501 TC, TME, Signes, France)
137 and a displacement transducer mounted directly on the vertebral
138 resin endplates (Mecanium mechanical engineering, Lyon, France).
139 Preconditioning was performed prior to testing (10 cycles with

140loading at 100 N and unloading at 50 N). The following parameters
141were determined from the load-displacement data: failure load (N), de-
142fined by the force at the maximum on the load-displacement curve,
143stiffness (N/mm), defined by the linear part of load-displacement
144curve slope between 25% and 75% of the failure load and, work to failure
145(N.mm), defined by the area under the load-displacement curve to the
146failure load.

147FTIRM (Fourier Transform InfraRed Microspectroscopy) analysis of bone
148matrix

149L2 vertebrae were sectioned in half using an Isomet Buehler 4000
150microsaw (Buehler GmbH, Düsseldorf, Germany). A cylindrical core
151sample of trabecular bone was removed in the cranio-caudal direction
152from the anterior quadrant of the right half of vertebrae using an
1538.25 mm-diameter diamond tipped coring tool. The end plate of each
154core was removed with the microsaw. Trabecular cores were fixed in
15570% ethanol for 2 weeks, dehydrated for 48 h in absolute alcohol,
156substituted in methylcyclohexane for 48 h and then embedded in
157polymethylmethacrylate (PMMA). FTIRMwas performed in transmission
158mode on 2 μm-thick sections with a Perkin-Elmer GXII Auto-image
159Microscope (Norwalk, CT, USA) equipped with a wideband detector
160(mercury–cadmium–telluride) (7800–400 cm−1). A Cassegrain objec-
161tive with numerical aperture of 0.6 was used with a spatial resolution
162of 10 μm at typical mid-infrared wavelengths. Twenty measurements
163per sample were done at 30 ∗ 100 μm of spatial resolution to cover the
164whole surface of the vertebral trabecular core. Each spectrumwas collect-
165ed at 4 cm−1 resolution and 50 scans by spectrum in the transmission
166mode. Contribution of air and PMMA were subtracted from the original
167spectrum. After automatic baseline correction (Spectrum Software) and
168curve fitting of every individual spectrum, GRAMS/AI software (Thermo
169Galactic, Salem, NH, USA) was used to quantify the characteristics of the
170spectra (Fig. 1). The following parameters were determined: the mineral
171crystallinity index which is inversely proportional to the full width at
172half-maximum of the 604 cm−1 peak (apatitic phosphate environment)
173and corresponds to both crystal size and perfection [18], the mineraliza-
174tion index which is the area ratio of the bands of mineral matrix over or-
175ganic matrix (1184–910 cm−1/1712–1592 cm−1) [17], the mineral
176maturity which is calculated as the area ratio of the apatitic phosphate
177over nonapatitic phosphate (1030/1110 cm−1 area ratio) and reflects
178the age of mineral [18], and the collagen maturity which is calculated as
179the ratio of organic matrix bands (1660/1690 cm−1 area ratio) [18] and
180reflects the change in secondary structure of collagen in relation to the
181mineralization process [19] (Fig. 1).

182Statistical analyses

183Shapiro–Wilk tests were used to assess the normality of the distri-
184butions. For Ct.Th, Ct.Po, Ct.Curv and work to failure, distributions

Fig. 1. Typical FTIRM spectra characteristics of a L2 core biopsy showing the peaks of
amides (1600–1700 cm−1) of the ν4PO4 domain (500–650 cm−1) and of the ν1ν3PO4

domain (900–1200 cm−1).
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