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Abstract

Study Design: High resolution imaging and biomechanical investigation ofex-vivo vertebrae
Obijective: To assess bone microarchitecture of cadavericvertebrae using ultra-high field (UHF) 7
Tesla magnetic resonance imaging (MRI) and todetermine whether the corresponding
microarchitecture parameters were related to BMD andbone strength assessed by dual energy X-ray
absorptiometry (DXA) and mechanicalcompression tests.

Summary of Background Data:Limitations of DXA for theassessment of bone fragility and
osteoporosis have been recognized and criteriaof microarchitecture alteration have been included in the
definition of osteoporosis. Although vertebral fracture is the most commonosteoporotic fracture, no
study has assessed directly vertebral trabecular bone. microarchitecture.

Methods: BMD of twenty four vertebrae (L2, L3, L4) from eight cadavers were investigatedusing
DXA. The bone volume fraction (BVF), trabecular thickness (Tb.Th), and trabecularspacing (Tb.Sp) of
each vertebra was quantified using UHF MRI. Measurements wereperformed by two operators in order
to characterize the inter-rater reliability. The whole set ofspecimens underwent mechanical
compression tests to failure and the corresponding failurestress was calculated.

Results: The inter-rater reliability for bone microarchitecture parameters was good with

intraclass correlation coefficients ranging from 0.82 to 0.94. Failure load and stress weresignificantly
correlated with BVF, Tb.Sp and BMD (p < 0.05). Tb.Th was only correlatedwith the failure stress (p <
0.05). Multiple regression analysis demonstrated that thecombination of BVF and BMD improved the
prediction of the failure stress from an adjusted

R?=0.384 for BMD alone to an adjusted R? = 0.414.

Conclusions: We demonstrated for the first time that the vertebral bone microarchitectureassessed with
UHF MRI was significantly correlated with biomechanical parameters. Ourdata suggest that the

multimodal assessment of BMD and trabecular bone microarchitecturewith UHF MRI provides
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additional information on the risk of vertebral bone fracture andmight be of interest for the future

investigation of selected osteoporotic patients.
Key words: Vertebral fracture, trabecular bone microarchitecture, Ultra-high field MRI, 7 Tesla,

biomechanics, osteoporosis

Level of Evidence:N/A
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Introduction

Osteoporosis is an age-related progressive skeletal disease characterized by a low bone mass and
microarchitectural alterations resulting in an increased bone fragility and susceptibility to fracture [1].
Vertebral fractures are the most common type of osteoporotic fracture and are associated with a
decreased quality of life [2] and a substantial morbidity[3]. Given that BMD measured by dual-energy
X-ray absorptiometry (DXA) and fracture risk were found to be highly correlated, DXA has become
the standard diagnostic test for osteoporosis [4,5]. Accordingly, osteoporosis is defined as a BMD T-
score higher than 2.5 standard deviations (SD) below the peak bone mass [5]. However, it has been
shown that vertebral fractures can occur in women with BMD values below 2.5 SD [6] so that
limitations of DXA for the assessment of bone fragility and osteoporosis diagnosis have been
recognized [7] and criteria of microarchitecture alteration have been included in the definition of
osteoporosis [1].

Bone microarchitecture can be assessed in 3D using in vitro micro-CT (uCT) [8,9] or in vivo using high
resolution quantitative computed tomography (HR-QCT). Using HR-QCT, it has been found in post-
menopausal women that vertebral and non-vertebral fractures were partly associated to architectural
alterations of the trabecular bone at the distal radius and tibia [10]. However, HR-QCT cannot be used
in clinical routine due to image blurring and large X-ray exposure [11]. In that context, techniques with
broad availability, such as X-ray or bone densitometry can appear as attractive [12-14]. However, these
projectional methods transform a 3D structure into a 2D image, and remain indirect. In contrast,
magnetic resonance imaging (MRI) is a non-ionizing radiation imaging technique and can be used to
assess trabecular bone structure. MRI has already been used in vivo at peripheral sites such as the distal
radius [15], the calcaneus [16], the distal tibia [17,18] and the femoral neck [19]. On the basis of
measurements of trabecular architecture, the corresponding studies reported altered bone

microarchitecture in patients with fragility fractures. High-resolution MRI of trabecular bone may
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represent a powerful technique to gain insights into trabecular bone microarchitectural alterations in
osteoporosis. In addition, ultra high-field (UHF) MRI might be of additional interest given the potential
gain regarding signal to noise ratio and images spatial resolution as compared to conventional MRI
using magnetic fields from 1.5 to 3T [20]. In several previous studies, vertebral fracture risk has been
assessed on the basis of microarchitecture measurement using MRI of the wrist [21] or distal femur
[18]. Besides, quantification of vertebral bone marrow fat content has been assessed to indirectly
determine potential alteration of cancellous bone using 3T MR spectroscopy [22]. To the best of our
knowledge, no study has ever compared microarchitecture of vertebral trabecular bone using MRI and
biomechanical parameters. In addition, although vertebral fracture is the most common osteoporotic
fracture, no study has assessed directly vertebral trabecular bone microarchitecture.

The aim of the present study was to directly investigate bone microarchitecture of cadaveric vertebrae
using UHF MRI and to determine the relationship with failure load and stress assessed during

mechanical compression and BMD obtained with DXA.

Materials and methods

Vertebral specimens

Twenty-four lumbar vertebrae (L2, L3, L4) from spines of 8 human donors, 6 women and 2 men (age:
82 (9) yrs) were obtained at the Anatomy Department within 10 days after death, in accordance with
institutional safety and ethics regulations. Donor consent for research purposes was obtained prior to
death. No information was available on the cause of death or previous diseases. All specimens were
carefully cleaned of muscle tissue, intervertebral disc and ligaments. The specimens were stored at
—20°C. All specimens were thawed at room temperature for 6 hours before testing. Thus, only one
defrosting cycle was required. After defrosting, all vertebrae were first investigated using UHF MRI
then, scanned using computer tomography, scanned using DXA in order to determine the BMD, and

compressed in order to determine the failure load.
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Magnetic resonance imaging

Each specimen was placed in a rectangular plastic box (Huenersdorff GmbH, Ludwigsburg, Germany;
length: 200 mm, width: 100 mm, height: 94 mm) filled with one liter of saline solution (i.e., sodium
chloride, 9 g.L™).

Vertebrae were investigated using an UHF whole body MRI scanner (MAGNETOM 7T, Siemens
Medical System, Erlangen, Germany). A 28-channel 'H knee coil was used for trabecular bone
imaging. After scout images acquisitions in the three orthogonal plans, an interactive localized By
shimming was performed using the second-order shimming procedure provided by the manufacturer.
High-resolution gradient recalled-echo images of each vertebra were acquired in both the axial and
sagittal planes with the following parameters: field of view = 140 %X 140 mm?; matrix = 832 % 832; time
repetition = 20 ms; time echo = 6 ms; flip angle = 15°; number of repetitions = 3 and no gap between
slices. Slice thickness of 0.4 mm and 0.5 mm were used for acquisition in the axial and sagittal plans
respectively. The corresponding acquisition time was 34 min 11 s and 51 min 16 s for axial and sagittal
explorations.

Using an open-source digital measurement software (Imagel, NIH, Bethesda, MD, USA), Dicom
images were initially cropped in order to keep the slices of interest. Thereafter, images were
thresholded to obtain a set of binary images. The threshold was manually determined using the same
procedure for the whole set of images. A first set of slice was saved and a second set of slice was
additionally cropped to obtain a 15 x 15 x 15 mm’ volume of interest at the center of the vertebra
(Figure 1A-D).

Apparent bone volume fraction (BVF) corresponding to bone volume scaled to the total volume ratio
(BV/TV), trabecular thickness (Tb.Th) and trabecular spacing (Tb.Sp) were assessed with BonelJ[23], a
plugin of ImageJ, dedicated to the assessment of the cancellous bone microarchitecture. Analyses were

performed for the two sets of images (i.e., whole vertebra and center of the vertebra) by two
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independent operators, a 6 year experience skeletal radiologist and an physician doctor specialized in
MRI.

The inter-rater reliability of microarchitecture characterization was assessed with an intraclass
correlation coefficient (ICC) for each microarchitecture variable [24]. The average coefficient of
variation between rater was presented as CV.

CT measurements

Each vertebra was scanned using GE Light Speed VCT 64 (FOV small, thickness 0.625 x 0.625 mm,
mA 365, kV 120) in order to check the presence of tissue fibrosis or wvertebral lesion. 3D
reconstructions were done to measure the surface of the superior plate of the vertebral body. This
measure was used to calculate the failure stress.

DXA measurements

The specimens were positioned similarly to in vivo conditions in a vessel filled with tap water up to 15
cm in height to simulate soft tissue. DXA measurements were performed with a Lunar iDXA Scanner
(GE/Lunar; GE Medical Systems, Milwaukee, W1, USA). BMD was measured in each vertebral body
for each specimen.

Mechanical testing

An imprint of the end plates of each vertebra was made using a common epoxy resin [25]. The resin
enabled vertebrae to be set in the vertical axis of the compression device. The vertebrae were then
placed between plates on a materials testing machine as previously described [14] (Instron 5566,
Instron, Canton, MA, USA). Each specimen was loaded to failure at a 5 mm/min velocity [26]. The
failure load in Newton (N) and the failure stress in Megapascal (MPa) were recorded.

Statistics

To assess the correlations among parameters, the Spearman rho correlation coefficient (p) was

computed. The level of significance was set at p < 0.05. Results are reported as mean (SD).

Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



Then a multiple regression analysis was performed and the coefficient of determination adjusted R* was
reported.

Statistical analysis was made using SPSS V20.

Results

The CT analysis showed the presence of tissue fibrosis from unknown origin inside three vertebrae
(from the same cadaver) which were excluded from the final analysis. An additional vertebra was
excluded for technical issues during the mechanical tests. The statistical analysis was then performed
on 20 vertebrae.

Bone microarchitecture indices and mechanical tests values

The mean BMD values were 0.86 (0.2) g/cm?. During the mechanical test, the mean failure load was
2823 (1203) N. The mean failure stress was 2.54 (1.22) MPa.

In the whole vertebra, the mean BVF in the axial and sagittal planes were 0.55 (0.12) and 0.52 (0.12),
respectively. The averaged Tb.Th value was 0.49 (0.08) mm in the axial and 0.49 (0.14) mm in the
sagittal plane. The mean Tb.Sp value was 0.44 (0.08) mm in the axial plane 0.46 (0.09) mm in the
sagittal plane.

Measures computed in the whole vertebra and the cropped volume of interest were significantly
correlated (p < 0.01) (Figure 2AB). On that basis, only results obtained in the whole vertebra were
reported.

The ICC for the microarchitecture measurements performed in the axial plane were 0.92 (CV = 7%) for
BVEF, 0.87 (CV=6.6%) for Tb.Th and 0.82 (CV=5.2%) for Tb.Sp. In the sagittal plane, the
corresponding ICC were 0.82 (CV=10.7%) for BVF, 0.88 (CV=10.1%) for Tb.Th and 0.94 (CV=4.3%)
for Tb.Sp.

Measures computed in the axial and sagittal planes were significantly correlated (p < 0.01) (Table 1).

Correlation between the microarchitecture indices
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BVF was strongly correlated with Tb.Th (p = 0.89 in the axial plane and p =0.88 in the sagittal plane)
and Tb.Sp (p = 0.57 in the axial plane and p = -0.84 in the sagittal plane) (p < 0.01) (Figure 3AB).
Tb.Th and Tb.Sp were correlated in the sagittal plane (p < 0.05) but not in the axial plane (Table 1).
Correlation between mechanical stress indices, BMD and bone microarchitecture

BMD was significantly correlated with the failure load (p=0.63;p = 0.003) and failure stress
(p =0.66; p = 0.002) (Figure 4A). The bone volume fraction was also correlated with the failure load
(p =0.52; p=0.02) and the failure stress (p = 0.63; p = 0.003) (Figure 4B). In the sagittal plane, Tb.Th
was also correlated with the failure stress p = 0.50 (p = 0.02). Tb.Sp was significantly correlated with
the failure load (p < 0.05) and stress (p < 0.01) in both axial and sagittal planes (Table 2).

Accordingly, in both axial (p=0.60; p = 0.004) and sagittal planes (p =0.46; p = 0.03) BMD was
linearly linked to the bone volume fraction (Figure 4C). BMD was also significantly correlated with the
Tb.Th in the axial plane (p = 0.47; p=0.03) and Tb Sp in the sagittal plane (p = 0.51; p=0.01).
Multiple regression analysis demonstrated that combining BVF and BMD improved of 7.8 % the
failure stress prediction from an adjusted R?*=0.384 for BMD alone to an adjusted R? =0.414 for the
combination of BMD and BVF.

Combining Th.Th and BMD or Tb.Sp and BMD did not improved the failure stress prediction with
respectively an adjusted R? =0.374 and adjusted R? =0.381.

Discussion

In the present study, we intended to evaluate vertebral bone microarchitecture using UHF-MRI and to
characterize the potential relationships with BMD, the commonly used index for the diagnosis of
osteoporosis on the one hand and quantitative indices related to mechanical tests on the other hand.

As previously described [14, 27], BMD was strongly correlated with both quantitative mechanical
variables i.e. failure load and stress. Interestingly, the bone volume fraction and trabecular space were

also linked to the mechanical variables while the trabecular thickness was significantly related to the
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failure stress. The combination of BMD and BVF improved the statistical power of the correlation with
the mechanical variables thereby suggesting that the combined measurements of BMD and bone
microarchitecture might be of interest for our understanding of bone quality and the early diagnosis of
osteoporosis regarding vertebral fractures.

Although BMD is largely considered as the standard diagnostic variable of osteoporosis [5], the limited
sensitivity of BMD has been suggested [28;29]. In a large cohort of patients, Jager et al. [29] reported a
prevalence of vertebral fracture of 14% in patients with normal BMD.

Although BMD can predict vertebral bone strength to some extent, it has been suggested that other
bone quality factors such as macroarchitecture, microarchitecture, mineralization, size and quality of
the crystal, as well as rate of bone turnover can be considered as significant contributors [30]. Among
these variables, microarchitecture has been suggested as one of the most relevant contributors being
part of the definition of osteoporosis [31,32].

A study conducted ex vivo in lumbar vertebrae assessed vertebral microarchitecture using high-
resolution peripheral quantitative computed tomography (HR-pQCT) and mechanical compression.
They founded that BMD alone explained up to 44% of the variability in vertebral mechanical behavior,
bone volume fraction up to 53%, and trabecular architecture up to 66% [33].

Overall, the issue of whether the bone microarchitecture analysis has the potential to assess bone
quality, complementary to and independent of BMD measurements, has become a crucial research
topic.

A few publications have described MRI of trabecular bone at UHF [20, 34, 35]; and all these studies
suggest strong potential for UHF to improve imaging of trabecular bone via increases in spatial
resolution or reduced scan time. Because vertebral bone microarchitecture has not been studied at UHF
MRI, we evaluated the feasibility of this imaging modality on ex-vivo vertebrae.

The volume of interest was the whole vertebral body excluding cortical bone and the posterior arch and

a cropped region in the center of the vertebra (15 x 15 x 15 mm3). The methodology was in accordance
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with what reported by Hulmeet al. [9]who used nCT and who concluded that vertebral fracture strength
could not be explained through analysis of one specific region. In our study, we founded a perfect
matching between the measures made on the whole vertebra and the cropped volume of interest.

In agreement with previous studies, we reported a strong relationship between BMD and the
biomechanical parameters[14]. Interestingly, BMD was also strongly correlated with the bone volume
fraction which is in agreement with the study of Field et al. [36] who studied trabecular
microarchitecture of human thoracic vertebral bodies using pCT and finite element models. In the later
study, a good correlation between bone mineral content (BMC) measured with DXA (BMC= BMD x
W (width at the scanned line)) and BV/TV (= BVF) (r = 0.58; p < 0.01) was found. However, in
contrast to the present results, no significant correlation between BMC and Tb.Th or Tb.Sp was
established. This discrepancy can be explained by the choice of the T9 vertebral body which is a
smaller vertebra as compared to the lumbar vertebra we analyzed in our study. Furthermore, only the
center of the vertebra with a region of interest of about 15x15x10 mm was analyzed whereas we
studied the whole trabecular bone of the vertebra. Finally this difference could be inherent to the
technique of bone imaging.

In our study, BVF seemed to be the best bone microarchitecture parameter with significant correlation
with failure load and stress. BVF is related to porosity and can be considered as a surrogate of
volumetric bone density rather than a strict measure of bone microarchitecture [36]. These results are
supportive of previous MRI studies of bone microarchitecture, which were carried out in the distal
radius, ankle, distal femur and wrist [15, 16, 18]. At 1.5T, Majumbaret al. [15] reported a lower BVF in
the distal radius of subjects with fragility fractures (mean BVF = 0.23) as compared to controls (mean
BVF = 0.29)while Link et al. [16]showed a similar result in the calcaneal bone. Chang et al. [18]
founded that BVF of the distal femur at 7T MRI can help to detect women with fragility fractures who
do not differ by BMD [18].They reported that BVF measured on distal femoral metaphysic was about

0.31 in the control group whereas it was about 0.03 in fracture cases. There was no difference in
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trabecular thickness between the two groups. Finally, Greenspan et al. [21] found at 1.5T that BVF
measured in the wrist, was lower in men with vertebral fracture as compared to healthy controls.

In our study, Tb.Sp was correlated to biomechanical tests. Link et al. [16] also observed that Tb.Sp
measured on the calcaneus at 1.5T discriminated osteoporotic subjects without osteoporotic hip
fractures, with a mean Tb.Sp of 1.38 mm, from patients with osteoporotic hip fractures, with a mean
Tb.Sp of 1.85 mm.

In the present study, strong correlations between BVF and other microarchitectural variables were
found (Table 1; Figure 3) suggesting a potential overlap between these variables for the assessment of
bone quality.

Although correlations were found to be higher with measurements in the axial plane as compared to
those performed in the sagittal plane, we cannot provide clear explanation at this stage. However, this
result prompts us to advise the axial plane for the assessment of vertebral bone microarchitecture using
UHF MRI. Previous MRI studies performed on the distal femur [18], the calcaneus and the distal radius

[15] have also reported measurements in the axial plane.

A few issues might be raised regarding the methodological aspects of the present study. Our results
have been obtained from a small number of specimens although this number is similar to what has been
reported in the literature [14, 36]. One might be concerned by the initial freezing before the
measurements, the removal of soft tissue and the potential degradation of the samples. In that respect,
the ranges of BMD and failure load values we reported were similar to those previously reported from

ex Vivo studies[37].

We acknowledge that UHF MRI is not widely available and that the resolution we obtained was still
lower than what one can obtain with HR-QCT. However, HR-QCT cannot be used in clinical routine

due to image blurring and large X-ray exposure.
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Although we selected the most currently used microarchitecture parameters i.e. BVF, Tb.Sp and Tb.Th,
additional parameters might be of interest.

Overall, we have demonstrated in the present study that UHF 7T MRI could be considered as a
promising technique for future bone microarchitecture analyses in vivo. The MRI-derived bone
microarchitecture parameters were correlated with BMD measurements on the one hand and the bone
strength on the other hand. To the best of our knowledge, this study is the first to analyze vertebral bone
microarchitecture parameters using UHF 7 Tesla MRI. These data obtained ex vivo should now be
extended to the clinical context with the assessment of selected patients with different levels of fracture

risks who were not detected by the DXA.
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Figures legend:

Figure 1: A: axial high resolution 7 T MR image of the vertebra. B: Threshold image of the vertebra in
the axial plane. C: sagittal high resolution 7 T MR image of the vertebra. D: Threshold image of the
vertebra in the sagittal plane. We analyzed the whole area of trabecular bone (yellow volume of

interest) and a cropped volume of interest in the center of the vertebra (red rectangle).
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Figure 2: Correlation of bone microarchitecture parameters measured in the whole vertebra and in the
cropped volume. A: Bone volume fraction (BVF). B: Trabecular thickness (Tb.Th). C: Trabecular

spacing (Th.Sp)
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Figure 3: A: Correlation between bone volume fraction (BVF) and Trabecular thickness (Tb.Th) in the

axial plane. B: Correlation between BVF and Trabecular spacing (Th.Sp) in the axial plane.
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Figure 4: A: Correlation between bone mineral density (BMD) and bone volume fraction (BVF) in the
axial plane. B: Correlation between BVF in the axial plane and failure stress. C: Correlation between

BVF in the axial plane and BMD.
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Tables

Correlation between vertebral microarchitecture parameters and bone mineral density

BVF Ax Tb.Th Ax TbSp Ax BVF Sag Tb.Th Sag Tb.Sp Sag
BVF Ax
Tb.Th Ax 0.887
0.0001
TbSp Ax -0.571 -0.306
0.007 0.177
BVF Sag 0.797 0.648 -0.515
0.0001 0.001 0.017
Tb.Th Sag 0.657 0.607 -0.367 0.877
0.001 0.004 0.010 0.0001
Tb.Sp Sag -0.768 -0.489 0.665 -0.837 -0.592
0.0001 0.024 0.001 0.0001 0.005
0.596 0.474 -0.361 0.461 0.372 -0.511
BMD
0.004 0.030 0.108 0.036 0.097 0.018

Table 1: Correlation coefficients (Spearman test, p value) between bone volume fraction (BVF) and other microarchitecture
parameters (Trabecular thickness (Tb.Th) and trabecular spacing (Tb.Sp)) measured in the axial (Ax) and sagittal (Sag)

plane and obtained at UHF-MRI, and bone mineral density (BMD) measured by DXA.
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Correlation between biomechanical compression test and vertebral microarchitecture parameters

Load (N) Stress (Mpa)

BVF Ax p 0.516 0.626
0.020 0.003

Sag p 0.326 0.501
0.160 0.024

Tb.ThAx p 0.355 0.359
0.125 0.120

Sag p 0.370 0.496
0.108 0.026

Tb.Sp Ax p -0.538 -0.671
0.014 0.001

Sag p -0.460 -0.620
0.041 0.004

Table 2: Correlation Spearman p coefficients between failure load and stress, and vertebral bone volume fraction (BVF),

trabecular thickness (Tb.Th) and trabecular spacing (Tb.Sp) measured in axial and sagittal plane with p values in italic.

Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



