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Abstract

Osteogenesis imperfecta is a genetic disorder resulting in bone fragility. The mechanisms behind this fragility are
not well understood. In addition to characteristic bone mass deficiencies, research suggests that bone material
properties are compromised in individuals with this disorder. However, little data exists regarding bone
properties beyond the microstructural scale in individuals with this disorder.

Specimens were obtained from long bone diaphyses of nine children with osteogenesis imperfecta during
routine osteotomy procedures. Small rectangular beams, oriented longitudinally and transversely to the
diaphyseal axis, were machined from these specimens and elastic modulus, yield strength, and maximum
strength were measured in three-point bending. Intracortical vascular porosity, bone volume fraction, osteocyte
lacuna density, and volumetric tissue mineral density were determined by synchrotron micro-computed
tomography, and relationships among these mechanical properties and structural parameters were explored.

Modulus and strength were on average 64—68% lower in the transverse vs. longitudinal beams (P < 0.001, linear
mixed model). Vascular porosity ranged between 3 and 42% of total bone volume. Longitudinal properties were
associated negatively with porosity (P < 0.006, linear regressions). Mechanical properties, however, were not
associated with osteocyte lacuna density or volumetric tissue mineral density (P > 0.167). Bone properties and
structural parameters were not associated significantly with donor age (P > 0.225, linear mixed models).

This study presents novel data regarding bone material strength in children with osteogenesis imperfecta.
Results confirm that these properties are anisotropic. Elevated vascular porosity was observed in most
specimens, and this parameter was associated with reduced bone material strength. These results offer insight
toward understanding bone fragility and the role of intracortical porosity on the strength of bone tissue in
children with osteogenesis imperfecta.
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1. Introduction

Osteogenesis imperfecta (Ol), also known as brittle bone disease, is a genetic disorder related to type | collagen
and resulting in a high susceptibility to bone fractures [1]. The true prevalence of Ol is unknown; however, it has
been estimated to affect between 1:30,000 and 1:5000 births [1], [2], [3], [4]. There is no cure for Ol. Severity
varies widely, from mild to lethal in the perinatal period, and several genetic mutations have been associated
with various types of Ol [5], [6], [7], [8]. The mechanisms responsible for bone fragility in Ol, however, remain
poorly understood, and better understanding of these mechanisms is of high value toward identifying new
treatment and rehabilitative strategies for individuals with this disorder.

Bone fragility in Ol likely stems in part from a characteristic low bone mass. Individuals with Ol tend to have very
low areal bone mineral density (aBMD), which can be the result of decreased bone size and/or decreased
volumetric bone mineral density (vBMD) [9], [10]. In a backscattered electron imaging study of iliac crest
biopsies, cortical and trabecular bone were described as “markedly sparse” in children with severe and



moderately severe forms of Ol, and a “dearth of bone” was noted in some children with mild Ol [11]. Decreased
trabecular and cortical thickness, as well as reduced bone volume fraction were also observed in
histomorphometric studies of iliac crest biopsies from children with Ol [12], [13].

In addition to bone mass deficiencies, several abnormalities in bone tissue composition have been described,
and these irregularities may also contribute to the characteristic bone fragility. The causative genetic defects in
Ol are related to type | collagen, the main organic component of bone. A mild form of the disorder, Ol type |, has
been attributed to an insufficient production of type | collagen [14], [15], [16], [17]. More severe forms, Ol types
[l and IV, have been linked to amino substitution defects within the collagen molecules [6], [17], [18], while
recently identified recessive forms of the disorder have been associated with deficiencies in other proteins that
interact with collagen [5], [19]. Irregularities in collagen fibril diameters have also been observed in the Ol
population [20], [21], [22]. Within the inorganic matrix, alterations in the size, shape, and composition of the
bone mineral crystals [20], [23], [24], and increased matrix mineralization density have been noted in children
with Ol [13], [25], [26]. Murine models have provided support to the hypothesis that the brittleness of bone in
Ol can be attributed in part to compromised material properties of the bone tissue. For example, in mouse
models of mild and severe forms of Ol (mov13 and oim models, respectively) bone material strength was 11—
43% lower than that of control mice [27], [28], [29]. It has not been confirmed, however, whether these
observations are also true in humans, as little data is yet available to describe bone material strength in
individuals with this condition [30].

A few previous studies have used nanoindentation to measure elastic modulus, a property denoting material-
level stiffness, for pediatric Ol bone [25], [31], [32], [33], [34]. Within that microstructural scale, the elastic
modulus of bone tissue was found to be higher in children with severe or moderately severe Ol (types lll and V)
vs. age-matched controls [25], and this property was slightly higher in children with mild (type I) vs. severe (type
[1) Ol [31]. Interestingly, contrary to observations in normal bone tissue [35], [36], [37], no significant difference
in modulus was observed between indents taken parallel vs. perpendicular to the long bone axis [32], which led
to the speculation that Ol bone may exhibit more isotropic properties than does typical bone. These results
confirm that bone material properties are affected in Ol; however, important limitations with these studies
should be acknowledged. First, the small size of the indents excluded the effects of pores such as vascular
spaces, which can largely influence the “effective” material properties at the mesoscale. Therefore, due to the
complex hierarchical structure of bone, it is not clear whether these observations made within the
microstructural scale hold true in Ol bone at larger scales. Finally, these nanoindentation studies do not provide
any information regarding bone material strength, an important property in determining fracture risk.

In a recent pilot study by our group, two osteotomy specimens from long bone diaphyses of children with Ol
were tested in bending [30], and their bone material strength was lower than values reported for typical
pediatric bone [38]. Visual inspection of these bone specimens revealed the appearance of considerable porosity
within a tissue region that is typically occupied by dense cortical bone: throughout the mid-diaphyseal cortex,
near to the periosteal surface. Based upon this observation, it was speculated that the decreased strength
observed in those bone specimens could be the result of abnormally high intracortical bone porosity. Further
investigation by high-resolution computed tomography confirmed the presence of unusually high vascular
porosity, on average 21%, within long bone diaphyseal cortex of children with Ol, when compared with control
specimens from children with no known musculoskeletal disease, for which the average porosity was 3% [39]. A
similar finding was since then reported by another group in a scanning electron microscopy study of mid-
diaphyseal osteotomy specimens from children with Ol type Ill, which described the presence of “flattened and
elongated lacunar spaces” within regions of bone “normally taken up by compact cortex” [40]. The current study
builds upon our group's recent work, and offers an in-depth analysis of relationships between cortical tissue
architecture, including vascular porosity, and the mechanical properties of diaphyseal bone in children with Ol.



The specific objectives of this study were as follows: (1) to measure the flexural properties, i.e., elastic modulus,
flexural yield strength, and maximum flexural strength, of cortical bone tissue from the long bone diaphyses of
children with Ol; (2) to assess anisotropy within Ol bone tissue by comparing the material properties of
specimens oriented transversely vs. longitudinally to the long bone axis; and (3) to explore relationships
between the material properties and intracortical vascular porosity in this population. Relationships between
the mechanical properties and other microstructural parameters, namely osteocyte lacuna density and
volumetric tissue mineral density, were also explored.

2. Materials and methods

2.1. Bone specimens

Twelve cortical bone specimens were collected from long bone diaphyses of nine children with Ol

(Table 1, Table 2). These specimens, varying in shapes and sizes, were obtained during routine corrective
orthopaedic surgeries (Table 2) at Shriners Hospitals—Chicago, with informed consent/assent from the donors
and under an IRB-approved protocol (Rush University Medical Center #10101309, Marquette University #HR-
2167).

Table 1. Donor details: clinical severity and Ol type, gender, age at time of specimen donation, and history of
bisphosphonate therapy administered prior to specimen donation.

Donor | Disease Clinical OI Gender | Specimen | Age | Bisphosphonate therapy prior to
severity type? specimen donation
1 Mild I (1) F 1 6 Pamidronate, several treatments
2 Mild I F 2 11 Pamidronate, one course of treatment
3 Moderately IV (I1I-1V) M 3b 9 None
severe
4b 11 Pamidronate, two courses of
treatment
4 Moderately IV (IV) F 5 8 Pamidronate, one course of treatment
severe
5 Moderately 11} M 6° 14 | Pamidronate, several treatments
severe
7¢ 14 | Pamidronate, several treatments
6 Severe 11} F 8¢ 3 Pamidronate, several treatments
9¢ 3 Pamidronate, several treatments
7 Severe 1 F 10 6 Pamidronate, one course of treatment
8 Severe ] F 11 9 None
9 Severe AL M 12 16 | Alendronate, three years of treatment

a0l type is based on the Sillence classification [8]. Genotype, if known, is indicated in parentheses.
bSpecimens 3 and 4 were obtained from contralateral tibiae of donor 3 within a 2-year interval. The donor had
not been treated with bisphosphonates prior to donating specimen 3, but had received two 3-day courses of

pamidronate prior to donating specimen 4.

cSpecimens 6 and 7 were obtained simultaneously from the contralateral tibiae of donor 5 during an elective
surgical procedure.
dSpecimens 8 and 9 were obtained simultaneously from the contralateral femora of donor 6 during an elective
surgical procedure.

Table 2. Specimen descriptions: harvest site, surgical procedure during which the specimen was harvested,
presence or absence of a recent fracture at or near the osteotomy site, and number of beams tested in bending




from each osteotomy specimen that were oriented longitudinally (L) and transversely (T) to the long bone axis
(in parentheses is the number of beams imaged by micro-computed tomography).

Donor | Specimen | Harvest site Surgical procedure Recent Beams tested in
fracture at bending (imaged)
site?
L T
1 1 Tibia, mid- Fracture repair, rod Yes 6(1) 2
diaphysis revision (0)
2 2 Femur, mid- Fracture repair, rod Yes 3(2) 0
diaphysis revision (0)
3 3? Tibia, mid- Rodding for fracture | Yes 3(1) 1
diaphysis non-union (1)
42 Tibia, mid- Deformity No 3(1) 1
diaphysis correction, rod (1)
revision
4 5 Humerus, Deformity Yes (healed) 9(1) 3
proximal correction, rod (1)
diaphysis revision
5 6° Tibia, mid- Rod revision, elective | No 2(1) 1
diaphysis (1)
7° Tibia, mid- Rod revision, elective | No 0(0) 1
diaphysis (1)
6 8¢ Femur, mid- Corrective rodding No 4 (1) 2
diaphysis (1)
9c Femur, mid- Corrective rodding No 3(1) 2
diaphysis (1)
7 10 Tibia, proximal Rod revision due to No 0(0) 2
diaphysis pain (1)
8 11 Tibia, mid- Rod revision, elective | No 1(1) 1
diaphysis (2)
9 12 Tibia, mid- Corrective rodding No 6(1) 3
diaphysis (2)

aSpecimens 3 and 4 were obtained from contralateral tibiae of donor 3 within a 2-year interval.

bSpecimens 6 and 7 were obtained simultaneously from the contralateral tibiae of donor 5 during an elective
procedure to revise intramedullary rods.

cSpecimens 8 and 9 were obtained simultaneously from the contralateral femora of donor 6 during an elective
procedure to correct deformity of the femoral diaphyses.

2.2. Specimen preparation

The bone specimens were machined into a total of 59 rectangular beams with a low speed diamond saw (IsoMet
Low Speed Saw, Buehler, Lake Bluff, IL) and a 0.3 mm-thick wafering blade (Series 15HC Diamond, Buehler, Lake
Bluff, IL), using methods described and validated in earlier work [30]. Beam dimensions of approximately 5—

6 mm in length, 0.7 mm in depth, and 1 mm in width were chosen based on the dimensions of the smallest of
these donated osteotomy specimens. Each specimen was kept fresh-frozen at - 85 °C prior to machining and
testing. Machining of the beams was achieved with the following steps. Under constant irrigation, each
specimen was first machined into a slice having a thickness equal to the desired beam depth. These specimens
were small and varied in size and shape; however, care was taken to obtain the beams from a relatively



consistent location. The beams were cut from a slice of bone that was obtained as close as possible to the
periosteal surface. This was achieved by gluing the periosteal surface onto a wood mandrel and making two
consecutive cuts at distances of 1.2 and 0.2 mm, respectively, from the referenced periosteum—mandrel
interface. These cut distances were selected taking into account the thickness of the wafering blade. The slice
was subsequently cut into beams of the desired width. While cutting each slice into beams, the slice was gripped
onto a %-inch thick acrylic backing to prevent undue bending deformation of the slice. Each beam was machined
such that its long axis was oriented either longitudinally (i.e., proximal—distal orientation, 40 beams) or
transversely (i.e., circumferential direction, 19 beams) relative to the long bone axis of the donated specimen
(Table 2). Beam depth and width were measured with a digital micrometer (Model 293-340, Mitutoyo
Corporation, Japan), and the average depth and width were 668 um (standard deviation 60 pum) and 1005 um
(46 um), respectively.

2.3. Flexural testing

Each beam was loaded to failure using a three-point bending test assembly designed for the specific purpose of
characterizing small bone specimens [30]. The loading nose and supports consisted of 1/16-in. (1.59 mm)
diameter stainless steel dowel pins, which were fixed into grooves machined in an upper and a lower aluminum
platen using cyanoacrylate. A span length (L) of 4 mm (actual measurement 3.973 mm) was chosen to
accommodate the size of the osteotomy specimens that were collected for this study. The bending jig was
assembled onto an electromechanical testing system (Model 3345, Instron®, Norwood, MA, USA) with a 50 N
capacity load cell (Model 2519-102, Instron®, Norwood, MA, USA). An external linear variable differential
transformer, LVDT (Model 2601, Instron®, Norwood, MA, USA), was used to determine beam deflection at the
mid-span.

Flexural loading was controlled using Bluehill 2 Software (Instron®, Norwood, MA). Each test consisted of five
cycles of preconditioning (0.05-1.0 N for longitudinal beams, and 0.05-0.5 N for transverse beams) with a
crosshead displacement rate of 0.2 mm/min, followed by a ramp to failure at a constant deflection rate (as
measured by the LVDT) of 2.0 mm/min. This deflection rate resulted in a tensile surface strain rate of
approximately 0.009 s~ at the mid-span. Load and beam deflection data were collected at a sampling rate of
100 Hz throughout the test series. Each beam specimen was kept hydrated in normal saline until testing and was
maintained hydrated during the test, which had a duration of approximately 2 min, using a drop of saline that
remained in place on the tension side of the beam by surface tension.

Flexural stress and flexural strain were calculated from the load and deflection data using the following
equations based on linear elastic beam theory [41]:0f=3FL2wd2andef=6d6L2where w is the specimen width; d is
the specimen depth; L is the span length; F is the load; & is the beam deflection at mid-span, i.e., displacement
measured by the LVDT; and or and &; are the calculated stress and strain at the tensile surface at mid-span,
respectively.

The following properties were calculated from the flexural stress—strain data obtained during the ramp to failure
using a custom Matlab script (R2012a, Mathworks, Natick, MA, USA). Maximum flexural strength (o:max) Was
defined as the maximum calculated flexural stress before failure. Elastic modulus (E) and flexural yield strength
(ot,) were determined using the following iterative process. An initial estimate of the modulus was calculated as
the slope between two arbitrary points that were selected within the linear region of the flexural stress—strain
curve. An initial estimate of yield strength was calculated using this modulus value and the 0.2% strain offset
method. A new estimate of elastic modulus was then calculated as the slope between one and two thirds of the
previous yield strength estimate, and the new modulus was used to calculate a new yield strength value using
the same offset method. The latter process was repeated until convergence of the modulus and yield strength
results, which occurred within 10 iterations.



2.4. Micro-computed tomography

Following mechanical testing, 21 beams (Table 2) were imaged by synchrotron micro-computed tomography,
SR-UCT (Beamline 8.3.2, Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA), and the
following microstructural parameters were determined: vascular porosity, volumetric tissue mineral density, and
osteocyte lacunar density. Each beam was air-dried overnight and mounted upright onto a sample holder using
capillary sealing wax and a wax pen. The sample holder was then gripped via a drill chuck assembly attached to a
standard optical kinematic mount, which in turn was mounted onto a magnetically coupled rotational stage. To
minimize phase contrast effects, a newly commissioned X-ray microscope (Optique Peter, Lentilly, France),
described in previous work [42], was used allowing a minimum sample-to-scintillator distance of 7 mm. For each
scan, a total of 1025 projections were collected over a continuous 180° rotation at a monochromatic X-ray
energy of 17 keV. After passing through the sample, attenuated X-rays were converted into visible light via a
thin, single-crystal scintillator, magnified via objective optics, and imaged onto the camera (pco.edge sCMOS
camera, PCO-TECH Inc, Romulus, MI). This camera/optics setup yielded a horizontal field of view of 1.7 mm and
an imaged pixel size of 0.65 um.

Tomographic reconstructions were performed using Octopus 8.6 software (inCT, Ghent, Belgium), with resulting
16-bit grayscale data sets consisting of 2160 slices each having 2000 x 2000 pixels. For each beam, vascular
porosity calculations were carried out within a 0.6 mm? rectangular prismatic region of interest (ROI). Visual
inspection of the SR-UCT scans revealed that microdamage was present within a region extending approximately
0.25 mm on either side of the fracture induced during the mechanical test. The ROl from which the
microstructural parameters were calculated for each beam was located at least 0.5 mm away from the fracture
site, thus excluding the fracture and associated local microdamage from the bending test.

Each scan was segmented into its microstructural elements (i.e., bone, vascular porosity, and osteocyte lacunae)
following previously described masking procedures [43], [44]. The high contrast and spatial resolution of the SR-
MCT images produced clear bimodal histograms. Thus, an initial bone mask was generated by blurring each
dataset with a simple Gaussian low-pass filter (to remove all osteocyte lacunae) and thresholding with the built-
in iterative IsoData algorithm on the stack histogram. A lacunar mask was then created from within the bone
mask by (1) thresholding the original image stack, (2) inverting the result, and (3) performing the logical “AND”
operation with the bone mask. Finally, a vascular porosity mask was produced through inversion of the bone
mask. Subsequent quantitative analysis of the binary vascular and lacunar porosity masks was performed using
Image) [45] and the plug-in Bone) [46].

Intracortical vascular porosity, defined as the relative volume occupied by Haversian canals, Volkmann canals,
and resorption spaces [47], was determined from the vascular porosity mask within the ROI for each scanned
beam. Prior to this calculation, a connected-components algorithm in Bonel was used to label individual pores.
Virtual despeckling was performed to remove all pores smaller than 2000 um?, as these have previously been
shown to represent noise and other spuriously segmented particles such as ring artifacts and small
microdamage (if present) [44], [48], [49], [50]. Vascular porosity was then determined from the volume ratio of
all remaining vascular voxels. Cortical bone volume fraction (Vf) was calculated as “1 — vascular porosity.” Three-
dimensional visualizations of the bone and intracortical porosity spaces were generated with Avizo 7.1 software
(Visualization Sciences Group, FEI, Mérignac, France).

Osteocyte lacunae were labeled and counted from the lacunar mask by connected-components analysis in
accordance with a previously validated segmentation rule [44]. Initial denoising was performed by removing all
particles smaller than 82 um?3 as well as those larger than 2000 um? [44], [48], [49], [50]. Restrictions were then
invoked on two shape-based osteocyte lacunar descriptors that were automatically calculated as part of the
labeling routine, namely the particle Euler number (x) and the major/intermediate axis anisotropy ratio. The



Euler number is a topological property commonly used in connectivity analysis [51], [52]. Any solid body that can
be rigidly deformed into a sphere has a y of one. Thus any particle whose y was not one was removed.
Moreover, since highly prolate (i.e., rod-like) spheroids are commonly associated with ring artifacts, any particle
whose major/intermediate axis anisotropy ratio was greater than five was removed. To avoid biasing of the
results from truncated lacunae, any particle in contact with the one of the six edges in the image stack volume
was eliminated. Osteocyte lacunar density was then calculated as the number of lacunae in the ROl tissue
volume.

In SR-UCT, the X-ray photon energy is truly monochromatic and the linear attenuation values determined during
the reconstruction process are directly proportional to the degree of mineralization [53]. Calculation of
volumetric tissue mineral density was thus carried out by segmenting out all non-bone voxels from the original
image using a histogram-based threshold [54], and then determining the mean linear attenuation coefficient of
the remaining bone voxels (up,avg). The X-ray mass attenuation of bone, or (u/p)s, is an energy-dependent
material property that can be determined from tabulated values in the National Institute of Standards and
Technology database [55]. Volumetric tissue mineral density was calculated from the ratio s divided

by (1/p)s. The X-ray photon energy was calibrated prior to bone imaging using thin metallic foils (silver and
germanium) having known X-ray attenuation properties [56].

2.5. Statistical analysis

To assess whether the material properties are anisotropic in these bone specimens, the measured flexural
properties were compared between the longitudinal and transverse beams using linear mixed model analysis
with random specimen effect. Simple linear regression analysis was used to explore linear relationships among
mechanical properties and microstructural parameters for each group of beams, i.e., longitudinal and
transverse, and test for their statistical significance. Power law relationships were explored between each
property and the bone volume fraction, as such relationships have been observed in normal bone

tissue [57], [58], [59], [60], [61], [62]. Finally, linear mixed models were used to investigate relationships
between donor age and the mechanical properties and structural parameters.

3. Results
3.1. Three-point bending

Representative flexural load—displacement curves for each specimen orientation are presented in Fig. 1. The
mechanical properties differed significantly (P < 0.001, linear mixed model) between the longitudinal and
transverse beams: on average, modulus, yield strength, and maximum strength were 64—68% lower for the
transverse beams than for the longitudinal ones (Table 3). The mechanical properties did not vary significantly
with donor age (Table 4).

5
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Fig. 1. Flexural load—displacement curves for beams of bone oriented longitudinally (black) and transversely
(gray) to the long bone axis. These beams were obtained from the humeral diaphysis of an 8 year-old female
donor with Ol type IV (specimen 5).

Table 3. Flexural properties of pediatric Ol bone specimens oriented longitudinally and transversely to the
diaphyseal axis: elastic modulus (E), yield strength (ot,), and maximum strength (ot max). Average (standard
error), based on linear mixed model analysis.

Orientation | E(GPa) | oty (MPa) | Otmax (MPa)

Longitudinal | 4.4 (0.4) | 61.4(5.3) | 83.0(7.8)

Transverse | 1.6 (0.4)x | 20.8 (6.0)* | 26.5 (8.6)x
*P < 0.001 between longitudinal and transverse properties.

Table 4. Relationships between bone material properties and donor age (in years), based on linear mixed model
analysis with specimen number as a random effect factor. Average (standard error).

Material property Intercept Slope P value
for slope

Longitudinal

Elastic modulus (GPa) 5.54 (1.34) -0.11(0.14) | 0.430

Yield strength (MPa) 77.17 (18.13) | -1.46(1.83) | 0.433

Maximum strength (MPa) | 103.79 (27.65) | — 1.81 (2.78) | 0.545

Transverse

Elastic modulus (GPa) 1.44 (0.71) 0.00 (0.07) 1.000

Yield strength (MPa) 15.33 (8.40) 0.27 (0.85) 0.767

Maximum strength (MPa) | 18.50 (10.35) | 0.29 (1.04) 0.828

3.2. Micro-computed tomography results

Intracortical vascular porosity varied between 3% and 42% (average 21%, standard deviation 10%), and,
consequently, volume fraction averaged 0.79 (standard deviation 0.10). These measures did not differ
significantly between the longitudinal and transverse beam specimens, as expected. The average vascular
porosity was 21% (standard error 3%) for the longitudinal beams vs. 22% (3%) for the transverse ones (P =0.731,
linear mixed model). Fig. 2 illustrates three-dimensional visualizations of the ROIs within longitudinal and
transverse beams from specimen 9 (femur mid-diaphysis from a 3 year old female with Ol type Ill). Visual
inspection of the scans confirmed that the predominant orientation of vascular pores was parallel to the beam
axis for longitudinal beams and perpendicular to the beam axis for the transverse ones (Fig. 2, bottom). Average
osteocyte lacunar density was 35661 mm~3 (standard deviation 13118 mm™3). Mean volumetric tissue mineral
density was 1.63 g/cm? (standard deviation 0.14 g/cm?3). Finally, vascular porosity, osteocyte lacunar density,
and volumetric tissue mineral density were not significantly associated with donor age (Table 5).
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Fig. 2. Three-dimensional tomographic assessment of Ol cortical bone structure. SR-UCT images of Ol bone show
vascular porosity in longitudinal (top, left; vascular porosity = 16%) and transverse (top, right; vascular

porosity = 21%) beams from the femoral mid-diaphysis of a 3 year-old female (donor 6) with Ol type lll. Idealized
drawings of longitudinal (bottom, left) and transverse (bottom, right) beams, along with corresponding
tomographic slices, illustrate the predominant orientation of osteons in each beam. Although both orientations
displayed a similarly high degree of vascular porosity (16% for the longitudinal beam and 21% for the transverse
one), the longitudinally oriented beam had much higher strength than did the transverse one (maximum flexural
strength were 78 vs. 15 MPa, respectively).

Table 5. Relationships between microstructural parameters and donor age (in years) based on linear mixed
model analysis. Average (standard error).

Microstructural parameter Intercept Slope P value for slope
Vascular porosity (%) 23.97 (8.09) | -0.25(0.80) | 1.000
Osteocyte lacunar density (mm™3) 44971 (9265) | - 1060 (912) | 0.225
Volumetric tissue mineral density (g/cm?) | 1.67 (0.09) -0.00(0.01) | 0.665

3.3. Relationships among mechanical properties and the microstructural parameters
For both beam orientations, positive linear relationships were observed between elastic modulus and each
strength measure (Table 6). Highly significant (P < 0.004) negative correlations were found between vascular
porosity and the longitudinal material properties (Table 6 and Fig. 3). Negative correlations were also observed
between the transverse flexural properties and porosity; however, those correlations were not statistically
significant (P > 0.100). The bone material properties were not associated significantly with osteocyte lacunar
density (P > 0.220) or volumetric tissue mineral density (P > 0.167) (Table 6). Power law relationships between
each longitudinal property and bone volume fraction are presented in Table 7.

Table 6. Pearson's correlation coefficients (R) and slopes for the linear regressions among the mechanical
properties and microstructural parameters.

Bone material property Factor Slope R P-value

Longitudinal

Elastic modulus (GPa) Vascular porosity (%) -0.15 -0.86 | <0.001
Osteocyte lacunar density (mm™3) 6.21E-5 0.40 0.220




Volumetric tissue mineral density (g/cm?) | 4.98 0.35 0.285

Yield strength (MPa) Elastic modulus (GPa) 13.28 0.95 <0.001
Vascular porosity (%) -1.90 -0.78 | 0.003
Osteocyte lacunar density (mm™3) 6.37E-4 | 0.30 0.377
Volumetric tissue mineral density (g/cm?) | 49.9 0.25 0.450

Maximum strength (MPa) | Elastic modulus (MPa) 17.47 0.90 <0.001
Yield strength (MPa) 1.34 0.97 <0.001
Vascular porosity (%) -2.58 -0.77 | 0.004
Osteocyte lacunar density (mm™3) 492E-4 |0.16 0.629
Volumetric tissue mineral density (g/cm?) | 11.0 0.04 0.905

Transverse

Elastic modulus (GPa) Vascular porosity (%) -0.06 -0.53 | 0.110
Osteocyte lacunar density (mm™3) 292E-5 0.38 0.276
Volumetric tissue mineral density (g/cm3) | 3.68 0.47 0.167

Yield strength (MPa) Elastic modulus (MPa) 9.29 0.91 <0.001
Vascular porosity (%) -0.59 -0.51 | 0.126
Osteocyte lacunar density (mm™3) 483E-5 0.06 0.864
Volumetric tissue mineral density (g/cm3) | 16.9 0.21 0.551

Maximum strength (MPa) | Elastic modulus (MPa) 11.00 0.86 0.001
Yield strength (MPa) 1.24 0.99 <0.001
Vascular porosity (%) -0.68 -0.47 | 0.166
Osteocyte lacunar density (mm™3) -451E-60.00 0.990
Volumetric tissue mineral density (g/cm?) | 14.4 0.15 0.687
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Fig. 3. Linear relationships between elastic modulus (E) and intracortical vascular porosity for Ol bone oriented
longitudinally (black diamonds) and transversely (white triangles) to the long diaphyseal axis.

Table 7. Power law relationships between longitudinal mechanical properties and bone volume
fraction Vs (property = a V).

Mechanical property Relationship | a b R?

Elastic modulus (E, GPa) E=aVf 8.67 |2.93|0.80
Yield strength (o%,, MPa) oty =a Vi 117.4 | 2.76 | 0.68
Maximum strength (Ot max, MPa) | Ormax=a Vi* | 162.1 | 2.83 | 0.66




4. Discussion

This study presents data from rare osteotomy specimens that were obtained during corrective surgeries in
children with Ol. Building upon previous efforts [30], [39], this study presents the first dataset describing the
material strength of bone tissue in children with Ol. The current results demonstrate that, similar to normal
bone, Ol bone exhibits anisotropic material behavior. SR-uCT imaging further revealed abnormally high vascular
porosity within regions typically occupied by dense cortical bone, and this porosity was shown to be associated
with a decrease in bone material strength and elastic modulus in these specimens.

Elastic modulus results from this study (Table 3 and Fig. 3) were lower than values measured by nanoindentation
for pediatric Ol bone, i.e., 13—-24 GPa in the longitudinal direction [25], [31], [32], [33], [34]. This observation is
not surprising, considering that nanoindentation tests are performed at a much smaller scale, within lamellar
bone regions and excluding the effects of void spaces such as Haversian canals and resorption cavities.
Furthermore, specimens in the current study were fresh-frozen and untreated, whereas those in the
nanoindentation studies were dehydrated, a process that has been shown to increase modulus

results [63], [64], [65]. Unlike previous data from a nanoindentation study, which suggested that Ol bone may
exhibit more isotropic properties than normal tissue [32], results from the current study demonstrated clear
anisotropy in bone material properties at the mesoscale within this population, with the transverse properties
being approximately equal to one third of their longitudinal counterparts. These observations indicate that the
preferential orientation of the vascular porosity network is likely to play an important role in the anisotropic
behavior of Ol bone at the mesoscale. Longitudinal modulus results were also below tensile values reported
previously for normal pediatric bone, i.e., 14—32 GPa [66].

Strong, linear relationships were observed between the strength measures and elastic modulus. This
observation is similar to a previous finding in a study of bone from several species [67]. To the authors'
knowledge, no other study has characterized bone tissue strength in individuals with Ol; however, current
maximum flexural strength results for Ol bone (Table 3) were lower than values reported for normal bone tissue
from children of an equivalent age group, i.e., 150-207 MPa [68]. The reduced modulus and strength obtained
for the Ol bone specimens are likely related to the substantial vascular porosity observed in these specimens.

Three-point bending tests are a common tool in characterizing the material properties of small bone
specimens [27], [28], [29], [69], [70], [71], [72]. Bending configurations are often more practical than tensile
tests, especially when specimen size is limited. Nonetheless, limitations that are inherent to bending tests
should be acknowledged. First, bending moments are not uniform within the specimen. In three-point bending,
the moment is maximum within the plane of the loading nose, i.e., at mid-span. Consequently, local tensile
stresses are highest on the beam surface at mid-span, which is where fracture initiation is likely to occur. In
tensile tests, on the other hand, stress distribution is more uniform, and fracture may initiate within regions of
relative weakness, e.g., around pores or a crack. Furthermore, in bending tests, strains within the specimen are
calculated using beam theory, which assumes that the material behaves linear elastically. In materials that
exhibit post-yield deformation, such as bone, however, this assumption is not valid beyond the yield point. The
result is an overestimation of ultimate strength compared with values obtained from a tensile test. A more in-
depth discussion of this phenomenon can be found in previous works [73], [74]. It is also worth noting that a
minimum span/depth ratio of eight has been recommended when measuring the bending properties of ceramic
materials [75]. In bone, elastic modulus results from bending tests were found to decrease with decreasing
span/depth ratio when this ratio is less than 15, while this property was more consistent with a ratio of 20 or
higher [76]. In the current study, a span of 4 mm was chosen to accommodate the small size of the osteotomy
specimens. With this span, beam depth of 500 or 250 um would have been required for a span/depth ratio of 8
or 15, respectively. Elastic modulus results for bone were found to be fairly constant for beam depths greater
than 500 um; however, those values were found to decrease sharply for smaller beam depths [70]. A



span/depth ratio of 6 was chosen for this study (i.e., depth of approximately 650 pm) based upon a validation
study in which this dimension resulted in appropriate modulus results for bovine bone and acrylic beams [30].
Care was taken to ensure relatively constant depth between the beams (average 668 um, standard deviation
60 um) to minimize any undue experimental variability caused by changes in this parameter. It should
nevertheless be acknowledged that the relatively low span/depth ratio used in this study may have resulted in
some error caused by undue shear deformation within the specimens [75], [76].

SR-uCT imaging revealed substantial and heterogeneous vascular porosity within these diaphyseal bone
specimens, i.e., accounting for 3-42% of the total bone volume. In most specimens, this porosity was much
higher than typical values for children and young adults, i.e., 3-6% [39], [77], [78]. It is unlikely that the high
porosity observed was influenced by the presence of smaller pores or flaws within the bone microstructure,
such as microdamage and osteocyte lacunae. As discussed earlier, porosity was measured away from the region
of microdamage surrounding the test-induced fracture. Furthermore, with dimensions on the order of 1 um in
thickness and 100 um in length/width, microcracks typically account for less than 0.5% of the total bone volume
in cortical bone [79], [80], [81], [82]. Visual inspection of all ROIs confirmed the presence of high vascular
porosity with no obvious microdamage. Recent uCT studies on fatigue microdamage accumulation in human
bone have proposed the use of contrast agents to aid in microcrack visualization and segmentation [79], [83].
However, these staining techniques are non-specific and label all void spaces including vasculature, osteocyte
lacunae, and resorption spaces in addition to microcracks. Moreover, by nature these agents affect the
reconstructed linear attenuation values (i.e., gray values) of the puCT scans, which undermines the ability to
accurately quantify mineralization parameters such as volumetric tissue mineral density. Finally, differentiation
of prior in vivo microdamage from that induced by the mechanical test requires scanning the bone specimens
before and after mechanical testing. However, a previous study at the ALS showed that the high radiation dose
associated with the current beamline causes a rapid decrease in bone mechanical properties [84]. For the
current study, an accepted masking procedure was used during segmentation to label all vascular

pores [43], [44], and a lower size restriction of 2000 um? was imposed to minimize the inclusion of any artifacts
or spuriously labeled lacunae (which are typically smaller than 500 um? in volume) [44], [48], [49], [50]. Low
bone mass is a characteristic clinical feature of Ol, and evidence of a discontinuous and porous cortical bone
structure within the iliac crest and long bone diaphyses can be found in other reports [12], [13], [40], [43].In a
recent study, elevated cortex porosity observed within long bone diaphyses of children with Ol was attributed to
abnormal secondary remodeling, resulting in a combination of regular concentric osteons and large, flattened
resorption spaces formed by drifting osteons [40].

In the current study, significant negative associations were observed between longitudinal bone material
properties and porosity. Similar relationships have been reported for normal cortical bone tissue from the mid-
femoral diaphysis [85]. It is worth noting that, for the two beam specimens having the lowest porosity, i.e., 3%
and 8%, longitudinal maximum flexural strength results (176 and 145 MPa, respectively) were comparable to the
values reported for normal pediatric bone, i.e., 150—-207 MPa [68]. Power law relationships have been reported
between bone properties (i.e., strength and modulus) and density measures in several studies of trabecular and
cortical bone [57], [58], [59], [60], [61], [62]. These relationships have been presented in the form of

property = a x density?, with the resulting exponent typically ranging between 2 and 3. For example, in a study
of cortical bone from many species, longitudinal elastic modulus was observed to follow a power law
relationship with bone volume fraction, Vs: modulus = a x V¢ [57]. In the current study, longitudinal bone
properties followed similar power law relationships with bone volume fraction, in which the exponent “b” was
2.8 for strength, and 2.9 for modulus. These observations indicate that high intracortical porosity (thus, low
bone volume fraction) may be an important contributing factor to bone fragility in children and adolescents with
Ol. Large pores within the cortex are likely to act as stress-raisers [86], resulting in increased local stresses and
causing fracture to occur at lower levels of nominal stress.



In contrast with the longitudinal properties, relationships between transverse properties and vascular porosity
were not statistically significant. This observation is similar to a finding from a previous study, in which
transverse tensile and shear moduli were not significantly correlated with cortical porosity in adult human bone
from the femoral diaphysis [85]. In that study, the authors concluded that the transverse elastic properties of
cortical bone appeared to be less sensitive to variations in porosity than were those in the longitudinal direction.
It was further proposed that this difference may be related to a lack of relationship observed between
transverse and longitudinal properties. Nonetheless, it is worth noting that some relationships between density
and orthogonal elastic properties of bone have been reported in other studies [87], [88]. It is therefore possible
that a larger sample size might have revealed more significant relationships between transverse Ol bone
properties and vascular porosity.

Although osteocyte lacunae have been described by some investigators as sites of localized stress/strain
concentration [89], [90] and preferential sites for microdamage initiation [91], the osteocyte lacunar density was
not significantly associated with the mechanical properties measured in the current study. In fact, while
significant relationships were observed between Ol bone mechanical properties and vascular porosity, these
properties were not significantly associated with either of the two material-level microstructural parameters
measured, i.e., volumetric tissue mineral density and osteocyte lacunar density. The absence of significant
relationships between the bone properties and these material-level parameters indicates that at the mesoscale
the effective material properties of cortical bone in Ol are likely related primarily to the “amount” of bone
material present rather than to the “quality” of the bone material itself.

A wide range of values has been reported for osteocyte lacunar density owing to a number of experimental
factors including donor age, local anatomical sampling site, image resolution, and segmentation

strategy [44], [49], [50], [92], [93], [94], [95]. For example, one study on diaphyseal femoral bone noted a
significant decrease in osteocyte lacunar density for patients aged 16—73 who had no known history of bone
disease [94]. However, a recent SR-uCT study on a similar donor age range observed no difference in lacunar
density at the proximal femoral diaphysis [50]. Inter-study comparison of lacunar density is therefore difficult.
Although we found no significant association between lacunar density and age in the current pediatric Ol
population, our results are within the range previously observed in young adult bone (e.g., 20,000-90,000
lacunae/mm?) [49], [50], [95]. The role of osteocyte lacunar properties in bone adaptation and disease is still
poorly understood. For example, Mullender et al. [96] found a decrease in areal lacunar density for osteoporotic
females compared to adult controls, while a similar study by McCreadie et al. [48] found no significant
difference in lacunar size or shape compared to controls. However, one recent SR-uCT study on the oim mouse
model of severe Ol noted a significant increase in lacunar density compared to wild-type littermates [43], which
the authors attributed in part to the increased bone turnover seen in the disorder. In addition to inhibiting
osteoclast activity, there is also recent evidence that bisphosphonates may reduce osteocyte cell death [97].
Future imaging studies including both Ol and control human bone are warranted to determine treatment effects
and differences in lacunar properties between healthy and diseased bone.

The specimens in this study were obtained from a relatively small and heterogeneous group of individuals, i.e.,
between 3 and 16 years of age and with clinical Ol phenotypes ranging from mild to severe. These 12 specimens
were obtained during intramedullary rodding procedures. Of these, four were obtained in the vicinity of a recent
fracture site: specimens 1 and 2 were obtained during fracture repair procedures; specimen 3 near a site of
fracture non-union; and specimen 5 near a healed fracture site. It is possible that accumulation of prior damage
(microcracks) resulting from the clinical fractures remained present within those specimens at the time of
testing, which may have compromised the mechanical properties. However, visual inspection confirmed that no
apparent fracture or callus was present within these specimens. Furthermore, as discussed earlier, examination
of the SR-UCT scans did not reveal microcracks to be present aside from those observed surrounding the



fracture induced by the mechanical test. These observations indicate that no significant microdamage was
present prior to testing. Moreover, these four “fracture” specimens did not have the lowest properties observed
in this study. In fact, the beams from specimen 3 had the highest longitudinal modulus (8.1 GPa on average),
yield strength (119 MPa), and maximum strength (173 MPa) of all the specimens, while the beams from
specimen 2 had the second highest yield and maximum strength values. Finally, although modulus and strength
tend to increase with age in typical children and adolescent bones [68], no significant association was found
between donor age and any of the mechanical properties or structural parameters measured in the current
study. Nonetheless, further data is needed to explore heterogeneity in bone structure and properties in Ol as a
function of factors such as donor age, phenotype, and anatomic site.

Antiresorptive bisphosphonate therapies have become common in the treatment of Ol, and these therapies are
sometimes initiated during early childhood [98], [99]. These drugs have been beneficial in increasing bone
mineral density and reducing the incidence of fragility fractures in individuals with osteoporosis [100], [101]. The
long-term effects of bisphosphonates, particularly when treatment is initiated at a young age, however, are not
yet well understood [102], [103]. There is concern, for example, that osteoclastic inhibition from these drugs
and the associated decline in bone remodeling may have a detrimental effect on bone tissue

quality [102], [104], [105], [106], [107]. In the current study, all specimens with the exception of two (specimens
3 and 11) were obtained from donors who had previously received bisphosphonate treatments. It may be worth
noting that longitudinal strength was higher in one of the non-treated specimens, specimen 3 (average
maximum flexural strength of three beams was 173 MPa), than in those from donors having undergone
antiresorptive therapies (range 46—107 MPa); however, this was not the case for the other non-treated
specimen (specimen 11, 80 MPa). Unfortunately, due to the limited number of non-treated specimens, it was
not possible to assess reliably whether any statistically significant relationships exist between the bone material
properties and prior bisphosphonate treatments. It is unlikely that bisphosphonate treatments were associated
with the high vascular porosity observed in this study, as these antiresorptive drugs were, in fact, observed to
reduce cortical porosity in postmenopausal and osteoporotic women [108], [109]. Nonetheless,
bisphosphonates have been recently associated with increased risks of subtrochanteric, femoral shaft, and
atypical femoral fracture [110], [111]. It is therefore possible that prior bisphosphonate therapies may have
contributed to the reduced material strength observed in the current bone specimens; however, further
research is needed to confirm this possible undesirable effect.

5. Conclusions

This study presents tissue-level characterization of cortical bone elastic modulus and strength in children and
adolescents with Ol. These bone material properties were found to be anisotropic and greater along the
longitudinal diaphyseal axis than within the transverse plane. Intracortical vascular porosity was found to be
elevated in these specimens, and the bone material properties were negatively correlated with this porosity.
These observations indicate that bone fragility in Ol may be attributed, at least in part, to an elevated presence
of vascular pores within the diaphyseal cortex.
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