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Abstract

Higher skeletal fragility has been established for the Brtl/+ mouse model of osteogenesis 

imperfecta at the whole bone level, but previous investigations of mechanical properties at the 

bone material level were inconclusive. Bone material was analyzed separately at endosteal (ER) 

and periosteal regions (PR) on transverse femoral midshaft sections for 2-month old mice (wild-

type n = 6; Brtl/+ n = 6). Quantitative backscattered electron imaging revealed that the mass 

density computed from mineral density maps was higher in PR than in ER for both wild-type 

(+2.1%, p < 0.05) and Brtl/+ mice (+1.8%, p < 0.05). Electron induced X-ray fluorescence 

analysis indicated significantly lower atomic Ca/P ratios and higher Na/Ca, Mg/Ca and K/Ca 

ratios in PR bone compared to ER independently of genotype. Second harmonic generation 

microscopy indicated that the occurrence of periodically alternating collagen orientation in ER of 

Brtl/+ mice was strongly reduced compared to wild-type mice. Scanning acoustic microscopy in 

time of flight mode revealed that the sound velocity and Young's modulus (estimated based on 

sound velocity and mass density maps) were significantly greater in PR (respectively + 6% and 

+15%) compared to ER in wild-type mice but not in Brtl/+ mice. ER sound velocity and Young's 

modulus were significantly increased in Brtl/+ mice (+9.4% and +22%, respectively) compared to 

wild-type mice. These data demonstrate that the Col1a1 G349C mutation in Brtl/+ mice affects the 

mechanical behavior of bone material predominantly in the endosteal region by altering the 

collagen orientation.
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1. Introduction

Osteogenesis imperfecta (OI) or “brittle bone disease” is a heritable disorder of connective 

tissues most commonly caused by de novo dominant mutations in the genes that encode type 

I collagen, COL1A1 and COL1A2. Although patients present with variable findings, the 

defining features of OI include bone deformities, short stature, and bone fragility due to low 

bone mass and impaired bone material properties (Marini et al., 2017).

A general hallmark of OI bone is the hypermineralization of the bone matrix (Bishop, 2016). 

However, due to the scarcity of patient samples it has been difficult to investigate bone 

material properties in OI. While two human studies including controls evaluated the 

mechanical properties of OI bone material by nanoindentation, their findings were 

contradictory and reported either higher (Weber et al., 2006) or lower (Imbert et al., 2014) 

Young's modulus in bone tissue of OI patients. The majority of data has been obtained for 

oim mice, a model for Osteogenesis imperfecta in which a collagen I mutation leads to the 

exclusive formation of α1(I) collagen homotrimers and results in numerous phenotypic 

features reminiscent of OI. Changes in mineral/matrix ratio have been evidenced by Raman 

spectroscopy and FTIR (Bart et al., 2014; Carriero et al., 2014a; Vanleene et al., 2012; Yao 

et al., 2013), higher mineral content by quantitative backscattered electron imaging (qBEI) 

(Vanleene et al., 2012; Grabner et al., 2001; Rodriguez-Florez et al., 2014) as well as smaller 

and less well aligned apatite crystals (Vanleene et al., 2012; Grabner et al., 2001; Rodriguez-

Florez et al., 2014; Fratzl et al., 1996), altered vascular porosity and osteocyte lacunae 

density (Carriero et al., 2014b) and impaired fibrillar mechanical properties (Carriero et al., 

2014a). Young's modulus was found to be higher (Miller et al., 2007; Rao et al., 2008) or 

lower (Vanleene et al., 2012; Rodriguez-Florez et al., 2014) than controls in different 

studies. However, the oim model differs from the great majority of OI cases due to both its 

recessive mode of inheritance, as well as its atypical collagen I homotrimer composition. 

Therefore, the use of a more appropriate model may yield a better understanding of the bone 

matrix properties in OI.
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Fewer studies have been performed on the Brtl/+ mouse, which is a heterozygous knock-in 

model for OI with a typical Gly349Cys substitution in one COL1A1 allele, which was also 

found in a child affected by a moderately severe form of OI (type IV) (Forlino et al., 1999). 

Mechanical properties of whole-bone revealed reduced maximum load and work to failure in 

young mice (Kozloff et al., 2004; Sinder et al., 2013; Sinder et al., 2015; Uveges et al., 2009; 

Perosky et al., 2016). After normalization for geometric influences, a higher Young's 

modulus was found in femoral bones of Brtl/+ mice as compared to wild type in the age 

range from 8 weeks to 6 months (Kozloff et al., 2004; Sinder et al., 2013; Sinder et al., 2015; 

Uveges et al., 2009; Perosky et al., 2016). In addition to four-point bending, Sinder et al. 
examined the Brtl/+ periosteal bone with nanoindentation under dehydrated conditions and 

found a larger Young's modulus, although comparisons to wild type were not significant for 

any specific tissue age (Sinder et al., 2013). Interestingly, no genotype effect was detected in 

periosteal bone under hydrated conditions (Sinder et al., 2016).

After initial bone formation, cortical bone thickening and shaping occurs by bone apposition 

and resorption at both endosteal and periosteal surfaces. Differences between periostal and 

endosteal bone in mice have been reported recently concerning mineral (Turunen et al., 

2016), material and cellular characteristics (Allen et al., 2004; Checa et al., 2015; Lee et al., 

2004). Therefore, mechanical properties are potentially different between the two 

compartments.

The aim of the present study was to investigate bone material characteristics in long bones 

(femoral midshaft) of Brtl/+ mice. Periosteal and endosteal regions were examined 

separately to detect any compartment differences. We performed quantitative backscattered 

electron imaging (qBEI) to produce mineral content maps of bone tissue that were converted 

into bone mass density maps. The elemental composition of the bone material was 

investigated by electron induced X-ray fluorescence analysis (EDX) in a scanning electron 

microscope. In order to obtain mechanical data, we used scanning acoustic microscopy in 

time of flight mode (SAM-TOF) to record sound velocity maps (Blouin et al., 2014), which 

were combined with mass density maps to generate a corresponding Young's modulus. Since 

bone mechanical properties are highly dependent on collagen orientation, we also analyzed 

our bone samples by second harmonic generation with a confocal laser scanning microscope 

(Fratzl et al., 2004).

2. Material and methods

2.1. Animals

Brittle (Brtl/+, n = 6) and wild type (WT, n = 6) mice from the mixed Sv129/CD-1/C57BL/6 

S background strain were euthanized at 2 months of age. Left femurs were collected and 

cleaned from soft tissue. The femurs were fixed in 70% ethanol immediately after removal. 

All protocols and procedures involving animals were conducted under an NICHD ACUC 

approved protocol.
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2.2. Sample preparation

The sequence of sample preparation and experimental measurements is shown in a flowchart 

(Fig. 1). We performed one cross-section at half the length of each femur. The proximal 

section was dehydrated in a graded ethanol series and defatted with acetone before 

embedding in polymethylmethacrylate as previously described (Roschger et al., 1998). 

Sample blocks were trimmed using a low speed diamond saw (Isomet-R, Buehler Ltd. Lake 

Buff, IL, USA) to obtain transverse sections of the femoral midshaft. Sectioned bone 

surfaces were sequentially ground with sand paper with increasing grit size followed by 

polishing with diamond grains (size down to 1 μm) on hard polishing clothes by a PM5 

Logitech instrument (Glasgow, Scotland). For the first run of quantitative backscattered 

electron imaging (qBEI) in the scanning electron microscope, the surface of the sample 

block was carbon coated by vacuum evaporation (Agar SEM Carbone coater; Agar 

Scientific Limited, Essex, UK). For Scanning acoustic microscopy in time-of-flight mode 

(SAM-TOF) the polished coated side of the samples already used in qBEI was glued 

(Technovit 7210 VLC, EXAKT, Norderstedt, Germany) to plastic slides with a precision 

adhesive press (EXAKT 402, EXAKT, Norderstedt, Germany). The glued blocks were cut, 

ground to a thickness between 25 and 35 μm, polished and carbon coated again to facilitate 

qBEI measurements from the second side of the sample. For more details of SAM-TOF 

sample preparation, see elsewhere (Blouin et al., 2014).

2.3. Quantitative backscattered electron imaging (qBEI) analyses

The details of the qBEI method have been published elsewhere (Roschger et al., 1998). 

Briefly, qBEI is based on the fact that the intensity of electrons backscattered from a thin 

surface-layer of a sectioned bone area is proportional to the weight concentration of mineral 

(hydroxyapatite) and thus calcium in bone. A digital scanning electron microscope (DSM 

962, Zeiss, Oberkochen, Germany) was employed with an accelerating voltage of 20 kV, a 

working distance of 15mm and a probe current of 110 pA ± 4 pA. Backscattered electrons 

(BE) were measured by a four-quadrant semiconductor backscattered electron detector. 

Bone tissue areas were recorded with a pixel depth of 256 gray levels at a 200x nominal 

magnification (corresponding to a spatial resolution of 0.9 μm per pixel) using a scan speed 

of 100 s per frame. BE gray-levels were further converted into calcium concentration values 

(weight % Ca) by proper calibration and standardization as described previously (Roschger 

et al., 1998).

Using ImageJ software (version 1.49 g), the digital calibrated gray-level BE-images were 

converted in local mass density mapping using the following equation: ρbone = 100/(HAwt/

ρHA + (100–HAwt)/ρorg), where ρbone, ρHA and ρorg are the mass densities of the bone 

material, hydroxyapatite and organic matrix, respectively. HAwt is the weight fraction of 

hydroxyapatite in percent and relates to the weight fraction of Calcium (wt% Ca) : HAwt = 

2.51×wt. %Ca (Roschger et al., 1998). The mass density of hydroxyapatite is well known 

(ρHA = 3.18 g/cm3) (Skedros et al., 1993). Although it has been shown that the nanoporosity 

(and therefore the mass density ρorg) may change in OI (Paschalis et al., 2016), we estimate 

that this will have only a minor effect on the calculation of the mass density of the bone 

material, so that the same value of ρorg = 1.41 g/cm3 (Blouin et al., 2014) is used for both OI 

and controls.
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2.4. Quantitative energy dispersive X-ray Spectrometry (EDX)

The elemental composition was determined by quantitative Energy Dispersive X-ray 

Spectrometry (EDX) using a Zeiss Supra 40 field-emission scanning electron microscope 

(FESEM) (Zeiss, Oberkochen, Germany) equipped with a large-area (80 mm2) EDS Silicon 

Drift Detector (X-Max, Oxford Instrument, United Kingdom). The analysis of the generated 

EDX spectra was carried out using Oxford INCA software. The FESEM was operated at 10 

kV with a probe current of about 1.5 nA at 10mm working distance and an aperture size of 

60 μm. A nominal magnification 4000×(28.65 nm pixel size) was used. A 29.3 μm x 22 μm 

observation field was continuously scanned with a speed of 3.2 μs/pixel. All spectra were 

acquired with an acquisition time of 30 s, a 0–10 keV spectrum range with 2000 channels 

and a process time of four. The systems energy canal positions were fine-tuned by 

acquisition of a spectrum from a highly pure Ni sample. The samples were the same as those 

observed by qBEI (already carbon coated). Only homogeneous bone areas (ROIs) excluding 

osteocyte lacunae were measured and the Ca/P, Mg/Ca, Na/Ca and K/Ca atomic ratios were 

determined.

2.5. Scanning acoustic microscopy in time-of-flight mode (SAM-TOF)

SAM-TOF is based on the fact that the ultrasonic velocity can be obtained by measuring a 

difference of time-of-flight (ΔTOF) between the ultrasonic reflection from the front and 

back surface of a sample with known thickness. The ultrasonic velocity is related to the 

mechanical material properties. Combining information of velocity and mass density enables 

to calculate the Young's modulus. Acoustic measurements were made with a Scanning 

Acoustic Microscope (SASAM®UR 1000, kibero GmbH, Saarbrücken, Germany) which 

consisted of an acoustic module combined with an optical upright microscope (Axio Scope. 

A1, Zeiss, Offenbach, Germany). A 300 MHz short pulse generator provided an ultrasound 

pulse of 20 ns length. A high frequency transducer (SASAM® Lens, kibero) with a semi-

aperture of 30°, a working distance of 350 μm and a central frequency of 330 MHz 

(theoretical lateral resolution of 4.6 μm) was employed to scan in the x-y directions (320 μm 

x 320 μm) the sample surface in 2 μm steps and in the z direction to focus the acoustic lens 

on the sample surface. A drop of bidistilled water was used as inter-medium between lens 

and sample surface. The temperature was maintained at 23 °C ± 1 °C via the air 

conditioning. The signal was digitized at a rate of 8 GHz (sampling interval of 0.125 ns). 

The signal quality was increased by averaging 400 repeated pulse trains and removal of the 

background signal. The signal was analyzed with a custom-made software to obtain ΔTOF 

for each position of the scan. Thus we obtain a velocity mapping after determination of the 

local thickness with a confocal laser scanning microscope (CLSM) (Leica TCS-SP5, Leica 

Microsystems, Wetzlar, Germany) in reflected light mode (Fig. 1) following the procedure 

already published (Blouin et al., 2014). Using the sound velocity and the mass density 

information, the Young's modulus (E) of an isotropic and homogenous material can be 

calculated as:

E = V2 ρK, (1)

with
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K = (1 + v)2 (1 − 2v) ∕ (1 − v2) (2)

with V velocity, ρ mass density, K coefficient smaller than 1, which depends on Poisson's 

ratio ν only (Mavko et al., 2009). In this work, we approximate bone tissue as an isotropic 

material with a Poisson ratio value of 0.3 to extract E from the sound velocity.

2.6. Regions of interest for SAM and qBEI analyses

The SAM-TOF method requires a sufficient homogeneity of bone material in the size range 

of several micrometers. This condition was found in the circumferential lamellar bone 

formed at the outer and inner part of the transversal femoral midshaft section, which became 

the region of interest (ROI) for our measurements. These two regions were designated as 

periosteal (PR) and endosteal region (ER).

We excluded the central older bone area containing residuals of early bone development 

(woven bone and highly mineralized cartilage). This central region between ER and PR has 

chaotic collagen fibril orientation and is similar to what has been described by others 

previously in rats (Shipov et al., 2013) and mice (Ip et al., 2016) (Fig. 2). Further, zones 

close to sharp discontinuities within the bone area of ROI (PR and ER) which could interfere 

with a correct time of flight measurement or be responsible for partial void in the 30 μm 

thick bone section, such as canals of blood vessels, osteocyte lacunae and cracks from 

sample preparations, were excluded from evaluations (Blouin et al., 2014). Therefore, the 

entire region of the third trochanter having a high density of canals were excluded from 

SAM-TOF measurements (Fig. 2).

2.7. Second harmonic generation microscopy

The collagen orientation was investigated by measuring the second harmonic generated 

(SHG) signal of collagen in a backward direction. We used a confocal laser scanning 

microscope (Leica SP8 CLSM) equipped with a pulsed IR-laser tuned to a 910 nm 

excitation wavelength to achieve the high energies needed for a sufficient SHG signal. The 

signal detection was performed in the spectral window between 450 nm and 460 nm. We 

obtained 1024×1024 pixels images with pixel size 0.378 μm and a frame average of 8 to 

reduce the noise. A strong SHG signal is characteristic of regions of dense and well-aligned 

collagen fibrils preferentially oriented within the image plane (Chen et al., 2012; Houle et 

al., 2015).

2.8. Statistical analyses

Statistical analyses were carried out with the Graphpad Prism 5.0 program (GraphPad 

Software, Inc., La Jolla, CA, USA). Unpaired t-tests were used to compare qBEI, EDX and 

SAM related data between both groups. Paired t-test were used to test for within-mice 

differences (ER and PR comparison). Differences were considered statistically significant at 

p < 0.05. Values are presented as mean ± SD unless noted.
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3. Results

The bone mass density, elemental composition, sound velocity and Young's modulus of 

wild-type and Brtl/+ mice were assessed separately in the periosteal (PR) and endosteal (ER) 

bone region of transverse femoral midshaft bone sections excluding the central woven bone 

and the third trochanteric region (see material and methods section). In addition, the bone 

sections were imaged with second harmonic generation microscopy to evaluate collagen 

orientation.

3.1. Periosteal and endocortical regions appear clearly separated and differ in material 
composition in BOTH wild-type and Brtl/ + mice

i. The two relatively structurally homogenous bone regions could be found in the 

cortical cross sections imaged by backscattered electrons irrespective of the 

genotype (red and yellow lines in Fig. 2A). However the cortical thickness of 

Brtl/+ mice appeared thinner than wild-type mice. Cartilage islands and woven 

bone areas clearly separate the endocortical region (ER) (yellow line) and the 

periosteal region (PR) (red line). This delimitation was emphasized by the 

observation of cracks in the woven bone/mineralized cartilage region between 

the ER and the PR. These cracks are caused by mechanical forces originating 

likely from shrinking processes due to dehydration of the tissue by resin 

embedding and exposure to high vacuum in the SEM. It likely denotes a 

discontinuity in material properties and/or a higher fragility of woven bone as 

compared to lamellar bone (Wagermaier et al., 2015).

ii. The distinction between ER and PR was further supported by the fact that the ER 

appeared darker compared to the PR in the qBEI images of both genotypes, 

reflecting a lower matrix mineralization in ER. The average mass density values 

were significantly higher in PR compared to ER in both wild-type (WT) (+2.1%, 

p < 0.001) and in Brtl/+ (+1.8%, p < 0.05) mice (Fig. 3A). Although there was a 

trend toward increased mass densities in Brtl/+ compared to wild-type for ER 

(+1.4%; p = 0.061) and PR (+1.2%; p = 0.12), these differences did not reach 

levels of significance.

iii. Such a distinction was also corroborated by the outcomes of the elemental 

analysis by EDX showing that the Ca/P atomic ratio was significantly lower, 

while Na/Ca, Mg/Ca and K/Ca ratios were significantly higher in PR compared 

to ER for both genotypes (see Table 1).

iv. The second harmonic generation imaging showed random collagen orientation in 

the central region containing woven bone and cartilage islands for both wild-type 

and Brtl/+ mice, confirming the distinction between ER and PR. In PR, a similar 

periodically alternating collagen orientation was visible for both groups (Fig. 4). 

However, in the ER this characteristic pattern appeared similar or slightly 

enhanced compared to PR in wild type mice, whereas the SHG signal was almost 

absent in ER of Brtl/+ mice (Fig. 4).
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3.2. Abolition of mechanical differences between ER and PR in Brtl/+ mice

The combination of sound velocity maps with mass density maps of ER and PR (Fig. 5) lead 

to the following outcomes (Fig. 3B and C):

i. overall, the sound velocity was in the range of 3750–4100 m/s and the Young's 

modulus in the range of 24–30 GPa.

ii. in wild-type mice sound velocity and Young's modulus were increased (+6.0% 

and +15.1%, p < 0.05, respectively) in PR with respect to ER.

iii. In Brtl/+ mice no significant differences of sound velocity and Young's modulus 

between ER and PR could be observed.

iv. The sound velocity and Young's modulus of Brtl/+ in ER were significantly 

increased (+9.4% and +21.4%, p < 0.05, respectively) compared to that in wild-

type.

4. Discussion

The present work addresses the elastic characteristics of bone in the Brtl/+ mouse, a model 

for moderately severe OI (type IV). We took advantage of high spatial resolution methods to 

investigate the bone material level at microscale. Our findings demonstrate that bone 

material originating from the periosteal region (PR) has a higher mass density, a higher Ca/P 

and lower Na/Ca, Mg/Ca, K/Ca ratios, than that at the endosteal region (ER) in both wild-

type and Brtl/+ mice. However, there was a tendency for higher overall mass density in 

Brtl/+ mice. The most striking result was the absence of any difference in sound velocity and 

Young's modulus in Brtl/+ between the ER and PR, although the mass density values were 

significantly different. The observation of collagen orientation disturbance in ER of Brtl/+ 

mice provided an explanation for this mechanical finding.

Independent of the difference in cortical thickness between both genotypes found in this 

study and previous descriptions (Kozloff et al., 2004), it was crucial for to discriminate 

similarly between periosteal (PR) and endocortical (ER) bone regions for both genotypes. 

Interestingly, the PR was more highly mineralized than the ER for both genotypes. Further, 

differences in the elemental composition were found between these regions independently of 

the genotype. In contrast, low Ca/P ratios have been reported in OI patients compared to 

healthy individuals (Cassella et al., 1995; Sarathchandra et al., 1999). Furthermore, 

conflicting Ca/P ratio results have been reported in oim mice using non-spatially resolved 

methods on whole bone (Camacho et al., 1999; Carleton et al., 2008; Phillips et al., 2000). 

According to our spatially resolved EDX measurements, the Ca/P ratio was similar in Brtl/+ 

and wild type mice, but the Ca/P ratio was always lower in the PR than in the ER in both 

genotypes. On the other hand, the elemental fraction of Mg, K and Na was increased in PR. 

We speculate that one reason for these differences is that the microenvironment at endosteal 

and periosteal surfaces are not identical. For instance, local mechanical stresses on the ER 

and PR may not be the same. Furthermore, consistent with reports that osteoblastic protein 

expression differs in endosteal and periosteal compartments, cellular activity in these two 

bone compartments may vary (Allen et al., 2004; Simsek Kiper et al., 2016). The collagen 

organization is distinct between both compartments (Kerschnitzki et al., 2011). There is 
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some evidence that mineralization process, hydroxyapatite crystal size or mineral apposition 

rate are different between both bone compartments in murine animals (Turunen et al., 2016; 

Checa et al., 2015; Lee et al., 2004; Hassler et al., 2014). Taken together, these observations 

support our qBEI and EDX findings of differences between ER and PR bone material.

The mechanical properties that were assessed by SAM-TOF revealed distinct values of 

Young's modulus in the ER (23.8 GPa) and PR (27.4 GPa) of wild-type mice, coinciding 

with an increasing mass density (ER: 2244 kg/m3; PR: 2291 kg/m3) and consistent with a 

common positive correlation found between mineral content / mass density and material 

stiffness / Young's modulus (Currey, 1988). However, two arguments suggest that other 

factors beyond mineral content might influence the mechanical findings: 1) it is unlikely that 

a 2% mass density difference accounts for a 15% elastic modulus difference between ER 

and PR in wild-type mice. A 7% elastic modulus difference would be more reliable based on 

the relationship between mass density and elastic modulus in human osteonal samples 

(Blouin et al., 2014). 2) Young's moduli in Brtl/+ mice were not different between ER (28.9 

GPa) and PR (29.1 GPa) despite the differences in their mass densities (ER: 2275 kg/m3; 

PR: 2318 kg/m3). A potential factor for these inconstancies is the collagen fibril orientation 

with respect to the direction of loading/deformation (Fratzl et al., 2004; Wagermaier et al., 

2015) which has an impact on the mechanical test outcomes. Indeed our observation with 

second harmonic generation, suggesting an enhanced in-plane orientation in ER compared to 

PR in wild-type mice is in line with the important elastic modulus difference found. In 

contrast, the absent or weak second harmonic signal found in ER of Brtl/+ indicates an 

enhanced out of plane orientation compared to PR, and thus is in agreement with the finding 

of similar elastic properties in spite of different mass density. Interestingly, alterations of 

collagen fibril orientation observed by polarized light were also reported in mov13 mice 

(Jepsen et al., 1997), an OI mouse model of a quantitative collagen I defect, and in oim mice 

(Chipman et al., 1993). Increased variability of collagen fibril orientation in oim mice was 

previously demonstrated by measuring the degree of alignment of the mineral crystal 

reflecting the fibril orientation by small angle X-ray scattering (Fratzl et al., 1996). These 

observations of a less organized collagen fibril orientation in OI animal models are in line 

with the characteristic clinical finding of various altered lamellar phenotype depending on 

the OI type (Rauch and Glorieux, 2004).

In a prior report on the mechanical properties of Brtl/+ bone, a trend toward higher tissue 

Young's modulus was observed by nanoindentation at well-defined tissue ages (Sinder et al., 

2013). For instance, the elastic modulus in Brtl/+ mice was 28 GPa in 7-day-old bone 

compared to 26 GPa in wild-type mice, without distinction between endosteal or periosteal 

compartments. At the same tissue age (7 days), a second nanoindentation study performed in 

a hydration chamber revealed an elastic modulus of 10 GPa for both wildtype and Brtl/+ 

mice in growing and adult murine periosteal bone (Sinder et al., 2016). Although this value 

varies from our experiment, the finding of no difference between wild-type and Brtl/+ mice 

is in agreement with our findings in PR. In contrast, whole bone three- or four-point bending 

tests revealed significantly higher Young's moduli at different ages in Brtl/+ compared to 

wild-type mice of the same age (Kozloff et al., 2004; Sinder et al., 2013; Sinder et al., 2015; 

Uveges et al., 2009), with a range from several hundred MPa up to several GPa.
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In general, there is a large variation of the Young's modulus values reported on the bone 

material of OI murine models and OI patients. The Young's modulus obtained by 3 point 

bending was found to be higher (Miller et al., 2007; Rao et al., 2008; Misof et al., 2005) or 

similar (Bart et al., 2014; Yao et al., 2013) in bone of oim compared to wild-type mice (in 

the range from 1 to 10 GPa). Two nanoindentation experiments with different settings 

reported an average Young's modulus lower in dry bone of oim mice (34 GPa or 12 GPa 

respectively) compared to wild-type (42 GPa or 15 GPa respectively) (Vanleene et al., 2012; 

Rodriguez-Florez et al., 2014) without distinguishing the bone compartments. In transiliac 

bone biopsy samples from patients with mild to severe forms of OI (type I, IV and III), the 

Young's modulus obtained in cortical and trabecular bone by nanoindentation were in the 

range between 16 and 21 GPa (Weber et al., 2006; Albert et al., 2013; Fan et al., 2007). 

Nevertheless it remains controversial whether the Young's modulus is increased or decreased 

compared to age-matched controls (Weber et al., 2006; Imbert et al., 2014).

Several factors should be considered for the large variation in the Young's modulus 

outcomes in the literature:

i. the type of mechanical testing. The material properties in three or four-point 

bending experiments are derived from whole bone properties (combination of 

endosteal and periosteal bone and an unknown portion of cartilage) by taking 

into account the geometry of the bone. However bone does not have standardized 

shape as required by beam theory which might lead to underestimation of the 

Young's modulus by a factor of 2 or more compared to nanoindentation or micro-

finite element analysis (Silva et al., 2004; van Lenthe et al., 2008). In contrast, 

nanoindentation directly tests the mechanical properties at a material level yet 

variations in outcome are reported depending on the indenter geometry and the 

analysis method (Rodriguez-Florez et al., 2013). The acoustic method used in 

this work is also a direct measure of the bone material. However, the overall 

Young's modulus values were some-what higher (almost 30 GPa) than those 

obtained by nanoindentation (range between 10 and 20 GPa). This is likely due 

to differences of deformation rate between the two methods. While 

nanoindentation is a quasi-static method, scanning acoustic microscopy 

generates a dynamic strain by using ultrasound frequency reaching hundreds of 

MHz and inducing viscoelastic phenomena responsible for the higher value of 

elastic modulus. Rupin et al. reported nearly doubled values of the acoustic 

Young's modulus at 200 MHz compared to nanoindentation-acquired Young's 

modulus (Rupin et al., 2009). Nevertheless, nanoindentation and SAM-TOF 

techniques provided highly correlated data indicating that they mirror relatively 

similar differences in mechanical properties of samples.

ii. the anatomical site of measurements within the bone sample, e.g. the 

discrimination between periosteal and endosteal regions, as shown in this study 

and the local tissue age, allow a more detailed bone characterization compared to 

bulk measurements.

iii. the material condition at the time of measurement. The Young's modulus is 

dependent on whether the sample is dehydrated, hydrated, native, resin-
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embedded or rehydrated (physiological sodium solution or Hanks balanced salt 

solution) (Bembey et al., 2006; Gustafson et al., 1996).

iv. the underlying mutations causing OI might hamper collagen synthesis and 

fibrillogenesis in different manners and to various extents.

There are several limitations to the current study. First, we focused only on two month-old 

Brtl/+ mice. Evolution of the mineral and mechanical properties at material level over a 

range of ages could be of interest to investigate, as they may change over time. Indeed, 

adaptations in cortical thickness and a drift of the bone regions during bone growth is 

noticeable due to changes in the ratio of endosteal and periosteal bone formation. Second, 

while the sound velocity data are the directly measured physical variable, the Young's 

modulus is derived using a formula with a constant Poisson's ratio of 0.3 which might affect 

the results (Blouin et al., 2014). Further, it was assumed that bone material is isotropic and 

homogeneous. The collagen fibril arrangement is known to induce a strong anisotropy into 

the bone material. We also presumed that bone mineral is pure hydroxyapatite with a density 

of 3.18 g/cm3 and a Ca/P atomic ratio of 1.67, but our EDX elemental analysis revealed a 

Ca/P value of about 1.52. By calculation, as shown elsewhere (Roschger et al., 2014), mass 

density would be underestimated by 0.13% compared to pure hydroxyapatite at 25 wt% Ca 

as measured by qBEI. In addition, the assumption of unchanged organic matrix density 

between wild-type and Brtl/+ mice may not be fully accurate as hydration of collagen fibrils 

has been found reduced in the oim mouse model of osteogenesis imperfecta (Andriotis et al., 

2015). The impact of hydration on the mineralization process is unknown. However it is 

likely that the difference in fibrils hydration together with the increased mineral content in 

OI might further contribute to the brittleness (Bertinetti et al., 2015). Another limitation was 

that possible differences in mineralization kinetics / processes between ER and PR could not 

be examined due to the absence of fluorochrome administration for bone labeling.

In conclusion, we showed with high spatial resolution methods that the collagen mutation in 

Brtl/+ mice affects the mechanical behavior of femoral bone material predominantly in the 

endosteal region. We suggest that the less organized collagen fiber orientation is the major 

contributor to the altered overall stiffness and, therefore, to the deterioration of mechanical 

competence in this OI mouse model. These data are further evidence that the fragility 

observed in OI patients is not only due to low bone mass but also to bone material alterations 

that modify its mechanical properties.
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Fig. 1. 
Flowchart showing the different preparation and measurement steps of a sample during this 

study.
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Fig. 2. 
Femoral cross-sections of wild-type (A, B) and Brtl/+ (C, D) mice. Typical delimitation of 

endocortical (ER) and periosteal (PR) bone observed on a qBEI picture with high contrast at 

low (A, C) and high (B, D) magnification. The cortical thickness in Brtl/+ mice is smaller 

than in wild-type mice. ER and PR are separated by remnants of cartilage tissue resulting 

from the early phase of bone development. Noteworthy are the cracks due to sample 

preparation followed the delimitation. The third trochanter (TR) was excluded from the 

measurement since it exhibits a high porosity, high mineralization heterogeneity and 

numerous cartilage remnants.
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Fig. 3. 
Bar chart showing (A) mass density, (B) sound velocity and (C) estimated Young's modulus 

in endocortical (white) and periosteal (gray) region of wild-type (no filling) and Brtl/+ 

(stripes) mice. While wild-type mice exhibit density, velocity and Young's modulus 

differences between endocortical and periosteal region, Brtl/+ mice show only differences in 

mass density but not in sound velocity and Young's modulus. Moreover the sound velocity 

and the Young's modulus in endocortical region of Brtl/+ mice was significantly higher than 

in wild-type. * p < 0.05 vs endocortical of same group. # p < 0.05 vs same region in wild-

type mice.
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Fig. 4. 
Second harmonic generation (SHG) imaging from mouse femoral cross-section. (left) wild-

type: the SHG signal is stronger in endocortical region (ER) than in periosteal region (PR) 

denoting an enhanced in-plane orientation of the collagen fibers. Noteworthy is the woven 

bone region (*) separating ER and PR arising from the early phase of bone development. 

(right) Brtl/+ : weak SHG signal in ER compared to PR indicating an increased out-of-plane 

orientation of the collagen fibers.
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Fig. 5. 
Example of the combination of mass density mapping derived from qBEI images (first row) 

with velocity mapping acquired with SAM (second row) to obtain the Young's modulus 

mapping (third row) on a femoral cross-section of WT (left column) and Brtl/+ (right 

column) mice. Scale bar = 200 μm.
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