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Abstract4

Decreased thickness of the bone cortex due to bone loss in the course of ageing and osteoporosis is

associated with reduced bone strength. Cortical thickness measurement from ultrasound images

was recently demonstrated in young adults. This requires the identification of both the outer

(periosteum) and inner (endosteum) surfaces of the bone cortex. However, with bone loss, the

cortical porosity and the size of the vascular pores increase resulting in enhanced ultrasound

scattering which may prevent the detection of the endosteum. The aim of this work was to study the

influence of cortical bone microstructure variables, such as porosity and pore size, on the contrast

of the endosteum in ultrasound images. We wanted to estimate the range of these variables for

which ultrasound imaging of the endosteum is feasible. We generated synthetic data using a two-

dimensional time-domain code to simulate the propagation of elastodynamic waves. A synthetic

aperture imaging sequence with an array transducer operating at a center frequency of 2.5 MHz

was used. The numerical simulations were conducted for 105 cortical microstructures obtained

from high resolution X-ray computed tomography images of ex vivo bone samples with a porosity

ranging from 2 to 24 %. Images were reconstructed using a delay-and-sum (DAS) algorithm with

optimized f-number, correction of refraction at the periosteum, and sample-specific wave-speed.

We observed a range variation of 18 dB of endosteum contrast in our data set depending on the

bone microstructure. We found that as porosity increases, speckle intensity inside the bone cortex

increases whereas the intensity of the signal from the endosteum decreases. Also, a microstructure

with large pores (diameter > 250 µm) was associated with poor endosteum visibility, compared

with a microstructure with equal porosity but a more narrow distribution of pore sizes.

These findings suggest that ultrasound imaging of the bone cortex with a probe operating at a

central frequency of 2.5 MHz using refraction-corrected DAS is capable of detecting the endosteum

of a cortex with moderate porosity (less than about 10%) if the largest pores remain smaller than
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about 200 µm.

1. Introduction5

Bone fragility associated with osteoporosis and the resulting increased risk of fracture is an6

important medical threat as nine million fragility fractures occur annually worldwide [1]. The7

prediction of fracture risk is based on clinical factors and, often, areal bone mineral density (aBMD)8

measured with dual energy X-ray absorptiometry (DXA). However, many individuals who are9

at high risk of fracture are not identified with aBMD assessed with DXA [2, 3]. Quantitative10

ultrasound (QUS) methods to characterize trabecular and cortical bone have been developed in11

the past three decades to overcome the limitations of DXA and provide a non ionizing, portable,12

and affordable diagnostic tool for osteoporosis [4, 5].13

While ultrasound imaging can accurately image the outer surface of bones [6], current clinical14

ultrasound scanners fail to reveal their inner structure. Only recently, with adapted image recon-15

struction methods and research ultrasound scanners, it was shown that the cortex can be imaged16

in vivo [7, 8]. These methods have only been applied on a limited number of individuals and the17

measurement of the cortical thickness, a key parameter for fracture risk assessment [9, 10], was18

only shown to be feasible in young healthy adult volunteers [7].19

Bone loss occurring as part of the natural ageing process and accelerated in osteoporosis is20

associated with a degradation of cortical bone microstructure: unbalanced intracortical remodeling21

leaves cavities only partially filled with newly formed bone tissue and so-called giant pores due22

to the clustering of the remodeled cavities [11][12]. Porosity increases with age, e.g., in females23

from about 5% at 30 years old to 15% at 80 years old [13]. This is associated with an increase24

in pore diameter [14]. At the diaphysis of long bones, most of the cortical porosity is formed by25

so-called Haversian canals, which are roughly cylindrical and run nearly parallel to the bone axis.26

Previous studies have shown that the median pore diameter can vary from 40 to 200 µm between27

individuals, for cortical bone tissue with porosity ranging from 1 to 21% [15, 16, 11, 17].28

Ultrasound echo signals reflected at the inner surface of the cortex (endosteum) are weak29

due to scattering by the microstructure and absorption in the viscoelastic mineralized collagen30

extracellular matrix [18, 19]. The amplitude of the echoes backscattered from the pores may31

be more important than that of echoes from the endosteal interface. As a consequence, a major32

challenge for bone ultrasound imaging is to image the endosteal interface despite strong attenuation33
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and diffuse scattering by the pores. In the degraded bones of osteoporotic subjects, characterized34

by a higher porosity and larger pores, stronger diffuse scattering by the pores is expected compared35

to healthy individuals. For instance, in ultrasound images from in-vivo measurements of an ongoing36

study, shown in Figure 1 for illustration, the endosteal interface is found to be more visible for a37

young volunteer (26 y.o) than for an older one (61 y.o). Because little research on bone ultrasound
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Figure 1: Illustration of degraded endosteal interface visibility with age on two subjects. Transverse ultrasound

image of the tibia for two volunteers aged 26 (left) and 61 (right) are shown. The bright continuous line is the

periosteal interface at a depth of about 4 mm which is perfectly visible for the two subjects. The endosteal interface

at a depth of about 8 mm is more visible in the younger subject. Normalized gray scale dynamic range is given in

dB. Images were obtained with a probe operating with a center ultrasound frequency of 2.5 MHz with a method

similar to that described in [7].

38

imaging has been conducted until now, it is yet unknown to which extent it is possible to obtain an39

ultrasound image of the endosteal interface of human cortical bone, in particular in osteoporotic40

subjects.41

The objective of this study was to quantify the influence of cortical bone microstructure on the42

identification of the endosteal interface in an ultrasound image in order to estimate the range of43

porosity and other microstructure variables, such as pore size, for which ultrasound imaging with44

a conventional beamformer would be feasible. Synthetic data from two-dimensional numerical45

simulations using a large set of real cortical microstructures with porosity ranging from 2% to46

24% were generated. Images were reconstructed using a delay-and-sum algorithm with optimized47

f-number and correction of refraction at the bone-soft tissue interface. A similar algorithm was48

previously used in vivo and enabled to determine the cortical thickness of young healthy individuals49

[7].50
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2. Materials and Methods51

2.1. Models of bone cortex and soft tissues52

The two-dimensional (2D) models of bone cortex used for the simulations were generated using53

synchrotron X-ray microcomputed tomography (SR-µCT) three-dimensional images of human bone54

from a previous study [20]. Briefly, samples were collected in the mid-diaphysis of the femur of 2955

subjects (16 females and 13 males, age range: 50-95 years old). The femurs were provided by the56

Département Universitaire d’Anatomie Rockefeller (Lyon, France) through the French program57

on voluntary corpse donation to science. The tissue donors or their legal guardians provided58

informed written consent to give their tissue for investigations, in accord with legal clauses stated59

in the French Code of Public Health. For each femur, two cuboids specimens of nominal size60

3 × 4 × 5 mm3 were extracted, one in the lateral and the other in the medial quadrant. Three61

specimens which contained trabecularized cortex were discarded, resulting in a collection of 5562

specimens for this study. SR-µCT images of the specimens were obtained with isotropic voxel63

size of 6.5 µm performed on the beamline ID19 at the European Synchrotron Radiation Facility64

(ESRF, Grenoble, France). The image processing was described previously in [21]. Briefly, the 3D65

volume of each specimen was cropped to a perfect rectangular parallelepiped shape and slightly66

rotated so that the geometric coordinates coincide with the material coordinates defined by the67

faces of the specimen. Thereafter, axis 3 was approximately along the direction of osteons (and68

diaphysis axis) and axes 1 and 2 were perpendicular to osteons. The images were then binarized69

by single level thresholding to obtain two phases: pores and mineralized matrix with an output70

voxel size of 10 µm, Figure 2.71

For the 2D simulations, a set of 105 2D images were created by randomly picking slices in the72

(1,2) plane from the 3D image stack (Figure 2) of the 55 specimens. The 2D images were sorted73

so that their porosity (pore surface to total surface ratio) was ranging from 2% to 24%. For the74

critical range of porosity (7 -15) % in which strong variations of the image contrast are expected,75

we selected 5 times more slices than for low (< 7%) and high (> 15%) porosities.76

Each 2D image of microstructure was used to build a model for numerical simulations: a77

three-layer medium representing the configuration used for imaging the diaphysis of a long bone78

with an ultrasound transducer oriented perpendicular to the bone diaphysis (Figure 3). Since79

the original microstructure images were too small (approximately 2.7 × 3.5 mm2) to perform a80

realistic simulation, the bone layer was created by duplicating and mirroring the microstructure of81
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Figure 2: Binarized SR-µCT image of a cortical bone specimen of nominal dimensions 3×4×5 mm3 (original voxel

size 6.5 µm). Black: vascular pores; light gray: mineralized matrix. Axis 1 corresponds to radial direction, axis 2 to

the circumferential direction and axis 3 to the axial direction or diaphysis axis. For illustration, 3 slices extracted

from the 3D volume, as used for 2D numerical simulations, are shown. 2D porosity values are given for each slice,

illustrating the variable porosity in a 3D volume.

the original image in direction 2. A layer of soft tissue was placed above the cortical bone layer,82

to mimic the tissues between the probe and bone and a layer of marrow was placed below. The83

dimensions of the three-layer medium are given in Figure 3.84

For the mineralized matrix of the cortical bone layer, the compressional and shear wave-speeds85

used in the simulation were 3496 m.s−1 and 1645 m.s−1 respectively. These values were deduced86

from the elastic coefficients of the bone matrix [21] (see Appendix A for details of the mass density87

and wave-speed estimation).88

The material within the pores was assumed to be a fluid. The compressional wave-speed was89

1610 m.s−1 for cutaneous tissue [22] and 1410 m.s−1 for marrow [23]. Ultrasound attenuation in90

cortical bone is due to a combination of absorption by dissipative mechanisms in particular in91

the mineralized matrix and scattering by the pores [24]. Following the models of Yousefian et al.92

[18, 25], a frequency-independent absorption within the bone matrix with an absorption coefficient93

of 19.0 dB/cm at 2.5 MHz was modeled.94

2.2. Pores statistics95

The microstructure for each model was characterized by cortical porosity (Ct.Por), cortical pore96

density (Ct.Po.Dn in pores/mm2) and the distribution of pore diameters. These were calculated97

following the approach adopted by [26, 27]. Ct.Por was obtained by taking the ratio of the number98
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Figure 3: Three-layers model used for simulations: cutaneous tissue (blue), cortical bone tissue (yellow) and marrow

tissue (bluish green) surrounded by Perfectly Matched Layers (PML, in gray).

of pixels associated with pores to the total number of pixels. Ct.Po.Dn was calculated as the99

number of pores divided by the total bone area. The diameter of each pore was calculated as the100

diameter of a disk of the same area. The distribution of pore diameters was characterized by the101

median value (Ct.Po.Dm); the 1st (Dm.DC-1) and 9th (Dm.DC-9) deciles; the average diameter102

of small pores (Sm.Po.Dm), i.e., of pore diameters smaller than Dm.DC-1; the average diameter103

of large pores (Lg.Po.Dm), i.e., of pore diameters larger than Dm.DC-9; the range of variation104

(Dm.Rng), i.e. the difference between the maximum and the minimum pore diameter; and the105

inter-decile range (Dm.IDRng).106

In Figure 4 variations of Ct.Po.Dm and Ct.Po.Dn as a function of Ct.Por are plotted for the107

collection of microstructures used for the simulations.108

2.3. Simulation of the ultrasound imaging sequence109

We simulated the experimental configuration and acquisition sequence in [7] where an ultra-110

sound array is placed on the skin to image the radius or tibia in a transverse plane, that is, in a111
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Average pore density

Figure 4: Pore statistics for each microstructure. Top: pore density (red circle) as a function of porosity; the black

dashed line is the mean value and the standard deviation for the collection of microstructure is represented in blue.

Bottom: stacked customized boxplots of pore diameter for each microstructure. Bottom and top of each box are

respectively the first and last decile values, the circle in the middle of each box is the median pore diameter, the

vertical line below each box extends from first decile to first quartile, the vertical line above each box extends from

third quartile to ninth decile. Points below and above lines are respectively the values of diameters lower than the

first decile and greater than the ninth decile

plane perpendicular to the diaphysis (and also perpendicular to the axis of the osteons). The sim-112

ulated transducer mimicks the one used in the experiment except for the number of transducers.113

It is a 6.9 mm array with 24 elements and a pitch of 0.3 mm (element size of 10 µm, i.e. one grid114

step). The transducer is placed in the upper layer at a depth of 2 wavelengths to avoid border115

effects, and centered horizontally (Figure 3).116

An acquisition scheme for synthetic aperture imaging was simulated: each individual element in117

the array successively transmitted a Gaussian-windowed tone burst with a central frequency of 2.5118
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MHz (3dB bandwidth= 1.33 MHz, see Figure 5). For each transmission, the backscattered signals119

were recorded by all the elements of the array. Therefore, for each bone microstructure, 24 × 24120

backscattered synthetic signals were recorded.
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Figure 5: Emitted tone burst in temporal domain (left) and in frequency domain (right).

121

Elastic wave propagation in the three-layer medium was simulated with the Finite Difference122

Time-Domain (FDTD) open-source code SimSonic [28, 29]. To avoid reflections on the boundaries123

of the simulation domain, a Perfectly Matched Layer (PML) boundary condition (3 mm thickness,124

approximately 5 wavelengths in soft tissues) was set (Figure 3). The spatial grid size ∆x for the125

FDTD simulation was equal to the microstructure image pixel size (10 µm). This leads to a mesh126

size equivalent to 56 points per wavelength in marrow at the center frequency, which is sufficient127

to model accurately the wave propagation with reasonably small numerical dispersion [30]. The128

simulation time step was chosen with respect to the Courant–Friedrichs–Lewy (CFL) stability129

conditions for 2D simulations. A constant value of CFL = 0.99 was used for these simulations.130

2.4. Cortical bone wave-speed estimation131

The ultrasound wave-speed in the bone layer (Figure 3) must be known to perform the refraction132

corrected image reconstruction as proposed in [7]. It is a priori unknown as it depends on the133

specific microstructure considered. Note that the combination of the isotropic elastic properties134

for the bone matrix with the quasi-random distribution of the pores in the plane (1, 2), leads to135

isotropic properties in this plane at the scale of the wavelength, which is also the millimeter scale136

or mesoscale [31]. Additional simulations were performed in order to estimate this wave-speed.137

A plane wave at normal incidence was emitted by the array using the signal shown in Figure 5.138
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Virtual receivers were placed inside bone along 5 equally spaced lines (spacing=0.5 mm) parallel139

to periosteal and endosteal interfaces. The waveforms recorded on each line of receivers were140

coherently summed and the time-of-flight was estimated from the first received signal peak. The141

wave-speed in the cortical bone is finally obtained by linear regression of time-of-flights measured142

at the 5 different depths (see Figure B.13 in Appendix B). As an alternative method, the wave-143

speed could be obtained by finding within a range of values, the wave-speed that maximizes the144

focus quality at the endosteal interface as it was done in in-vivo [7].145

2.5. Image reconstruction with a refraction-corrected delay-and-sum algorithm146

Delay-and-sum (DAS) algorithm with a constant f-number in receive throughout the image is147

used for image reconstruction [32]. DAS was chosen as it is the most extensively used beamforming148

algorithm, and also because it was used for the first in-vivo imaging of the bone cortex in [7]. A149

hanning window was applied to the receiver sub-aperture. A preliminary study aimed to determine150

the optimal f-number that maximizes the image contrast for the detection of the endosteal interface,151

the optimal f-number was 1.9 (see Appendix C). This way, DAS is used at its highest potentiality152

as described by [32]. The synthetic aperture sequence led to 24 low resolution images which were153

coherently summed to get a high contrast image. The delays used in the DAS algorithm account154

for refraction at all the interfaces. The implementation described in [7] was used to calculate155

the delays: for each array element and image pixel, Fermat’s principle is used to calculate the156

travel time through the multi-layered medium. Only the contribution of longitudinal waves were157

considered, i.e. the arrival times of wave contributions associated with the shear waves were158

disregarded. The ultrasound longitudinal wave-speed used for the bone layer was different for each159

microstructure as explained in section 2.4.160

2.6. Endosteal interface visibility quantification161

To evaluate image quality, i.e., the visibility of interfaces, the relative interface contrast (CEP )

and the endosteal interface contrast (CEI) were defined as follows:

CEP =
µE

µP

; CEI =
µE

µI

,

where µI , µE and µP are respectively the average image intensities in the center of the cortex, at162

the endosteal and periosteal interfaces. The regions of interest (ROI) used for the calculation of163

µI , µE and µP , are defined in Figure 6 where the red box represents the inner bone ROI, the yellow164
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and blue boxes represent respectively the periosteal interface ROI and the endosteal interface ROI.165

Each ROI had a height of 0.8 mm and a width of 6.5 mm.166

Periosteum region

Cortical bone
region

Endosteum
region

Figure 6: A typical reconstructed image for the simulation configuration shown in Figure 3. The yellow, red and

blue ROIs were used to evaluate periosteum, inner bone, and endosteum contrasts, respectively.

Because the amplitude of the reflection at the periosteal interface is only slightly influenced167

by the porosity, CEP variations reflect the variations of the absolute visibility of the endosteal168

interface. CEI evaluates how well the endosteal interface can be distinguished from the speckle169

inside the bone. On decibel scale, a positive value of CEI means that endosteal interface is clearly170

visible while a negative value means that the endosteal interface is poorly visible.171

2.7. Data Analysis172

A correlation analysis was conducted to identify the microstructure parameters defined in 2.2173

of most important influence on endosteal interface visibility metrics (CEI and CEP ). Normality174

of the distribution of the variables was evaluated using the Shapiro-Wilk test and we found that175

most of the variables were not normally distributed. Therefore, Spearman rank coefficients were176

used.177

Correlations were considered statistically significant for p < 0.05. Statistical analyses were178

made using the Matlab 2018b Statistics Toolbox (Mathworks Inc., Natick, MA, USA). The pat-179
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terns of variation of CEI and CEP with the three most important microstructure parameters were180

investigated. The purpose was to assess the range of values of the microstructure parameters, in181

particular porosity, for which the endosteal interface is visible.182

Finally, the collection of images from all microstructure are analyzed and characteristic images183

to best illustrate the effect of the microstructure parameters on the appearance of the endosteal184

surface in the images were selected.185

3. Results186

3.1. Wave-speed in cortical bone models187

Figure 7 shows the wave-speed in cortical bone estimated for each microstructure as a function188

of Ct.Por . Wave-speed varied from about 2900 to 3400 m.s−1 as cortical porosity decreased from189

24 to 2 %, that is a variation of wave-speed of about 16%.190

2 4 6 8 10 12 14 16 18 20 22 24
2800

2900

3000

3100

3200

3300

3400

3500
Experimental
Simulation: this study

Figure 7: Simulated (red circles) and experimental (blue diamonds) wave-speed against porosity (Ct.Por).

For comparison, experimental values that were deduced from experimental elastic coefficients191

obtained by Cai et al. [33] on the same collection of bone specimens (see in Appendix B the details192

on experimental wave-speed determination) are also shown. Linear regression models between193

wave-speed and Ct.Por for both experimental (V exp
1 = 3404.5 − 23.83 × Ct.Por , RMSE =194
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61.9 m.s−1) and synthetic data (V sim
1 = 3406.5 − 23.73 × Ct.Por , RMSE = 37.8 m.s−1) had195

very close parameters and were in accordance with literature [34].196

3.2. Descriptive statistics197

The values of microstructural properties, wave-speed in cortical bone and interface visibility198

metrics are summarized in Table 1

Median QT-1 QT-3 MIN MAX

Ct.Por [µm] 11.19 8.57 13.83 2.00 24.00

Ct.Po.Dm. [µm] 67.70 57.26 84.81 39.09 119.95

Ct.Po.Dn. [pores/mm2] 13.51 12.27 15.27 9.38 19.40

Dm.DC-1 [µm] 25.23 22.57 31.92 15.96 52.93

Dm.DC-9 [µm] 155.98 133.51 186.05 73.99 271.05

Lg.Po.Dm [µm] 213.01 186.06 238.79 97.95 337.39

Sm.Po.Dm [µm] 18.20 15.27 22.53 11.28 38.42

Dm.Rng [µm] 323.45 273.90 392.15 129.65 736.69

Dm.IDRng [µm] 132.62 106.56 154.74 54.04 229.13

V sim
1 [m.s−1] 3137.13 3050.90 3210.75 2870.30 3411.42

CEI [dB] 0.86 −0.59 3.33 −8.31 18.57

CEP [dB] −6.81 −8.15 −5.20 −11.35 −1.89

Table 1: The median, minimum value (MIN), maximum value (MAX), first (QT-1) and last (QT-3) quartile of the

visibility metrics (CEI , CEP ), the wave-speed in cortical bone and the pore microstructural variables (defined in

section 2.2)

199

3.3. Influence of microstructure on image contrasts200

Spearman rank correlation coefficients between image quality metrics (CEI , CEP ) and pore201

characteristics are given in Table 2. Ct.Po.Dn was not significantly correlated to the interface202

metrics, therefore it was discarded for the rest of the analysis. Negative correlations were found203

for the rest of the variables. Among all variables, the strongest correlation coefficients were for204

Lg.Po.Dm, Ct.Por, Dm.IDRng, and Dm.DC-9 (rs from −0.61 to −0.71, p < 0.001). Correlation for205

Dm.Rng and Ct.Po.Dm were moderate (rs from −0.48 to −0.52, p < 0.001). Smaller correlations206

for Dm.DC-1 and Sm.Po.Dm (rs from −0.23 to −0.33, 0.001 < p < 0.05) were found.207
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Pore characteristics CEI CEP

Lg.Po.Dm −0.712 −0.672

Ct.Por −0.662 −0.632

Dm.IDRng −0.652 −0.612

Dm.DC-9 −0.622 −0.592

Dm.Rng −0.522 −0.482

Ct.Po.Dm −0.502 −0.482

Dm.DC-1 −0.331 −0.291

Sm.Po.Dm −0.271 −0.231

Ct.Po.Dn 0.08n.s 0.11n.s

Table 2: Spearman correlation coefficient rs between image quality metrics and microstructural properties. CEI :

endosteal-interface contrast, CEP : relative interface contrast . n.s: not significant p > 0.05, 1 : 0.001 < p < 0.05 ,
2 : p < 0.001

In figure 8, the variations of averaged pixel intensity in the three ROIs, CEI and CEP are208

shown for all microstructures as function of Lg.Po.Dm, Ct.Por, and Dm.IDRng which were found209

to be the most important variables (Table 2). Each point corresponds to a specific microstructure.210

First, we observe the relatively small variations of the periosteum mean intensity (blue curve)211

with respect to microstructure parameters. As a consequence, CEP essentially evaluates endosteal212

interface contrast. As expected, this value is always negative because the endosteal surface is less213

visible than the periosteal surface.214

Second, endosteal interface mean intensity (red curve) decreases while that of the internal215

bone speckle intensity (orange curve) increases for increasing values of microstructure parameters216

reflecting the degradation of bone microstructure. CEI , which is by construction our metric best217

reflecting the visibility of the interface, varies between about -5 dB and 15 dB. Negative values218

correspond to speckle intensity inside bone larger than endosteal interface intensity. For small219

"large pore" size (Lg.Po.Dm < 200 µm), low cortical porosity (Ct.Por <10%) and weak pore220

size dispersion (Dm.IDRng < 100 µm), CEI is positive for most of the microstructures while it is221

negative for large "large pore" size (Lg.Po.Dm > 250 µm), high cortical porosity (Ct.Por > 15%)222

and strong pore size dispersion (Dm.IDRng > 170 µm). For intermediate values, CEI hovers223

around 0 dB.224
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Figure 8: Average pixel intensity for the three ROIs (top), bone-endosteum contrast CEI (middle) and interface

contrast CEP (bottom). The evolution of these variables for "large pores" size (Lg.Po.Dm), porosity (Ct.Por), and

pore diameter dispersion (Dm.IDRng) are shown.

The reconstructed images for all microstructures are provided in the supplementary material.225

In the following, a set of representative images are presented. Figure 9 shows a selection of images226

for different porosity values. Lg.Po.Dm and CEI are given for each image. The periosteal interface227

is clearly visible as a bright zone centered at 2 mm-depth. The endosteal interface at 4.7 mm-depth228

is more or less visible depending on the microstructure. With increasing porosity, speckle intensity229

inside bone increases and endosteal interface visibility fades. On these images, for porosities of230

2, 5, and 8% the endosteal interface stands out from inner cortical bone speckle and CEI values are231

positive. For porosities of 13, 16 and 20 %, speckle intensity inside the bone becomes dominant,232

the endosteal interface can hardly be distinguished, and CEI values are negative.233

As Lg.Po.Dm was found to be relatively strongly correlated to the image contrast, Figure 10234
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Figure 9: Reconstructed ultrasound images from simulated data for six microstructures for increasing porosties. 1st

row (from left to right): 2, 5 and 8 % porosity, 2nd row: 13, 16 and 20% porosity. Lg.Po.Dm and CEI are given

for each image. The black dotted lines represent the true positions of the periosteal and endosteal interfaces. Each

image is reconstructed using DAS with an optimized receive f-number of 1.9. The intensity is log-compressed and

displayed with a dynamic range of 60 dB.

shows reconstructed images for microstructures with a similar porosity around 10.5% (±1%), and235

with increasing Lg.Po.Dm spanning the range 183−272 µm. For these microstructures, CEI values236

decreased from 5.63 dB to −3.25 dB. Endosteal interface is visible for images on the first row whilst237

it is not for the images on the second row. As an example, figure 10 shows that the endosteal238

interface is perfectly detectable (CEI = 5.63 dB) for 11.19 % porosity and Lg.Po.Dm= 183.3 µm239

and not visible (CEI = −3.25 dB) for 10.09 % porosity and Lg.Po.Dm= 239.3 µm, illustrating a240

strong influence of the diameter of large pores on the image contrasts.241

4. Discussion242

4.1. Impact of the intra-cortical microstructure on image contrast243

In this study, the effect of cortical bone microstructure on the quality of ultrasound images244

of the cortex is investigated. The contrast should be sufficient to allow the identification of the245

endosteal interface in order to assess cortical thickness, an important biomarker of bone health246
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Figure 10: Reconstructed ultrasound images from simulated data for six microstructures with nearly equal porosity

(around 10.5%) but increasing "large pore" size (Lg.Po.Dm). Ct.Por and CEI are given for each image. The black

dotted lines represent the true positions of the periosteal and endosteal interfaces. Each image is reconstructed

using DAS with an optimized receive f-number of 1.9. The intensity is log-compressed and displayed with a dynamic

range of 60 dB.

[5, 35]. Numerical simulations with a collection of 105 high-resolution images of microstructure247

(porosity ranging from 2 to 24%) were used in order to cover the diversity of porosity, pore size248

and pore distribution met in human cortical bone. Indeed, with ageing and osteoporosis, cortical249

bone porosity and pore size increases. This degradation of the microstructure is challenging for250

ultrasound imaging.251

The simulation framework was validated based on the excellent agreement found between ex-252

perimental wave-speed values and those recovered from numerical simulations (Figure 7 and Ap-253

pendix B). Image reconstruction was performed using the state-of-the-art delay-and-sum image254

reconstruction with optimized receive f-number, correction of refraction at the soft tissue-bone255

interface and sample-specific wavespeed. A signal processing approach similar to the one adopted256

by [7] for in vivo imaging of the cortex of young adults were employed.257

It is found that as Ct.Por increases, speckle intensity inside the bone cortex increases whereas258

the intensity of the signal from the endosteal interface decreases (Figure 8 and Figure 9). We found259
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a reduction of approximately 18 dB in endosteal visibility metric (CEI) from the denser bones to the260

most degraded microstructures. Interestingly, the presence of large pores (quantified by Lg.Po.Dm261

and Dm.DC-9) and the width of the distribution of pore size (Dm.IDRng) had a strong effect on262

image contrast (see Table 2). For similar porosities, a microstructure with larger "large pores" will263

be associated to lower visibility of the endosteal interface (Figure 10). This means that the sole264

augmentation of cortical porosity is not enough to explain the contrast deterioration (see figure 11265

for illustration). Overall, the endosteal interface was visible (CEI > 0 dB) for microstructures with

Figure 11: Scatter plot of endosteal interface contrast (CEI) as a function of cortical porosity (Ct.Por) and diameter

of large pore (Lg.Po.Dm). Size and color of each circle are proportional to the value of CEI

266

moderate porosity (Ct.Por∼< 10%), small "large pore" size (Lg.Po.Dm < 200 µm), and weak pore267

size dispersion (Dm.IDRng < 100 µm). Endosteal interface was not visible (CEI < 0 dB) for big268

"large pore" size (Lg.Po.Dm > 250 µm), high cortical porosity (Ct.Por > 15%) and wide pore269

size dispersion (Dm.IDRng > 170 µm). These threshold values of the microstructure parameters270

are specific to our study as they are tied to the chosen central ultrasound frequency (2.5 MHz)271

used in vivo and cortical thickness (2.7 mm). For higher frequencies, ultrasound waves would272

experience stronger scattering by pores and higher attenuation resulting in lower threshold Ct.Por273

and Lg.Po.Dm values for a visible endosteum at the same depth.274
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4.2. Possible physical origins of contrast loss275

The failure to observe the endosteal interface for degraded microstructures may be explained276

by several factors. The amplitude of the waves reflected at the endosteal interface decreases with277

increasing porosity because the effective acoustic impedance mismatch between bone and marrow278

is reduced. This can be quantified from the theoretical reflection coefficient (calculated for the279

acoustic power) which drops by 25% (corresponding to −1.2 dB in an image, see Appendix D)280

in the porosity range investigated. Therefore, the variations in the reflection coefficient cannot281

explain the 8 dB decrease in the intensity of the endosteal interface (Figure 8). Another factor is282

the attenuation that varies from about 20 dB/cm to 60 dB/cm in the investigated porosity range283

(see Appendix E). This corresponds to a decrease in the amplitude of backscattered echoes of284

about 20 dB if a round trip distance through the thickness of the cortex is considered. This value285

is larger than the observed 8 dB reduction of the amplitude at the endosteal interface. Because286

the proposed contrast metrics are calculated in the 0.8 mm-high regions of interest depicted in287

Figure 6, it is likely that our approach cannot accurately track further decrease in the amplitude288

of the specular reflection at the endosteal interface as the porosity increases. Indeed, because half289

the region of interest of the endosteal interface encompasses cortical bone, the amplitude at the290

endosteal interface shown in Figure 8 contains both specular reflection at the endosteal interface291

and diffuse scattering by the pores near the endosteal interface. The main reason for the loss of292

endosteal contrast could be the increase in the scattering strength from the inner microstructure293

of the cortex as porosity increases. For a porosity larger than 15 %, the amplitude of echo signals294

generated by the inner microstructure overcomes the amplitude of echo signals reflected at the295

endosteal interface. As a consequence, the endosteal interface is no longer visible. As shown in296

Figure 8, the speckle amplitude inside the cortex increases by about 10 dB (excluding extreme297

values) as the porosity increases. The product ka where k is the wavenumber at central frequency298

and for a wave speed of 3200 m/s, and a is the radius of the pores in the range 25 to 300 µm,299

varies from 0.12 to 1.5. Based on simulations similar to those of this study (but with monodisperse300

circular pores), Iori et al [36] found an increase of the backscatter intensity of about 5 dB as ka301

increased from 0.1 to 1, for ka between 1 and 1.5 a small decrease of about 2 dB was observed.302

This increase of pore backscatter intensity with ka supports the idea that the presence of large303

pores is the main cause of the loss of contrast at the endosteal interface.304
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4.3. Design of the numerical study: motivations and advantages305

Our aim was to quantitatively assess the relationships between the bone microstructure and306

image contrast. This study was conducted with numerical simulation for several reasons. Firstly,307

this allowed us to investigate a large range of realistic microstructure types. This would not be308

possible in an in vivo study due to the limitations in X-ray imaging resolution in vivo, nor in an309

ex vivo study for which the number of samples and the control of their variability is an issue. One310

strength of the present study is to use high resolution images of human cortical bone obtained311

with SR-µCT, which reveal the realistic details of the microstructure of human cortical bone.312

Second, simulations of the imaging process are free of electronic noise and other experimental313

artifacts, resulting in a best-case imaging scenario. Finally, a plate-like cortical thickness with314

parallel interfaces was designed as the simplest imaging configuration to isolate the effect of varying315

microstructure from those of varying thickness and interface curvature or interface tilt. Interface316

curvature and tilt can be accounted for with the refraction corrected image reconstruction algorithm317

used here [7].318

4.4. Limitations of the study319

The original microstructure images obtained with SR-µCT were relatively small (2.7×3.5 mm2).320

Other high resolution imaging modalities could have been used to generate the model, such as321

scanning acoustic microscopy [37]. The advantage of using SR-µCT images was the high resolution322

(voxel size of 6.5 µm) and high contrast providing an accurate picture of the pores. Although the323

vast majority of simulations of ultrasound propagation in cortical bone has been conducted in324

2D configurations in the plane transverse to osteons [8, 26], the validity of this configuration has325

not been investigated in detail. Haversian canals are not infinite cylinders as hypothesized here326

but their average length is in the range of 2-4 mm [38]. Volkmann canals, which run nearly327

perpendicular to Haversian canals, contribute to a part of the porosity and are not modeled in 2D328

configurations. Another three-dimensional feature not considered here is the spatial resolution in329

the elevation dimension of the probe which is finite and results in a summation of the backscattered330

signals over the height of the elements of the probe array. In cortical bone, attenuation due to pore331

scattering and absorption within the bone solid matrix both contribute to the total attenuation332

coefficient. In these simulations, a frequency-independent absorption within the bone matrix is333

modeled with an absorption coefficient of 19.0 dB/cm at 2.5 MHz following Yousefian et al. [18],334

[25]. This value leads to a total attenuation slightly higher than the values reported by Grimal335
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et al [39] from ex-vivo measurements of attenuation in human cortical bone specimens. They336

reported an attenuation of about 50 dB/cm at 4 MHz for specimens with a porosity around 10%337

while in the present simulation study we found an attenuation of 40 dB/cm at 2.5 MHz for the338

same porosity (see Appendix E). Some simulations were also conducted without absorption within339

the bone matrix (results not shown) and the results were found to be similar. Accordingly, we340

believe that the conclusions of this study are not sensitive to the choice of the absorption coefficient341

in the matrix. Finally, the heterogeneity of the distribution pore sizes was not fully considered.342

Specifically, a gradient of pore sizes through the cortex was only present in a few microstructure343

images, and the roughness of the endosteal interface due to the presence of large pores across344

the interface (trabecularization) [40] was not considered. The impact on image quality of this345

heterogeneity should be investigated in a separate study.346

4.5. Conclusion and perspectives347

The simulation results presented in this article suggest that the cortical thickness of individuals348

with low and moderate porosity can be successfully imaged at 2.5 MHz. This is in line with the349

in vivo results of Renaud et al. [7] on two young subjects for which the endosteal interface could350

be clearly identified at the radius and tibia. In contrast, our results suggest that imaging the351

cortical bone of some elderly subjects or osteoporotic subjects with a degraded microstructure352

(porosity larger than 10%, presence of large pores) [14] would be challenging. Specifically, we353

have found that the presence of large pores is detrimental to image quality. Such large pores354

are characteristic of degraded bone and were associated with weak femoral strength ex vivo [35]355

and with fracture risk [41]. This may appear to be a major obstacle to bone imaging for some356

individuals with a high risk of fracture. A central frequency of 2.5 MHz like in in vivo measurements357

[7] is used. With a lower frequency, scattering and absorption may be reduced, however the358

spatial resolution in the ultrasound image may be not sufficient to clearly distinguish the endosteal359

interface from the periosteal and measure the cortical thickness. In this study we have used360

an optimally-implemented delay-and-sum image reconstruction algorithm, and demonstrated the361

limits of this approach. Advanced signal processing and image reconstruction could be considered362

to overcome this limitation, including data adaptive beamforming, specular beamforming, inverse363

problem and machine learning approaches [42, 43, 44, 45].364

20



Appendix A Estimating the bone matrix characteristics365

The material properties of the bone matrix tissue used for the numerical simulations of the366

propagation of elastic waves were derived from experimental data as described below.367

Mass density. The bone matrix mass density (ρm) was deduced from measurements of the ap-

parent mass density (ρ) and cortical porosity (Ct.Por) of 55 cortical bone specimens from elderly

donors [33] (the microstructures used in the present study came from the same samples). A linear

regression between ρ and Ct.Por is determined:

ρ = ρm − 13.1× Ct.Por

where ρm is the intercept for a null porosity. The correlation between ρ and Ct.Por was strong:368

Adj-R2 = 84.5 %, p= 2.43 10−23, RMSE = 22.1 kg.m−3. Finally, a value of 1996 kg.m−3 was found369

for ρm. Figure A.12 shows the values of ρ as a function of cortical porosity along with the linear370

fit.
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Figure A.12: Cortical bone apparent mass density (ρ) of the 55 human bone specimens of this study obtained by

[33]. A regression linear model is fitted (red line).
371

Shear and compressional wave-speeds. Longitudinal and shear wave speeds in the bone matrix

are deduced from ρm and experimental values of the matrix elastic coefficients Cm
ij (using Voigt

notation, with i, j = 1, 2, 3) provided by Cai et al.[33] for the same bone specimens. For this study,
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V m
1 and V m

12 were used, they are respectively the velocities of longitudinal and compressional waves

propagating in bone matrix in the plane perpendicular to the bone axis and with in-plane particle

motion. They are determined using:

V m
1 =

√
Cm

11

ρm
, and V m

12 =

√
Cm

66

ρm
.

Cai et al. [33] reported Cm
11 = 24.5 GPa and Cm

66 = 5.4 GPa, from which values of 3496 m.s−1 and372

1645 m.s−1 were deduced for V m
1 and V m

12 respectively.373

Appendix B Experimental ultrasonic velocity estimation for different cortical porosi-374

ties375

Cai et al [20] measured the stiffness tensor (Cij), apparent mass density (ρ), and vascular376

porosity of cortical bone specimens from elderly donors. The compressional wave-speed for each377

specimen was calculated as
√

C11

ρ
, where C11 is the specimen-specific elastic coefficient correspond-378

ing to longitudinal deformation in the plane of isotropy. The obtained values of wave-speed in379

direction 1 (any direction normal to the symmetry axis of the microstructure) as a function of the380

intra-cortical porosity are shown in Figure 7 in blue diamonds. The red circles in Figure 7 represent381

the values of wave-speed estimated from this study using the method described in section 2.4 and382

the configuration of Figure B.13.

Figure B.13: Configuration model used for estimation of wave-speed in cortical bone. Virtual receivers are placed

inside bone along 5 equally spaced (spacing=0.5 mm) lines (red dotted line inside cortical bone layer).

383
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Appendix C Determination of the optimal receive f-number for endosteal detection384

In order to use the DAS algorithm optimally, the receive f-number was optimized as explained385

by Perrot et al. [32]. The interface visibility is evaluated for 25 different f-number values ranging386

from 0.2 to 2.6. The f-number was constant throughout the image, resulting in a different number387

of elements used for each point of the image. For a f-number greater than 2.6, less than 3 elements388

are used for the reconstruction of the endosteal interface, therefore the f-number was studied for389

values lower than 2.6. For a configuration without cortical pores (Ct.Por=0%), CEP (defined in390

section 2.6) increases with f-number and reaches its maximum for a f-number close to 1.9 (increase391

of 8 dB). This is illustrated in Figure C.14.392

Globally, the f-number that maximizes CEP is close to 1.9. This value of f-number corresponds

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
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Figure C.14: Endosteum–Periosteum contrast for different values of f-number for a configuration without microstruc-

ture (i.e. porosity= 0%). The number of active elements is also given.

393

to a receive aperture of 2.35 mm equivalent to 9 active elements for a focusing depth of 4.7 mm394

(i.e at the endosteal interface). For CEI , the increase of contrast is smaller (increase of 3 dB), but395

the tendency is the same as for CEP for almost all configurations. The f-number that maximizes396

CEI is also close to 1.9. The metrics decrease for large f-number values.397

Figure C.15 is an example plot of endosteal interface visibility against f-number for a configuration398

with a cortical porosity of 5.5%.399

400
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Figure C.15: Quantitative assessment of endosteal interface visibility as a function of the f-number, for a microstruc-

ture with a porosity of 5.5% porosity. The blue solid curve is relative interface contrast (CEP ) and the red dashed

curve is endosteal interface contrast (CEI).

Appendix D Power reflection coefficient at the endosteal surface.401

The amplitude of the specular reflection is important to interpret the appearance of the inter-

faces in the images of this study. Therefore the power reflection coefficient at the endosteal surface

were calculated for different microstructure. As porosity increases, the speed of sound in cortical

bone decreases leading to a drop of the power reflection coefficient at endosteal interface (Rend).

The theoretical power reflection coefficient of plane waves is:

Rend =

(
Zmarrow − Zbone

Zmarrow + Zbone

)2

,

where Zmarrow and Zbone are the impedances of marrow and bone. In Figure D.16, reports Rend as402

a function of cortical porosity. In the porosity range 2-24 %, Rend decreases by 25 % of its value403

at 2 % porosity.404

Appendix E Attenuation coefficient405

Estimation of the ultrasonic attenuation coefficient with numerical simulations. The attenuation

value is important to interpret the ultrasound images of cortical bone obtained in this study.

Therefore an analysis were conducted to document the variation of attenuation for our samples.

Beside absorption inside the bone matrix, scattering due to pores contributes to the total amount

of attenuation. To estimate the total attenuation coefficient in cortical bone additional simulation

mimicking the substitution method commonly used for the experimental characterization of atten-

uation [46] were performed. For each model (i.e. each microstructure, see Figure 3), a plane wave
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Figure D.16: Plane wave power reflection coefficient at the endosteal interface for each cortical microstructure.

at normal incidence is emitted by the transducer array and recorded after propagation through

the layer of cortical bone by a line of virtual receivers positioned slightly below and parallel to the

endosteal interface. To obtain a reference signal, the bone tissue is replaced with soft tissue. The

attenuation coefficient in cortical bone was derived from the ratio of the magnitude spectrum of the

signal received after propagation through bone (|S(f)|) to the magnitude spectrum of the reference

signal (|S0(f)|). Losses due to transmission through the two interfaces of the cortical bone layer

were taken into account using the values of the plane wave transmission coefficients Tp (through

the periosteal interface) and Te (through the endosteal interface) calculated from the estimated

compressional wave-speed (V1) and apparent mass density (ρ). The attenuation coefficient αdB in

cortical bone expressed in dB/cm is obtained from:

αdB(f) =
20

ln(10)

1

Ct.Th
ln

(
|S0(f)|TpTe

|S(f)|

)
, where Ct.Th is the thickness of the cortical bone layer in cm (0.27 cm).406

Two sets of simulation were performed: with and without absorption in the bone matrix.407

Absorption in the bone matrix was set to 19.05 dB/cm as explained in Materials and Methods.408

Figure E.17 shows the obtained attenuation coefficient values as a function of porosity.409

410

411

Relationship with microstructure. The difference between attenuation coefficients for simulations412

with and without bone matrix absorption is close to 19 dB/cm as expected. In fact, in this413

study, the maximum normalized frequency calculated as the product of sample wavenumber(k) and414
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Figure E.17: Ultrasonic attenuation coefficient at 2.5 MHz in cortical bone as a function of porosity for simulations

with absorption in bone matrix (blue upward pointing triangles) and simulations without absorption (red downward

pointing triangles). The difference between these two data sets is also shown as yellow crosses.

sample median pore diameter (Ct.Po.Dm) is 0.66 (moderate scattering regime), therefore, total415

attenuation is expected to be a linear summation of the bone matrix absorption and attenuation416

due to scattering [25].417

Scattering attenuation coefficient is highly influenced by cortical microstructure. In the porosity418

range (2-24 %), attenuation coefficient increased by 40 dB/cm (Figure E.17). Spearman rank

Lg.Po.Dm Ct.Por Dm.DC-9 Dm.IDRng Ct.Po.Dm Dm.Rng Dm.DC-1 Sm.Po.Dm Ct.Po.Dn

Attenuation coefficient 0.922 0.892 0.832 0.822 0.702 0.671 0.542 0.462 −0.21n.s

Table E.3: Spearman correlation coefficient rs between attenuation coefficient and microstructure properties (see 2.2

for the definition of variables). n.s: not significant p > 0.05, 1 : 0.001 < p < 0.05 , 2 : p < 0.001

419

correlation coefficient between attenuation and microstructure variables were evaluated. There420

was strong positive correlation coefficient (rs) for large pore size (rs = 0.92), porosity (rs = 0.89421

) and 9th decile of diameters (rs = 0.83) (see Table E.3). These statistics suggest that scattering422

magnitude increases with pore size and is dominated by scattering caused by large pores.423

Appendix F Large pore influence on the visibility of the endosteal interface424

Figure F.18 illustrates pore size effect on the visibility of the endosteal interface. The SR-µCT425

images of microstructures correspond to the reconstructed images of Figure 10. In the leftmost im-426

age, the microstructure does not contain pores with large diameter (Lg.Po.Dm=183.3 µm) and the427
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Figure F.18: Binarized SR-µCT image of microstructure with similar porosities (top) but increasing large pore size

and their corresponding reconstructed ultrasound images (down).

endosteal interface is clearly visible (CEI = 5.63 dB) while in the two following images some large428

pores (Lg.Po.Dm=272.6 µm and Lg.Po.Dm=239.3 µm) are observed and the endosteal interface is429

not visible (CEI = −3.25 dB for both).430
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