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Introduction

A surgeon with reliable information about a patient's bone quality can make informed decisions on the type of implant and the impaction force used during orthopaedic surgery [START_REF] Boughton | Measuring Bone Stiffness Using Spherical Indentation[END_REF]. Current techniques, however, cannot accurately characterise the mechanical properties of the bone. A portable, non-expensive and non-invasive tool is needed to assess bone health. Ultrasound has been investigated extensively for bone assessment, but the technology has not been established in clinical practice yet [START_REF] Raum | Clinical Devices for Bone Assessment[END_REF][START_REF] Tran | Ultrasonic Guided Waves in Bone: A Decade of Advancement in Review[END_REF].

Important negative outcomes from surgery are intraoperative, and post-operative fractures, and implant loosening [START_REF] Boughton | Measuring Bone Stiffness Using Spherical Indentation[END_REF]. Intraoperative and post-operative fractures are relatively common in hip arthroplasty [START_REF] Abdel | Epidemiology of Periprosthetic Fracture of the Femur in 32 644 Primary Total Hip Arthroplasties: A 40-Year Experience[END_REF], and orthopaedic surgeons need to make more informed decisions to reduce the risk [START_REF] Issack | Fat Embolism and Respiratory Distress Associated with Cemented Femoral Arthroplasty[END_REF][START_REF] Rhyu | Does Osteoporosis Increase Early Subsidence of Cementless Double-Tapered Femoral Stem in Hip Arthroplasty?[END_REF]. Intraoperative and post-operative fractures can either be a consequence of high loads applied during the surgery or implant loosening and bone fractures around the implant after surgery [START_REF] Doyle | Impaction Technique Influences Implant Stability in Low-Density Bone Model[END_REF][START_REF] Haidukewych | Intraoperative Fractures during Primary Total Hip Arthroplasty[END_REF][START_REF] Valle | Acetabular Reconstruction in Revision Total Hip Arthroplasty[END_REF][START_REF] Winter | Basic Considerations for Determining the Amount of Press Fit in Acetabular Cup Endoprostheses as a Function of the Elastic Bone Behavior[END_REF].

The common technologies used for assessing bone health are X-ray, dual X-ray absorptiometry bone mineral density (DEXA BMD) measurements, or haptic assessment of bone during surgery [START_REF] Tulner | Haptic Assessment of Bone Quality in Orthopedic Surgery: No Consensus but Perspective for High Training Potential[END_REF]. Usually, radiographs are not calibrated against the bone mineral content and therefore, the information that is provided is mainly representative of the shape of the organ [START_REF] Jonasson | Skeletal Bone Mineral Density in Relation to Thickness, Bone Mass, and Structure of the Mandibular Alveolar Process in Dentate Men and Women[END_REF]. Only 4% of patients who undergo hip arthroplasty attend for BMD measurements using DEXA, which is currently the gold standard for bone assessment [START_REF] Maier | The Importance of Bone Mineral Density in Hip Arthroplasty: Results of a Survey Asking Orthopaedic Surgeons about Their Opinions and Attitudes Concerning Osteoporosis and Hip Arthroplasty[END_REF]. Haptic assessment by orthopaedic surgeons during surgery is a subjective method and does not provide accurate, quantitative J o u r n a l P r e -p r o o f measurements [START_REF] Tulner | Haptic Assessment of Bone Quality in Orthopedic Surgery: No Consensus but Perspective for High Training Potential[END_REF]. Hence there is a surgical need for a portable, inexpensive, non-invasive tool to assess bone health before surgery.

Characterising the properties of the femoral neck with ultrasound is challenging, due to the anatomical positioning within the body and the amount of surrounding soft tissue. Therefore, ultrasound at peripheral sites has been investigated extensively. While many devices have been developed and tested, the method has not been established yet [START_REF] Behforootan | Ultrasound and Bone Disease: A Systematic Review OPEN ACCESS[END_REF]. Previous devices primarily tested calcaneus sites, which are too distal from the femoral neck and consist of predominantly cancellous bone [START_REF] Rufus-Membere | Associations between Bone Material Strength Index, Calcaneal Quantitative Ultrasound, and Bone Mineral Density in Men[END_REF].

Additionally, previous devices estimating cortical bone have only been able to acquire a single scan of either the cortical thickness or the cortical porosity [START_REF] Behforootan | Ultrasound and Bone Disease: A Systematic Review OPEN ACCESS[END_REF].

The Azalee ultrasound device is the first device able to measure both the cortical thickness and porosity (J.-G. [START_REF] Minonzio | Ultrasound -Based Estimates of Cortical Bone Thickness and Porosity Are Associated With Nontraumatic Fractures in Postmenopausal Women : A J o u r n a l P r e -p r o o f Pilot Study[END_REF]). After extensive review, a bi-directional axial transmission ultrasound device was selected for our study to investigate the ability of ultrasound to predict the mechanical properties of bone at the neck of the femur. The ultrasound has been developed and validated in-vitro (J.-G. [START_REF] Minonzio | Bone Cortical Thickness and Porosity Assessment Using Ultrasound Guided Waves: An Ex Vivo Validation Study[END_REF][START_REF] Schneider | Ex Vivo Cortical Porosity and Thickness Predictions at the Tibia Using Full-Spectrum Ultrasonic Guided-Wave Analysis[END_REF]) and in-vivo [START_REF] Ramiandrisoa | In Vivo Estimation of Cortical Thickness and Porosity by Axial Transmission: Comparison with High Resolution Computed Tomography[END_REF][START_REF] Schneider | In Vivo Measurements of Cortical Thickness and Porosity at the Proximal Third of the Tibia Using Guided Waves: Comparison with Site-Matched Peripheral Quantitative Computed Tomography and Distal High-Resolution Peripheral Quantitative Computed Tomography[END_REF].

The reproducibility and validity of Azalee ultrasound in scanning cortical thickness and porosity were assessed on 27 radii and 13 tibiae (J.-G. [START_REF] Minonzio | Bone Cortical Thickness and Porosity Assessment Using Ultrasound Guided Waves: An Ex Vivo Validation Study[END_REF]. The reproducibility of Azalee ultrasound for cortical thickness and porosity, given by the root mean square error of the standard deviation of estimates, was 0.11 mm and 1.9% respectively. The ultrasound has been utilised before to distinguish between fractured and non-fractured patients. However, the ability of ultrasound to predict the mechanical properties of bone at the clinically relevant site has not yet been investigated.

J o u r n a l P r e -p r o o f

Aims and objectives

The aim of this study was to determine the ability of Azalee guided wave ultrasound to estimate the mechanical properties of cortical bone at the neck of the femur in patients undergoing elective hip arthroplasty. We tested the hypothesis that guided wave ultrasound scans from peripheral sites correlated with the mechanical properties of bone at the neck of the femur.
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Materials and Method

Data collection

Femoral heads and necks were retrieved from 19 patients (12 male, 7 female) who had elective total hip arthroplasty for osteoarthritis. All patients were given an information sheet and a consent form, and data were collected from the patients who gave written consent to participate in the study. Ethical approval for this research was received (Imperial Tissue Bank number R13004a, Wales Research Ethics Committee number 18/LO/0277; IRAS project ID: 214772). Tibia and radius of patients were scanned using the guided wave ultrasound on the day of surgery or within two days after surgery.

Sample preparation

The bone samples collected from patients were stored at -80 °C after surgery. They were thawed in a 0.9% saline solution for one hour before cutting. It has been shown that thawing and refreezing bone several times does not change the bone properties significantly [START_REF] Linde | The Effect of Specimen Geometry on the Mechanical Behavior of Trabecular Bone Specimens[END_REF].

The femoral neck was parted from the femoral head using a water-cooled bandsaw (Exakt, Scotland). The cortical bone of the femoral neck was separated from the trabecular bone using the same bandsaw (Fig 1a). Using a high precision, low speed saw with a diamond wafering blade (Isomet, Buehler, Germany), cortical bone specimens were cut from the medial calcar region of the femoral neck, in the osteon's direction. The cortical specimen was cut into 3*3*6 mm rectangular parallelepiped samples [START_REF] Helgason | Mathematical Relationships between Bone Density and Mechanical Properties: A Literature Review[END_REF][START_REF] Keaveny | Systematic and Random Errors in Compression Testing of Trabecular Bone[END_REF][START_REF] Linde | The Effect of Specimen Geometry on the Mechanical Behavior of Trabecular Bone Specimens[END_REF]. A digital caliper was utilised to measure the dimensions with a precision of ±0.05 mm. Three measurements were taken along the length of the sample J o u r n a l P r e -p r o o f in each dimension, and the mean was used to calculate the volume. Fully hydrated samples were weighed just before mechanical testing.

Mechanical testing

Bone specimens were subjected to bulk tissue compression testing under a mechanical testing device (Instron 5565, Instron Ltd, High Wycombe, UK). The bone samples were set down between two polished, parallel, stainless-steel platens and compressive loads were applied to the specimens. The load was measured with a 5kN load cell, and the displacement was measured based on plate displacement. The samples were unconstrained, and the load was applied to the longitudinal axis of the bone specimen. Samples were moistened before testing.

Destructive testing was performed with a strain rate of 0.005/s, which is assumed to be the quasi-static strain rate for bone [START_REF] Hansen | The Effect of Strain Rate on the Mechanical Properties of Human Cortical Bone[END_REF][START_REF] Keaveny | Systematic and Random Errors in Compression Testing of Trabecular Bone[END_REF][START_REF] Linde | Mechanical Properties of Trabecular Bone by a Non-Destructive Compression Testing Approach[END_REF].

The load-displacement data was transformed to stress-strain data based on the geometries of the bone samples. The elastic modulus was calculated as the maximum slope of the stress strain curve's linear (elastic) region, using 1% strain intervals [START_REF] Keaveny | Systematic and Random Errors in Compression Testing of Trabecular Bone[END_REF][START_REF] Reed | Elastic Modulus and Strength of Emu Cortical Bone[END_REF]. The ultimate strength of bone specimens was identified as the maximum stress applied to the bone specimens before the failure point (Fig 1b). Finally, the area under the stress-strain curves were approximated using the trapezoidal method in MATLAB software, whereby the area under the curve is divided into smaller trapezoids and the area of these are summed.

Ultrasound scans
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A bi-directional Quantitative ultrasound device (Azalee, France) was utilised for scanning the patients (J.-G. [START_REF] Minonzio | Bone Cortical Thickness and Porosity Assessment Using Ultrasound Guided Waves: An Ex Vivo Validation Study[END_REF][START_REF] J O U R N A L P R E -P R O O F | In Vivo Characterization of Cortical Bone Using Guided Waves Measured by Axial Transmission[END_REF]. The ultrasound device consists of two probes, including a 1-MHz probe adapted for radius and a 0.5-MHz probe adapted for tibia (Vermont, Tours, France). Each probe consists of a linear array of piezo composite elements, divided into an array of 24 receivers, and two surrounding arrays of five transmitters each.

The probes were bidirectional, measuring the propagation of guided waves in two opposite directions. This was to correct for errors introduced by inclination angles between the probe and the bone due to uneven overlying soft tissues (Fig 2).

An electronic device was used to transmit and receive signals (Althais, Tours, France). Each transmitter was successively excited with a wideband pulse (170 V, 1-MHz for radius, and 0.5-MHz for tibia as the central frequency). The received signals were averaged 16 times and then sampled with a 20 MHz frequency.

A Graphic User Interface (HMI; Bleu Solid, Paris, France) was developed to display the spectrum of guided waves in real-time, to guide the operator in placing the probe in the optimal position, relative to the main bone axis (Fig 2). When the probe is not aligned with the bone axis, the guided wave spectrum image appears blurry. On the contrary when correctly aligned, guided modes appear as continuous lines. Two particular regions of the spectrum are visually followed: the upper part, associated with the slowest wave or A 0 mode, and the lower part, associated with the highest phase velocities and the modes traveling within the two cortical bone interfaces (J. [START_REF] Minonzio | Bi-Directional Axial Transmission Measurements Is an Easy To Apply Methodology Allowing Risk Assessment of Fracture in Elderly[END_REF].

Ultrasound scans for both radii and tibiae were obtained for each patient. The ultrasound device was placed at the anteromedial surface of the distal one-third of the radius and J o u r n a l P r e -p r o o f midpoint of the tibia. Three acquisitions were performed in each location and 10 scans were collected in each acquisition.

Signal Processing

The ultrasound signal was post-processed to extract the cortical thickness and porosity from the guided wave signal. The velocity of the first arriving signal (v FAS ) and the velocity of the A0 mode (v A0 ) were also calculated. This was done using software previously researched and developed (J.-G. [START_REF] Minonzio | Ultrasound -Based Estimates of Cortical Bone Thickness and Porosity Are Associated With Nontraumatic Fractures in Postmenopausal Women : A J o u r n a l P r e -p r o o f Pilot Study[END_REF].

Initially, the signal processing was designed to obtain the guided wave spectrum image, or Norm (f, k), using the so called SVD based method, interpreted as an enhanced spatiotemporal Fourier transform (J.-G. [START_REF] Minonzio | Bone Cortical Thickness and Porosity Assessment Using Ultrasound Guided Waves: An Ex Vivo Validation Study[END_REF]. This method was expanded to the inverse problem by projecting waveguide models associated with series of guided mode theorical curves in the f-k plane. Finally, each pixel of the inverse problem image in the Ct.Th-Ct.Po corresponds to a particular model, obtained with 2D transverse isotropic free plate, with porosity parametrised elasticity. The best fitting model corresponds to the maximum of the inverse problem image, expressed in a 0-1 scale due to normalised projection (Fig 3).

The ultrasound results were then filtered, firstly by discarding any individual scans where either velocity parameter (v FAS or v A0 ) was unobtainable, then by discarding any acquisitions where the remaining number of scans was less than 3, and finally by discarding acquisitions whose measurements had a standard deviation in thickness greater than 0.3 mm or a standard deviation in porosity greater than 2%. The final value for each site was calculated based on the average of the remaining measurements values of the same site.

Statistical Analysis
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Linear regression analysis was performed for each of the ultrasound parameters and each of the mechanical testing parameters, using the least square fit. Pearson correlation coefficients were calculated to show the degree of association between the two parameters. Correlations were considered statistically significant for p < 0.05. 'Match side' ultrasound scans, i.e., measurements taken from the same side the bone specimen was collected from, were used in the correlations. Correlations for each of the 4 scanned sites (radii, tibia, left, right) and for the mean between left and right sites were also calculated.

Multiple linear regression models were used to investigate the association between the mechanical testing properties and the ultrasound measurements at both radial and tibial sites. The association between mechanical properties and multiple ultrasound parameters at a single site were also investigated. 36 multiple linear regression models were created in MATLAB, using combinations of radial and tibial measurements, as well as combinations of different ultrasound parameters at a single site. The coefficient of determination (R 2 ) and statistical significance (p) were calculated for each model, and models were considered statistically significant for p < 0.05. The models were used to predict the mechanical properties, and the predicted values were compared to the values obtained experimentally.

Wilcoxon signed-rank tests were performed on all ultrasound parameters to identify any significant differences between scans obtained from the left and right sides.
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Results

From 19 patients, Azalee was only able to collect a complete set of ultrasound scans (i.e., all 4 sites) from 15 patients. For the remaining 4 patients, scans could not be obtained for one or more sites due to the high amount of soft tissue, resulting in a total of 7 missing data points (i.e., 4 radii and 3 tibiae).

The correlations for guided waves versus mechanical properties are shown in table 2. Most of the correlations were found to be statistically insignificant (p > 0.05). Three statistically significant correlations, shown in figures 4 a, b, and c (R 2 = 0.34, p < 0.05, R 2 = 0.26, p < 0.05, and R 2 = 0.31, p < 0.05, respectively), demonstrate a potential link between the porosity, as estimated by the ultrasound scans, and the elasticity, density, and stress (as indicated by the area under the stress-strain curve) of the femur, however, these correlations were not consistent across all sites.

Two of the 36 multiple linear regression models were found to be statistically significant, the details of which can be found in table 3. Negative linear associations were found between density at the femoral neck and the porosity and v FAS ultrasound measurements at the tibia, and the elasticity at the femoral neck and the porosity ultrasound measurements at both the radius and the tibia. The comparison of the predicted values with the actual values for these models can be found in figure 5a andb (R 2 = 0.48, p < 0.003, and R 2 = 0.41, respectively). This shows that combining multiple ultrasound measurements may have the potential to better predict properties at the femoral neck.

Left and Right Comparison

The Wilcoxon signed-rank test revealed there was no statistically significant difference between the left and right sides for any ultrasound scans.
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Discussion

Orthopaedic Surgeons need to characterise the mechanical properties of bone at the femoral neck to make more informed clinical decisions in arthroplasty surgeries and achieve better patient outcomes. This study aimed to test the efficacy of the Azalee guided wave ultrasound in estimating the mechanical properties of the cortical bone in the neck of the femur. The aim was achieved by correlating peripheral ultrasound measurements from the tibia and radius with mechanical data from the clinically relevant femoral neck including the elastic modulus, ultimate strength, and density of the cortical bone. The results show weak to moderate correlations between the ultrasound measurements at the peripheral sites and the mechanical properties of cortical bone at the neck of the femur (Table 1). Further, correlation coefficients (R 2 ) and the level of statistical significance (p) between Azalee ultrasound measurements and the mechanical properties were not consistent across the four measurement sites in a single patient.

Mechanical properties at the hip

Although there were some weak to moderate correlations and weak to moderate predictions calculated with multiple regression analysis, we can conclude Azalee ultrasound scans at the peripheral sites cannot estimate the mechanical properties at the osteoarthritic neck of the femur, due to the strength and inconsistency of the correlations.

One explanation for weak and inconsistent correlations found across the neck of femur and peripheral sites could be regional variation in bone properties around the body. The regional variation could be attributed to several different causes. Firstly, localised bone remodelling as a consequence of osteoarthritis may have caused regional changes in bone properties.

Osteoarthritis is typically associated with wear and tear of articular cartilage, however, there J o u r n a l P r e -p r o o f is evidence to suggest that localised bone remodelling also plays a role [START_REF] Donell | Subchondral Bone Remodelling in Osteoarthritis[END_REF]. It is well documented that there are changes in subchondral bone, which affect both the subchondral cortical bone and the subchondral cancellous bone [START_REF] Zhu | Subchondral Bone Remodeling: A Therapeutic Target for Osteoarthritis[END_REF], and these changes can be found near to and even distal from the joint [START_REF] Auger | Spatial Assessment of Femoral Neck Bone Density and Microstructure in Hip Osteoarthritis[END_REF]. Therefore, the bone properties may exhibit distinct characteristics at the neck of femur compared to the peripheral sites, which may have given rise to weak correlations. However, the full spatial picture of remodelling is not well documented. Therefore, we cannot be sure of the extent to which this bone remodelling affected the cortical bone samples, and thus the resulting correlations.

Other factors may also contribute to regional variation in bone properties across the body, such as different loads experienced across a patient's lifetime. There is evidence to show that site-specific bone remodelling occurs as a response to strains experienced by the bone [START_REF] Carter | Mechanical Loading Histories and Cortical Bone Remodeling[END_REF]. Therefore, over time bone properties across different anatomical regions may vary with different loads experienced, potentially leading to the differences in the mechanical properties observed between the clinically relevant and the peripheral sites. One study has shown that the bone mineral density, as measured by DEXA, from the femur and distal radius showed significant differences between the two sites [START_REF] Wilson | Variation in Bone Mineral Density by Anatomical Site in Patients with Proximal Humeral Fractures[END_REF]). Additionally, handedness has been shown to cause asymmetries in the thickness and BMD of bone between the left and right sides of the body due to habitual loads [START_REF] Troy | Dominant and Nondominant Distal Radius Microstructure: Predictors of Asymmetry and Effects of a Unilateral Mechanical Loading Intervention[END_REF] This could explain the internal inconsistencies observed between correlations of the dominant and nondominant sides.

Verification against literature
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Experimental results in this study were verified by comparing against values found in the literature. The density measurements in this study varied from 1.4 kg/m 3 to 2.0 kg/m 3 (Table 1). This falls within the range of values reported for femoral cortical bone density in the literature [START_REF] Rho | An Ultrasonic Method for Measuring the Elastic Properties of Human Tibial Cortical and Cancellous Bone[END_REF]. The compressive elastic modulus of cortical bone at the neck of the femur calculated in this study was between 0.9 GPa and 6.3 GPa, which is in line with the reported values in the literature with a similar testing protocol [START_REF] Boughton | Measuring Bone Stiffness Using Spherical Indentation[END_REF].

The model that was utilised for estimating the thickness and porosity of the cortical bone was previously validated (J.-G. [START_REF] Minonzio | Bone Cortical Thickness and Porosity Assessment Using Ultrasound Guided Waves: An Ex Vivo Validation Study[END_REF]. In this study, the thickness of the cortical bone at a point on the distal one-third of the radius and at the midpoint of the tibia was estimated as 3.17±0.24 mm and 5.23±0.89 mm, respectively. The porosity of the cortical bone at the one-third distal radius and at half tibia was estimated as 9.3±2.3% and 11.7±2.3% respectively (Table 1). These values were all in good agreement with previously reported values (J.-G. [START_REF] Minonzio | Bone Cortical Thickness and Porosity Assessment Using Ultrasound Guided Waves: An Ex Vivo Validation Study[END_REF][START_REF] Schneider | In Vivo Measurements of Cortical Thickness and Porosity at the Proximal Third of the Tibia Using Guided Waves: Comparison with Site-Matched Peripheral Quantitative Computed Tomography and Distal High-Resolution Peripheral Quantitative Computed Tomography[END_REF][START_REF] J O U R N A L P R E -P R O O F | In Vivo Characterization of Cortical Bone Using Guided Waves Measured by Axial Transmission[END_REF].

We can conclude that all values found from the mechanical testing and ultrasound data were in valid ranges as prescribed in the literature.

Limitations

The displacement of bone in mechanical testing was measured using the displacement of the plates. However, utilising techniques that directly measures the displacement of bone such as laser would be more accurate. Moreover, the ultrasound signal processing algorithm relies heavily on several assumptions which could account for some of the variation reported in the ultrasound estimates. Firstly, the shape of the bone and waveguide physics were simplified into a 2D isotropic plate model (J.-G. [START_REF] Minonzio | Bone Cortical Thickness and Porosity Assessment Using Ultrasound Guided Waves: An Ex Vivo Validation Study[END_REF]. Secondly, the waveguide was simplified such that it was parameterised only by the thickness and porosity, by assuming the J o u r n a l P r e -p r o o f bone microstructure consisted of equally sized and equally distributed pores. Due to these assumptions, non-uniformity and irregularities within the bone may cause scattering or disruption in the guided wave propagation. Additionally, the device did not work as well on patients with a high BMI, due to a thicker layer of surrounding soft tissue. Soft tissue can attenuate the signal or introduce additional unwanted modes, disrupting the signal.

Future directions

The ultrasound measurements at peripheral sites cannot predict the mechanical properties at the neck of femur in osteoarthritic patients. Previous research has also found that peripheral measurements using QUS and QCT cannot predict fracture cases at clinically relevant sites [START_REF] Clowes | The Discriminative Ability of Peripheral and Axial Bone Measurements to Identify Proximal Femoral, Vertebral, Distal Forearm and Proximal Humeral Fractures: A Case Control Study[END_REF]. This shows the need for a device which can directly measure and characterise properties at the clinically relevant site. In-vivo characterisation at the neck of the femur would be more accurate as we scan the region of interest, and it would give surgeons the ability to characterise before the surgery; and therefore, plan the surgery in normal clinical consultations. This may reduce the time of the surgery as well.

There have been some attempts to characterise the bone at the femur, using ultrasound however, the method was focused on trabecular bone. Furthermore, the method required scans to be performed in a water bath which would be difficult to perform and establish in clinics [START_REF] Andre | Measurement of the Velocity of Ultrasound in the Human Femur in Vivo[END_REF][START_REF] Barkmann | A Device for in Vivo Measurements of Quantitative Ultrasound Variables at the Human Proximal Femur[END_REF]. There is a need to refer to physics principles to address the challenges of ultrasound scanning of the femoral neck, due to the complexity of its geometry and the thickness of the surrounding soft tissue.

To make more informed decisions in hip arthroplasty, assessment of the mechanical properties of bone at the neck of the femur can also be performed in-vitro or in-situ. However, J o u r n a l P r e -p r o o f the mechanical characterisation of bone must be intraoperative for in-vitro and in-situ methods. In-vitro ultrasound scans of cortical bone at the neck of the femur correlated strongly with the mechanical properties of cortical bone (Boughton et al. 2019;[START_REF] Fan | Cortical Bone Viscoelastic Damping Assessed with Resonant Ultrasound Spectroscopy Reflects Porosity and Mineral Content[END_REF].

Furthermore, the speed of the sound (SOS) of the first arrival signal in cadaveric bone showed a significant difference between fractured and non-fractured patients [START_REF] J O U R N A L P R E -P R O O F Fu | Fragility Fracture Discriminative Ability of Radius Quantitative Ultrasound: A Systematic Review and Meta-Analysis[END_REF].

However, the likelihood of surgical site infection (SSI), increase with increasing operative time [START_REF] Cheng | Prolonged Operative Duration Increases Risk of Surgical Site Infections: A Systematic Review[END_REF]. In-vitro ultrasound scanning of bone due to the preparation of the bone is lengthy and therefore the method is not practical intraoperatively.

In-situ testing of cortical bone at the neck of femur could be a potential way forward. In-situ testing of bone during surgery can enable us to measure scan bone directly without any surrounding soft tissue. In-situ testing also increases the time of surgery, though sample preparation is not needed in this process which makes it quicker compared to in-vitro testing.

While Azalee ultrasound cannot be used for estimating mechanical properties of bone at the neck of the femur in osteoarthritic patients indirectly, there is still potential for further studies to investigate the use of the device in monitoring systematic changes in bone properties at peripheral sites over time [START_REF] Horváth | FRI0547 Osteoporosis and Bone Metabolism in Systemic Sclerosis[END_REF]. Osteoporosis is a systemic disease, in which the bone composition changes over time (J. [START_REF] Minonzio | Bi-Directional Axial Transmission Measurements Is an Easy To Apply Methodology Allowing Risk Assessment of Fracture in Elderly[END_REF][START_REF] Minonzio | Ultrasound -Based Estimates of Cortical Bone Thickness and Porosity Are Associated With Nontraumatic Fractures in Postmenopausal Women : A J o u r n a l P r e -p r o o f Pilot Study[END_REF].

Therefore, Azalee may have the potential to be used in monitoring elderly populations who are vulnerable to osteoporosis or estimating changes in bone health under osteoporosis medications.

Conclusion

Azalee ultrasound scans of the peripheral sites were not estimated of the mechanical properties at the neck of the femur and were not internally consistent across various J o u r n a l P r e -p r o o f peripheral sites (e.g., upper versus lower limb or left versus right). Persisting with ultrasound scans at the peripheral sites, rather than directly at clinically relevant sites like the neck of femur, does not seem to be the way forward. There is, however, potential for a new device based on a better knowledge of ultrasound physics in the bone to cope with a thicker soft tissue to make direct ultrasound measurements. 
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Figure 1 :

 1 Figure 1: Bone sample preparation and mechanical testing. a) sectioning b) compressive mechanical testing, c) plotting typical stress-strain graph, and d) a stress-strain graph of one of the bone samples.

Figure 2 :

 2 Figure 2: a) ultrasound scanning the radius and tibia of one of the participants and, b) the resulting ultrasound signal.

Figure 3 :

 3 Figure 3: Contour plots were used to depict the solution to the inverse problem, where the global maximum represents the value of thickness (Ct.Th) and porosity (Ct.Po) which best fits the measured with the theoretical dispersion curves. In this acquisition, the cortical thickness (Ct.Th) was estimated at 2.82±0.01mm and the cortical porosity (Ct.Po) was estimated at 9.1±0.2%.

Figure 4 :

 4 Figure 4: Bone properties at the femoral neck including (a) density and (b) elasticity are moderately negatively correlated with the porosity of the tibia and radius, respectively.

Figure 5 :

 5 Figure 5: Predictions from multiple linear regression models using (a) the match side porosity and match-side v fas at the tibia to predict the density of the femoral neck, and (b)the match side porosity of the radius the tibia to predict the elasticity.
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 5 Figure 5: Predictions from multiple linear regression models using (a) the match side porosity and match side v fas at the tibia to predict the density of the femoral neck, and (b)the match side porosity of the radius the tibia to predict the elasticity.
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Figure 5 :

 5 Figure 5: Predictions from multiple linear regression models using (a) the match side porosity and match side vfas at the tibia to predict the density of the femoral neck, and (b) the match side porosity of the radius the tibia to predict the elasticity

  

  

  

  

  

  

  

  

  

Table 3 :

 3 Multiple linear regression models and predictive equations. Abbreviations of ultrasound variables: PT = porosity measured at tibia, PR = porosity measured at radius, and VT = v FAS measured at tibia

	Mechanical Testing Variable	Ultrasound Variables	R 2	p value	Equation	RMSE	NRMSE (%)
	Density	PT, VT	0.48	0.01	Density = 7526 -45 * PorosityTibia -1.3 * VfasTibia	137.0	8.0
	Elasticity	PR, PT	0.41	0.04	Elasticity = 9939 -319 * PorosityRadius -274 * PorosityTibia	1323.6	36.7
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