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Abstract

Quantitative bone ultrasound (QUS) method has been introduced as a promising
alternative for diagnosing osteoporosis and assessing fracture risk. The latest QUS
technologies aim to quantitatively assess structural cortical bone characteristics, e.g,
cortical porosity, cortical thickness (Ct.Th) and cortical speed of sound at cortical
measurement regions. Large cortical pores and reduced Ct.Th in the tibia have been
proposed as an indication of reduced hip strength and structural deterioration.

In this work two novel ultrasound methods were studied using a conventional
ultrasound transducer to measure cortical bone properties at the tibia. The first method
is a refraction and phase aberration corrected multifocus (MF) imaging approach that
measures Ct.Th and the compressional sound velocity traveling in the radial bone
direction (Ct.v11). The second method is a novel cortical backscatter (CortBS) method
that assesses microstructural properties in cortical bone. Both methods were validated
in silico on bone models, ex vivo on bone samples and in vivo on 55 postmenopausal
women at the anteromedial tibia midshaft. The aim of this work was to study the
precision, accuracy, and fragility fracture discrimination performance of CortBS and
MF parameters in comparison to clinical High-resolution peripheral quantitative
computed tomography (HR-pQCT) and Dual-energy X-ray absorptiometry (DXA)
measurements.

The results of the MF approach show precise and accurate estimation of Ct.Th and
Ct.vi1. The comparison of the measured Ct.Th with reference thicknesses from HR-
pQCT measurement have also shown accurate determination of Ct.Th (R?=0.94,
RMSE=0.17 mm). Future simulation studies with real bone structures from HR-pQCT
measurements should target the validation of accurate Ct.vi1 estimation. For the first
time, CortBS assessed the distribution of cortical pore size and viscoelastic properties
of cortical bone in vivo. The short- term in vivo precision was observed between 1.7%
and 13.9%. Fragility fracture discrimination performance was retrieved using
multivariate partial least squares regression. The combination of CortBS+MF showed
superior fracture discrimination performance compared with DXA and similar fracture
discrimination performance compared with HR-pQCT. Further clinical studies with
larger cohort size should target the potential to demonstrate the ability of CortBS and
MF parameters for individual fracture risk assessment.

In conclusion, alteration in cortical microstructure and viscoelasticity caused by the

aging process and the progression of osteoporosis can be measured by CortBS and
1



MF. These methods have high potential to identify patients at high risk for fragility

fractures.



Abstrakt

Die guantitative Knochenultraschallmethode (QUS) wurde als vielversprechende
Alternative fir die Diagnose von Osteoporose und die Bewertung des Frakturrisikos
eingefiihrt. Die neuesten QUS-Technologien zielen darauf ab, strukturelle kortikale
Knochenmerkmale, z. B. kortikale Porositat, kortikale Dicke (Ct.Th) und kortikale
Schallgeschwindigkeit in kortikalen Messregionen quantitativ zu bewerten. Grol3e
kortikale Poren und eine verringerte Ct.Th in der Tibia wurden als Anzeichen fir eine
verringerte Festigkeit der Hufte und eine strukturelle Verschlechterung vorgeschlagen.
In dieser Arbeit wurden zwei neuartige Ultraschallmethoden unter Verwendung eines
herkdbmmlichen Ultraschallwandlers zur Messung der Eigenschaften am kortikalen
Knochen des Schienbeins untersucht. Bei der ersten Methode handelt es sich um
einen  brechungs- und phasenaberrationskorrigierten  multifokalen  (MF)
Bildgebungsansatz, der Ct.Th und die Kompressionsschallgeschwindigkeit in radialer
Knochenrichtung (Ct.vi1) misst. Die zweite Methode ist eine neuartige kortikale
Ruckstreumethode (CortBS), die die mikrostrukturellen Eigenschaften des kortikalen
Knochens misst. Beide Methoden wurden in silico an Knochenmodellen, ex vivo an
Knochenproben und in vivo an 55 postmenopausalen Frauen am anteromedialen
Tibia-Mittelschaft validiert. Ziel dieser Arbeit war es, die Prazision, Genauigkeit und
Fragilitatsfraktur-Diskriminierungsleistung von CortBS- und MF-Parametern im
Vergleich zur klinischen hochaufldsenden peripheren guantitativen
Computertomographie (HR-pQCT) und Dualen-Energie-Rdntgenabsorptiometrie
(DXA) zu untersuchen.

Die Ergebnisse des MF-Ansatzes zeigen eine prazise und genaue Schatzung von
Ct.Th und Ct.vi1. Der Vergleich der gemessenen Ct.Th mit Referenzdicken aus HR-
pQCT-Messungen hat ebenfalls eine genaue Bestimmung der Ct.Th gezeigt (R?=0,94,
RMSE=0,17 mm). Zukinftige Simulationsstudien mit realen Knochenstrukturen aus
HR-pQCT-Messungen sollten die genauen Schétzung der Ct.vi1 validieren. Zum
ersten Mal hat CortBS die kortikale PorengrofRenverteilung und die viskoelastischen
Eigenschaften des kortikalen Knochens in vivo untersucht. Die kurzfristige In-vivo-
Prazision lag zwischen 1,7% und 13,9%. Die Fragilitatsfraktur-
Diskriminierungsleistung wurde mittels multivarianter Regression der partiellen
kleinsten Quadrate bewertet. Die Kombination von CortBS+MF zeigte im Vergleich zur
DXA eine Uberlegene Leistung bei der Frakturerkennung und eine &hnliche Leistung

wie die bei HR-pQCT. Weitere klinische Studien mit gré3erer KohortengrofRe sollten
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die Fahigkeit von CortBS- und MF-Parametern zur individuellen
Frakturrisikobewertung nachweisen.

Zusammenfassend lasst sich sagen, dass Veranderungen der kortikalen Mikrostruktur
und Viskoelastizitat, die durch den Alterungsprozess und das Fortschreiten der
Osteoporose verursacht werden, mit CortBS und MF gemessen werden kdnnen. Diese
Methoden haben ein hohes Potenzial zur Identifizierung von Patienten mit hohem

Risiko fur Fragilitatsfrakturen.



1. Introduction

1.1 Bone biology

Bone has an important role in the body by protecting vital organs, both as structural
support for the whole body and also by providing and storing minerals, e.g., calcium
and bicarbonate. As a living tissue, bone is constantly regenerating, a process carried
out by basic multicellular units (BMUSs) containing two types of bone cells, osteoclasts
and osteoblasts. Osteoclasts resorb calcified bone matrix, while osteoblasts produce
new bone matrix (1). At a macro structural level, bone is classified into two different
types. The first type is the outer shell, which is made up of compact and dense cortical
bone containing the main part of the long bone shafts, the so-called diaphysis, and
composed of Harversian canals for the passage of blood vessels, lymphatic vessels,
and nerves. The second type of the bone is the inner shell, the cancellous trabecular
bone, which is filled with fat and marrow. In trabecular bone resorption occurs along
the bone surface, whereas in cortical bone, it takes place through the bone itself (2). A
circulating process of bone remodeling begins with bone resorption and concludes with
bone formation (3). In adults, each bone remodeling cycle lasts 3 to 12 months (4).
After the age of 50, unbalanced bone remodeling, which occurs as part of the normal
ageing process, results in bone loss, especially in women during and after menopause.
More bone matrix is removed than replaced by cells of the BMU leading to more non-
refiled BMUs in the cortex. The clustering of BMUs at the endosteum results in the
trabecularization of the inner cortex (5). Bone loss in trabecular bone is more rapid and
bone fractures occur predominantly at sites, which are predominantly composed of
trabecular bone e.g., the hip, spine and proximal femur (6). Therefore, studies over the
last 70 years have focused on trabecular bone loss. Nevertheless, the majority of bone
loss occurs after the age of 50 in cortical bone (7, 8). Because 80% of the human
skeleton consists of cortical bone (7) and cortical bone is determent for bone strength
(8), studies have shifted the focus towards cortical bone loss for fracture risk
assessment. With advancing age, unbalanced remodeling results in increased
porosity, increased pore size and cortical thinning. In addition, the transitional zone
enlarges by increased trabecularization of the inner cortex. According to Chen et al.
study (9), the cortical thickness of the femoral neck thins by 4% per decade for people
aged 60 to 90.



1.2 Osteoporosis

Osteoporosis is the most common bone disease in the ageing population and causes
more than 9 million fractures worldwide every year, with a fracture occurring every
three seconds (10). Itis known as a ‘silent disease’ because of its symptomless course
until fractures occur (11). Major osteoporotic fracture sites are hip (proximal femur),
non-vertebral i.e., distal forearm and vertebral fractures. Hip fractures are the greatest
clinical concern with a mortality rate of 15% to 20% (12). Osteoporotic fractures can
occur from a fall or simple activities, i.e., lifting objects. Osteoporosis results from
unbalanced bone resorption and bone formation, and therefore, unbalanced bone
turnover. Low bone mass and bone density, increased bone porosity and bone thinning
are characteristics of osteoporosis (13) and results in reduce mobility and quality of life
and increased healthcare costs and mortality (14). In a 1994 report, the World Health
Organization has defined osteoporosis as a bone mineral density (BMD) T-score at
major fracture sites, e.g., spine or proximal femur, of —=2.5 standard deviation (SD) or
less compared to the average BMD of a young (30 years of age) and healthy reference
population (13). The current state-of-the-art technique for BMD estimation is dual-
energy X-ray absorptiometry (DXA) because of its reproducibility (15). Until now it is
the single most predictive diagnostic parameter and is used to determine the
requirement of pharmaceutical treatment.

Different factors influence bone turnover, e.g., genetics, nutrition, environment, and
biomechanics. Vitamin D, calcium, magnesium and estrogen deficiency and
exogenous glucocorticoids have shown to decrease bone mass (16, 17). Osteoporosis
commonly affects more women than men, especially postmenopausal women (18, 19).
For postmenopausal women, estrogen deficiency results in a more rapid loss of total
mass compared to men (17). Studies have shown that 50% of women (18) and 25%
of men over the age of 50 have osteoporotic fractures (20). Fracture risk increases with

age in both sexes and is associated with reduced bone mineral density (21).

1.3 Current in vivo assessment of bone quality

Methods for assessing bone quality use absorptiometry, computed tomography (CT),
magnetic resonance imaging (MRI) and quantitative ultrasound (QUS). The current
gold standard method to assess bone quality is the DXA. It uses two photon energies,
i.e., 40 keV and 70 keV, and measures the attenuation of bone and soft tissue.
Attenuation is converted into BMD and BMD is given by bone mineral content in grams
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normalized to the two-dimensional projected bone area in cm? The T-score is
calculated by dividing the patient’s BMD by the standard deviation of the young, healthy
control population (13). Although the strong relationship between low BMD and high
fracture risk is well established (22, 23), around 82% of women who sustain a fragility
fracture had a non-osteoporotic T-score and were not treated (24). Those patients had
dominantly osteopenia BMD values between -1 to -2.49 (24). Furthermore, the
definition of the cut-off value for the diagnosis and treatment of osteoporosis is -2.5
according to the World Health Organization and has not changed in the last 25 years
even though the majority of women with fragility fractures are not identified with DXA.
Moreover, DXA only reports bone density from two-dimensional images normalized to
the bone area and is not adjusted for vertebral depth. Therefore, patients with larger
and wider vertebrae and skeletons will have an overestimation of their BMD and
patients with a small skeleton receive an underestimation of BMD (25). A study has
reported the reduction of differences in BMD after the correction of differences in
skeletal size between Asians and Caucasians (26). The differences in bone structure
between different ethnic groups are also not considered in the DXA measurement and
interpretation. In summary, using standard DXA measurements to diagnose
osteoporosis based on BMD does not provide information about bone microstructure
and structural decay with advancing age, resulting in undiagnosed and undertreated
patients at high risk of fracture. DXA is not widely available in many countries due to
its high cost and difficulty of reimbursement (27). In order to calculate fracture risk,
FRAX® was introduced by Kanis et al. (28). It estimates the probability of major
osteoporotic fractures over a 10-year period based on clinical risk factors, e.g., age,
weight, history of fracture, diabetes mellitus (29). The International Osteoporosis
Foundation has suggested the use of FRAX® for fracture risk estimation (30). However,
FRAX® have been shown to exhibit high specificity but poor sensitivity for diagnosing
osteoporosis (31).

Another technique for quantifying bone density is peripheral quantitative computer
tomography (pQCT), which also uses ionizing radiation. It was introduced shortly after
CT for medical imaging at the forearm, and more recently, at the tibia. Compared to
the assessment of BMD from DXA, pQCT provides a volumetric bone parameter, i.e.,
cortical and trabecular bone mineral density, and bone volume due to small-angle fan
beam X-ray source and due to the higher resolution (32). By increasing spatial
resolution to 120 um, high resolution pQCT (HR-pQCT) can additionally assess bone
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microarchitecture, i.e., cortical porosity, cortical pore volume and cortical thickness. In
2004, the Swiss producer Scanco launched the first HR-pQCT to measure bone
microstructure at the ultradistal radius and tibia (33). HR-pQCT measurements of bone
microstructure have been shown to predict incident fractures both prospectively and
retrospectively (34). Reduced cortical thickness and the presence of large pores
(cortical pore size diameter > 100 ym) showed a decrease of bone strength (35) and
were introduced as “quantifiable ‘fingerprint’ of structural deterioration” (36). Although
HR-pQCT is a powerful tool to image bone changes, it is only used as research tool
due to its high cost (much higher than DXA). In comparison to pQCT and HR-pQCT,
MRI is a non-ionizing method. High resolution MRI (HR-MRI) with an in-plane
resolution of 150 um is used to image trabecular and cortical bone (37) and reasonable
acquisition time can provide bone details (38, 39), but results in long scanning times of
20-30 min. There is no standardized HR-MRI sequence, which results in a wide
variation of image quality between studies and MRI systems (40). Additional
disadvantages are the loud noise and high costs.

Currently, DXA is the gold standard method for clinical management of osteoporosis
(6). Meanwhile, the development of HR-pQCT has shifted the focus to cortical bone to
improve fracture risk assessment of osteoporotic patients (7). In the past 30 years,
guantitative ultrasound (QUS) methods have shown the ability for fracture risk
assessment by measuring bone structure parameters. The next subchapter examines

significant QUS approaches for assessing bone strength in cortical bone.

1.4 New alternatives for assessment of bone quality:

Quantitative Ultrasound (QUS) for bone assessment

Ultrasound waves propagate, scatter, and absorb through the bone depending on the
structure, stiffness, density, and elasticity of bone. In contrast to DXA, which uses X-
ray photon absorption by bone atoms, QUS utilized ultrasound waves with
characteristic wavelengths to interact with bone structures. Ultrasound waves interact
with the bone in a complex manner, providing information on its structure. In contrast
to DXA, QUS is relatively inexpensive, portable, non-ionizing and non-invasive. In the
past 30 years several QUS methods have been developed to characterize bone
strength and structural properties using different physical principles (6). A review of
QUS approaches for bone quality assessment can be found in (6, 41). In this section
the most relevant QUS techniques targeting cortical bone will be briefly introduced.
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These QUS methods include transverse transmission, pulse-echo, and cortical axial
transmission.

For the transverse transmission method, a transducer is positioned on both sides of
the bone, a transmitter and a receiver. The ultrasound waves propagating through the
skeletal site is measured and compared to the ultrasound wave transmitted through a
reference medium with a known attenuation and speed of sound to estimate the
broadband ultrasound attenuation (BUA) or speed of sound (SOS) (6). Both
parameters have been applied clinically and are related to BMD, the proportion of
trabecular and cortical bone, and the elasticity and fatigue fracture of the bone (27).
QUS of the heel can predict osteoporosis-related fracture risk in elderly women to the
same level as DXA (42-45). However, similar to DXA, this method cannot differentiate
between trabecular and cortical bone. It only gives an estimation of the total amount of
bone within the propagation path. In addition, heterogeneity of measurement
techniques makes it challenging to compare measurements with QUS devices of
different types and establish transmission QUS devices in clinical routine on a wider
market (46).

The pulse-echo method was used in the QUS device Bindex® (Kuopio, Finland). The
device measures the cortical bone thickness based on the reflected waves from the
frontside (periosteal) and backside (endosteal) surface of the cortical bone at the tibia
(47). The main limitation of this approach is the assumption of the radial sound velocity
in cortical bone, which has been chosen to be 3565 m/s. However, studies have
reported differences in speed of sound in the cortex of healthy and osteoporotic
subjects from (3485 + 128 m/s) to (3200 + 307 m/s), respectively (48, 49). Therefore,
Bindex® only measures an index instead of the true bone thickness.

The cortical axial transmission method uses transmitting and receiving transducers to
measure the cortical speed of sound propagating in the longitudinal bone direction. In
contrast to transverse transmission, the transmitter and receiver are positioned along
the measured bone (6). The radius, tibia, and phalanges are preferred measurement
regions for QUS devices using cortical axial transmission (50). Early cortical axial
transmission QUS devices analyzed the ultrasound signals in the time domain, and
measured the time of flight and the velocity of the first arriving signal (VFAS) to
calculate the longitudinal wave velocity in bone (6, 51). The FDA-approved Sunlight
Omnisense series (BeamMed Ltd, Tel-Aviv, Isreal) offers multi-skeletal site QUS in a
clinical setting (52-54). Several clinical studies have reported that vFAS discriminates

9



healthy subjects from osteoporotic patients (50, 55-59). A study on postmenopausal
women showed the association of SOS with fracture risk independent of BMD and age
(60). Foiret et al. (61) proposed a dispersion curve analysis on ultrasound guided
waves propagating in long bones to determine cortical thickness and velocities. The
approach assumed wave dispersion in long bones with an ideal plate model having
transverse isotropy and no absorption coefficient. Different ultrasound transducers
have been evolved to measure cortical thickness and porosity from guided waves
analysis at the radius using 1-MHz waves (62, 63) and at the tibia using 500-kHz waves
(64). Based on ultrasound guided waves analysis, thickness and porosity estimations
are reported to differentiate fragility fractures in postmenopausal women (62). The
restriction to subjects with a low body fat index (62, 65) and high-operator dependence
weakens the methods use in vivo and its translation to clinical routine.

In the past 30 years, several QUS devices have been developed to target specific bone
architecture. The wide availability of conventional ultrasound systems makes the use
of ultrasound in bone structure research attractive. Therefore, research groups have
dedicated their work into hardware improvements. Ultrasound Bone imaging was
hampered by the strong impedance mismatch between bone and soft tissue interface.
Renaud et al. (66) demonstrated the first in vivo images of human cortical bone at the
tibia and radius using Kirchhoff migration developed by seismologists (67) and enabled
an accurate measurement of bone thickness and anisotropic sound velocity profiles.
However, the method does not consider adapting the imaging approach to osteoporotic
subjects with an altered bone microstructure. Another novel method to retrieve cortical
bone morphology from spectral responses of reflected and backscattered waves of
cortical pores in human tibia was proposed by lori et al. (68). The method is based on
a cortical backscatter model (CortBS), which predicts microstructural changes in
cortical pore diameter distributions, Ct.Po, cortical pore density and material
properties. So far, the method was validated in silico using finite-difference time-
domain (FDTD) simulations and ex vivo on human tibia bones.

In conclusion, QUS is not recommended for monitoring osteoporosis treatment at this
point (50). The current standard still remains the measurement of BMD by DXA. The
current limitations for the clinical use of QUS parameters are the lack of standardization
and quality control and the variability of measurements. However, QUS methods are
promising for evaluating bone quality (6). Previous studies showed a strong
association between cortical speed of sound and BMD (69) and Ct.Po (70, 71). Thus,
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cortical speed of sound was introduced as an indicator for bone status (72). Speed of
sound in the cortex of healthy and osteoporotic subjects are reported to differ (48, 49).
With advancing age, unbalanced bone resorption and bone formation results in cortical
thinning. Recent studies reported about 20% variation in cortical thickness between
healthy and osteoporotic subjects (73, 74). In fact, Szulc et al. (75) demonstrated a
decrease of cortical thickness of 1.10% + 1.06% per year resulting in increased bone
fracture risk in postmenopausal women. lori et al. (35) reported a reduction in bone
strength with decreased cortical thickness. In conclusion, reduced cortical thickness,
speed of sound and cortical porosity has been shown to provide “quantifiable

‘fingerprint’ of structural deterioration” (36).
1.5 Outline of the dissertation

The purpose of this project was to develop a refraction corrected MultiFocus (MF)
imaging technology using ultrasound waves to image the periosteal and endosteal
cortical bone surface and to determine both the cortical thickness (Ct.Th) and also the
radial sound velocity in cortical bone (Ct.vi1). Both cortical parameters have been
shown to be biomarkers for bone quality (24, 67). The confocal depth and travel time
of reflections from the periosteal and endosteal cortical bone surface are determined
by focusing waves at various depths. In combination with microstructural cortical bone
properties, i.e., cortical porosity, cortical density and cortical pore size distribution,
predicted from CortBS proposed in lori et al. (68), we hypothesize a superior
discrimination performance of the CortBS and MF measurement compared to the gold
standard DXA method and the current high resolution HR-pQCT measurement for
bone structure assessment. Both developed techniques, MultiFocus and CortBS, use
conventional ultrasound technology and are highly clinically feasible for identifying
people with high fracture risk. Therefore, the aims of this work are to:

e Establish image and signal processing methods to validate the estimation of
cortical thickness and cortical speed of sound in silico and ex vivo on plate-
shaped materials using the MF imaging sequence (Study A)

e Analyze the precision and accuracy for thickness and speed of sound estimation
compared to reference values (Study A)

e Expand signal processing methods for the transition into curved bone structures

with realistic in vivo transducer to bone distance (Study B)
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Validate MF approach on in silico and ex vivo measurement using phase

aberration correction methods (Study B)

Validate signal processing methods for MF in vivo measurements (Results)
Validate CortBS method in vivo and study the discrimination performance
compared to DXA and HR-pQCT measurements (Study C)

12



2. Method and Materials
2.1 Samples

Study A used plate-shaped materials for in silico and ex vivo validation of the MF
method. For in silico validation, 4mm thick bone plates with different cortical bone
properties (porosity, pore diameter and pore density) were simulated. For ex vivo
validation homogenous materials of polymethylmethacrylate (PMMA), polycarbonate
(PC) and polyvinylchloride (PVC), heterogenous plates of short fiber-reinforces epoxy
(Sawbone, Malmoe, Sweden) and porous plates of bovine tibia bone, cut with a band
saw (EXCAT GmbH, Remscheid. Germany) were used. Study B used curved-shaped
bone models for in silico validation and a tibia bone sample from a human cadaver for
ex vivo validation. In Study C, 55 postmenopausal women (aged 57 — 85 years, mean:
70 + 7 years) were recruited at the Center for Muscle and Bone Research, Berlin, after
a clinical DXA bone density measurement. To investigate the fracture discrimination,
the patients were recruited according to three patient groups: i) osteoporosis; ii)
osteopenia with prevalent fragility fracture); iii) osteopenia without prevalent fragility
fracture. In addition to the postmenopausal women, three healthy volunteers (age 25,
31 and 52) participated.

2.2 Numerical Ultrasound propagation model

For in silico validation of the MF methods, bone models were simulated using the two-
dimensional finite difference time domain (FDTD) method with Simsonic

(www.simsonic.fr) (76) to model ultrasound wave propagation in cortical bone.

Simsonic is a software which considers multiple scattering, refraction, wave
conversion, diffusion and frequency-independent absorption occurring during the wave
propagation through bone.

All bone model geometries consisted of 4 mm thick cortical bones surrounded by water.
The bone properties are summarized in Study A (Tab. | (77)) and Study B (Tab. 2 (78)).
Study A used a linear transducer array with 32-element sub-aperture (element and
pitch sizes: 0.3mm), which emitted ultrasound waves with a broadband pulse, a center
frequency of 5 MHz, and a -6dB bandwidth of 60% towards the 4mm thick bone plates
at a distance of 4 mm away from the transducer array (77).

Study B used a linear transducer array with 64-element sub-aperture (element and
pitch sizes: 0.3 mm) to ensure an appropriate beam opening angle for the MF

acquisition at a realistic transducer-bone distance of 15 mm for future in vivo
13
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measurements. The center frequency was changed to a lower frequency of 4 MHz to

avoid scattering.
2.3 Ex vivo ultrasound measurements

For ex vivo validation, all samples were scanned using a medical ultrasound scanner
SonicTOUCH, a linear ultrasound transducer 4DL14-5/38 with center frequency of 8
MHz and 128 elements and a pitch size of 0.3 mm. A single-channel data acquisition
system SonixDAQ (Ultrasonix, Richmond, BC, Canada) was used to capture pre-
beamformed single-channel RF data of all 128 channels at a sampling rate of 40 MHz
with 12-b resolution during the data acquisition (77). Figure 1 shows the MF imaging
setup (77). The samples were placed in degassed water at a distance of 20 mm from
the transducer array. All ex vivo MF measurements were performed using B-mode
images with conventional delay and beamforming with a gradually increasing focus
depth starting above the samples. For an optimal penetration depth, a transducer
emitted ultrasound waves with a transmission frequency of 5 MHz was used resulting

in a center frequency of 5.1 MHz and a -6dB bandwidth of 69%.

Ultrasound Transducer Array (Full Aperture)

y Sub-Aperture
VA
R R O 1T 1 1 |n+am|ﬂ ------------- 1 1T 11 |128¢
X
4
Water
o o o ° °|.
O
O AF, Sample/Bone
o o

Water

Virtual Focus

Fig. 1. “Schematic illustration of the multifocus measurement in the radial direction (X, z) of a long bone.
The transducer is positioned 20 mm above the sample. Focused sound beams are emitted using a 32-
element subaperture of a 128-element linear array. The semi-aperture angle 8 of the transmit beam is
gradually decreased to move the focus from a depth above the sample front side to a position below
backside of the sample. Refraction at the frontside interface results in a change the propagation direction
of transmitted waves, and thereby, a shift of the focus depth inside the sample. AFz indicates the shift
of the focus depth needed to focus from the frontside (Fr) to the backside (Fg). In addition to the scan
of the focus depth, the sub-aperture was scanned along the array (x) direction” (reprinted from Nguyen
Minh et al. (77) with permission under Creative Commons 4.0 license).

2.4 In vivo ultrasound measurements

For the in vivo measurements, the same medical ultrasound scanner SonicTOUCH
and set up as mentioned above for ex vivo measurements were implemented. In vivo
measurements were performed at the anteromedial surface of the tibia midshaft for
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two main reasons. First, the tibia midshatft is primarily composed of cortical bone (79).
Second, the Ct.Th at 45-55% of the tibia length on the anteromedial site of the tibia
remains relatively invariant and is thicker with respect to the long-axis positions (80).
The patient’s leg with the lowest aBMD (areal bone mineral density) at the proximal
femur was chosen for ultrasound measurements (81). Lumbar spine and proximal
femur were scanned using DXA (Lunar Prodigy Advance EnCore Software v13.4 or
Lunar iDXA EnCore Software v 16.1, GE Medical Systems, Wisconsin, USA). The tibia
length (Ltibia) was defined as the distance between the medial malleolus and the medial
knee joint cleft (81). At 50% of Lribia the measurement position was marked with a skin
pencil as described in Study C (81). The ultrasound transducer 4DL14-5/38 was placed
at the marked region using an ultrasound gel pad (aquaflex®, Parker Laboratories, Inc.,
Fairfield, NJ) to ensure an optimal coupling to the skin and bone surface. Conventional
B-mode scans provided immediate visual feedback to position the transducer such that
the center position of the periosteal bone interface appeared at the center of the B-
mode image, and the periosteal bone interface was approximately parallel to the
transducer array (81).

For MF acquisitions, conventional B-mode imaging sequences at Ntx= 128 lateral scan
positions x; with a 32-element transmit aperture were repeated with progressively
greater focus distances (77). In total, 19 focus depths with a step size of 1.75 mm were
acquired starting from 3 mm above the center position of the periosteal bone. In
addition, the excitation frequency was decreased from 5 MHz to 4 MHz, this was to
increase the penetration depth, and the pulse shape was changed from “+” pulse to
“+-” pulse to widen the bandwidth and lower the frequency compared to study A. The
SonixDAQ captured single-channel RF data (Nrx = 128) and provided a 4-D Matrix
V(Ntx, Fz, Nrx, t) with dimensions 128 x 19 x128 x 1023 for postprocessing (77).

For CortBS acquisitions, multi-angle 3-D compound B-mode scan sequences at Ntx =
128 lateral scan positions x; with a 16-element transmit aperture were used (Fig. 2).
Three different beam steering angles Bsweep (-10°, 0°, 10°) and fifteen sweeping angles
dsteer (-7° to 7° with an increment of 1°) acquired the multi-angle scan. The focus depth
Fz was defined approximately 1 mm below the center position of the periosteal bone
(81). The SonixDAQ captured single-channel RF data (Nrx = 128) and provided a 5-D
Matrix V(NT1x, Osweep, Osteer, Nrx, t) with dimensions 128 x 3 x 15 x128 x 1023 for

postprocessing.
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Fig. 2: “Schematic drawing of the CortBS method. A focused beam generated by a 16-element
sub-aperture of the 128-element transducer array is scanned and steered across the bone.
The focus depth F; is positioned approximately 1 mm below the bone surface. Pulse-echo
signals are recorded simultaneously with all 128 channels” (reprinted from Armbrecht et al.
(81) with permission under Creative Commons 4.0 license).

2.5 Ultrasound data analysis, MF post-processing

2.5.1 MF post-processing

The MF method simultaneously measures thickness and longitudinal speed of sound
of a sample based on the method proposed by Hanel (82), Maev et al. (83), and Raum
(84). Hanel's study uses two focus positions to focus the acoustic wave on the front-
and backside of the sample with a focusing lens of an acoustic microscope. In contrast,
the MF method uses multiple focus depths of an ultrasound array to focus ultrasound
waves starting above the frontside and down though the sample. Furthermore, the MF
approach uses a broadband pulse to increase the temporal resolution and a smaller
frequency range from 4-5 MHz (compared to other studies using frequency ranges up
to 100 MHz) for the speed of sound estimation of biological hard tissue (85-87), to
avoid scattering.

A transmit sub-aperture emitted broadband pulses with multiple focus depth through
the sample. A large sub-aperture angle 6 ensures high lateral spatial resolution. For
each focus depth, the shift in time of flight (ATOF) and the maximum amplitudes of the
Hilbert envelope of front-and backside (FB) reflection echoes [VF (x, Fz) and Vs (X, FZ)]
were tracked (Fig. 3). The ATOF is dependent on the sample thickness, the ratio of the
speed of sound between the sample and the surrounding medium, and the phase of
the reflected ultrasound signals with respect to the inclination angles 6. Only at the
focal plane of the frontside and of the virtual focus are all ultrasound wave components
in phase. The virtual focus depth is deeper than the backside depth position caused

by the increased speed of sound in the sample compared to the surrounding medium.

16



a) Focus 15mm b) Focus 25mm
4000 - > 4000 + < y >
A TOF A TOF
3000 3000 r
S 2000 S 2000
5 9,
2 1000 2 1000t
2 2
S 0 S 0 a'a
& 3
-1000 -1000 ¢
-2000 -2000 ¢
-3000 ; ' ' : -3000 ; : :
22 23 24 25 21 22 23 24 25
Time of Flight [;:s] Time of Flight [:8]
c d
) Tracked FB echoes ) ATime of Flight
4000 '€ 3 25 - . .
l AF - Fz.[ron1:15mm ’
| ‘ —F =24.8mm
| z, back
3000 [ 24
= | iy
5 | =
[1h) |
© 2000 | é 2.3 /\-_—/J\____/W\__
= [ =
- |
/1
- l 22
1000 :
|
2.1
: VB(x.FZ)
0 " " " " " "
15 20 25 30 35 40 15 20 25 30 35 40

Focus Depth [mm] Focus Depth [mm]

Fig. 3: a) Representative plot of frontside reflections by focusing at the frontside interface with a focus
depth of 15mm and b) of backside reflections by focusing at the backside at 25mm for a 4mm thick bone
plate model at a 15mm distance with 64-element sub-aperture transducer array of Study B. The
difference in time of flight ATOF was estimated by peak positions of Hilbert-transformed envelope
beamformed signal (dashed line). ¢) Confocal focus position of front- and backside reflections AF; were
extracted from tracked amplitude of FB echoes over all focus depths. d) Tracked ATOF over all tracked
focus depths and used ATOF for Ct.Th and Ct.vi1 estimations at confocal focus position (blue circle).

At the frontside focal plane the lateral components of the focused ultrasound wave
cancel each other out. The time of flight of the frontside echo TOFF is determined by
the focus distance Fr and the speed of sound of the surrounding material vh2o, i.e.,
water for in silico and ex vivo measurements and soft tissue for in vivo measurements

2 Fy [1]

TOFF = .
VH,0/soft tissue

For focus depths below the sample frontside interface the ultrasound wave front
generates longitudinal waves and shear waves, which will be reflected at the backside
interface. Ultrasound waves with large aperture angles generate shear waves, which
travel along the sample surface resulting in decreasing longitudinal wave transmission.
At a virtual focus depth, the time of flight of the backside interface TOFs is determined

by the following parameters:
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e TOF (time of flight of the frontside echo)

¢ AF: (the needed focus shift to the virtual focus depth)
e Ct.Th (sample thickness)

e Bincl (inclination angle)

e [3 (refraction angle)

e Ct.vii(speed of sound of the sample)

VH,0rsoft tissue (SP€€d of sound of the surrounding medium)

2 - AF, 2-Ct.Th [

+ .
VH,O/soft tissue cosOj,q Ct.vqq - cosf

TOFg = TOF; —

The shift in the time of flight between the front-and backside interface using the Snell’s

law results in

ATOF =

2
2 - AF, ) <1 _ VH,O/soft tissue ) (LW
VH,0/soft tissue * €OSBincl Ct.vy,?

and therefore, the longitudinal speed of sound Ct.v11 in

[IV]

VH,0/soft tissue>
ATOF - vy, 0/s0ft tissue * €OSOinet
2 - AF,

Ct. Vi1 =

The needed shift in focus depth for confocal focus positions AFz was described in Maev
et al. study (83) as

AF, = Ct.Th- <1 __ GtV > V]

VH,0/soft tissue

The combination of (4) and (5) results in the following equation (77)

[Vi]
AF,
Ct.Th = c c > c
R4 & S I IPNNPL..4 § SRR, e T K. O —— =11
VH,0/s0ft tissue < VH,0/soft tissue2> ( cos (Ko mcl)) VH,0/soft tissue
In addition, the relation between Ct.Th and Ct.v11 of
2-Ct.Th Vil

Ctvi = =3 ToF

results in two equations [VI] and [VII] with two unknown parameters to estimate a
unique solution for thickness Ct.Th and speed of sound Ct.v11 values.
The effective aperture Best in equation [VI] considers increased wave conversion from

compressional into shear waves with an increased angle of incidence (77) (Fig. 4a)
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and transmission loss into the sample (bone) for an inclination angle larger than a

critical angle (Fig. 4b).

a) reflection b) reflection
0 gcr'r't
longitudinal wave

\‘longitu dinal wave

shear wave shear wave

Fig. 4: Schematic illustration of longitudinal and shear waves in cortical bone. a) Longitudinal and shear
waves were reflected at the backside surface. Due to longitudinal waves traveling faster than shear
waves, these were used for MF post-processing. b) When a critical angle Ocit was reached, the
longitudinal waves traveled along the surface and resulted in a complete lack of longitudinal wave
transmission into the bone.

Therefore, the following algorithm to estimate the effective factor was applied

K :( 1 ifesecrit—10°) VIl
ef " \b-A0 if0 >0, —10°)

with b = 0.1 for Study A (77) and b= 0.122 for Study B (78) and A8 = B¢rit — 6. The factor
ket started from 1 and was determined in five iteration steps (Study A) or was
interrupted for larger transducer-bone surface distance at ket = 0.6 to avoid
overestimation (Study B).

In summary, for each receiving channel and each focus position, the difference in time
of flight of front- and backside reflections ATOF (Fig. 3a and b) and confocal front-
backside focus position AF: (Fig. 3c) were tracked to estimate Ct.Th and Ct.vi1 with
equation [VI] and [VII]. Both ATOF = TOFs — TOFr and AFz = Fzs — Fzr were retrieved
at the peak position of Vk (X, Fz) and Vs (X, Fz). For Vr (X, Fz) and Vs (X, Fz) and ATOF

the data was interpolated with a step size of 0.1 mm using spline interpolation.

Phase aberration methods

For the transition into in vivo measurements, Study B validated the MF approach on
curved bone structures without pores to study the effect of bone geometry on the MF
method. Figure 6 shows a schematic of the phase aberration of the received reflected
backside signals caused by the bone curvature when compared to an ideal flat plate
shaped bone sample. Note, that only ideal flat plate shaped bone samples were
considered in Study A. In Figure 5, the concept of conventional delay and sum
beamforming using a linear transducer array for a beamformed signal of a flat bone
sample is shown. Each element of the transducer transmitted ultrasound waves with

predefined beamform delays based on the focal point, i.e., backside bone interface,
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and speed of sound of the surrounding material. Afterwards, the reflected ultrasound
waves were captured by the receiver channels and beamforming delays were added
for each received channel signal. When ultrasound waves were transmitted at a
confocal backside focal depth F;s the received backside signals were in phase and
aligned after adding a beamforming delay. When ultrasound waves were transmitted
with focal depths smaller than Fzs the backside signals were out of phase and showed
a convex shape. In contrast, for focal depths larger than Fzg the backside signal
showed a concave shape. At a confocal focus depth F:s beamformed signals after
delay and sum beamforming show higher amplitudes compared to beamformed

signals smaller or larger than confocal focus depth Fzz.

Delay-and-Sum

Beamforﬁung (DAS) Transducer Receiving Beamforming Beamformed signals
Array BS Signals delays after DAS

]

Sample

a) Focus <
Coherent
summation
Transducer Receiving Beamforming
Sample Array BS Signals delays
=
b) Focus = . ] >
Coherent
summation
Transducer Receiving Beamforming
Sample Array  BSSignals delays
,—E—*_L
c) Focus > ] /\/\l\
— Coherent
B summation

Fig. 5: Schematic illustration of delay and sum beamforming of backside signals at a) focal depths
smaller the confocal backside focus depth F:g, b) at Fz5 and b) at focal depths greater than Fzs. The
signals left from the transducer arrays shows the signals transmitted from the transducer to focus at a
certain depth. The signals right to the transducer array illustrates the reflected backside signals captured
by the received channels. The signals on the right side to the beamforming delays shows the signals
after adding the beamforming delays. After delay and sum beamforming the beamformed signals is
illustrated ion the right side of figure.

Additional phase aberration due to bone curvature is shown in Figure 6. Curved bone
interfaces will cause additional shifts in time of flight compared to an ideal flat bone
interface. The received reflected backside signals will not be in phase after adding
beamforming delays (blue signals in Fig. 6) and the beamformed signal after
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summation will be decreased in amplitude compared to the beamformed signal of an

ideal flat bone sample.

Sample Transmit Transducer  Receive Beamforming
Signals Array Signals delays

Tz
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summation
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Phase aberration

Fig. 6: Schematic illustration of phase aberration caused by bone curvature. For a flat plate
shaped bone sample, the received reflected backside signals are aligned after conventional
delay and sum beamforming for focus position at the backside bone interface (black signals).
For a curved shaped bone sample, the transmitted signals will travel longer path in the
surrounding material and cause additional phase shifts of the reflected backside signals (blue
signals). Therefore, receiving signals are not aligned after delay and sum beamforming,
resulting in a decreased beamformed signal after summation.

Phase aberration methods of surface geometry time shift, autocorrelation function and
cross-correlation corrections were used in addition to conventional delay and sum
beamforming (Study B (78)).

The surface geometry time shift correction considered the additional time shift of the
ultrasound waves propagating in the surrounding tissue caused by the bone curvature
compared to a plate shaped bone surface. The method of autocorrelation function
correction was used to correct the tilt of reflected ultrasound waves when bone
surfaces were tilted with respect to the beam axis. The cross-correlation method was
used to retrieve the curvature of the backside signals at each focus depth pi(Fz) with
second order fits to retrieve the confocal backside focus depth F: g instead of using the
peak position at Vs (X, Fz). The Fzs was defined at a zero-crossing point of the p1(Fz)

by using a linear fit over p1(Fz).
2.5.2 CortBS post processing

The estimation of cortical pore properties from cortical backscattering has been
proposed by lori et al. (68). The initial idea for the method arose from the high
dependence of backscattering intensity (backscatter cross section) on the product of
ultrasound wave number k=211/A, with ultrasound wavelength A, and the scatter
dimension ‘a’, i.e., radius of the cortical pore (Fig. 7). For scattering cortical pores
smaller than wavelength (ka < 1, Rayleigh scattering), the backscattering cross-section

for i.e., pores with a pore diameter from 7 to 95 pm reported in (35, 88) shows
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approximately a linear relation to ka. For small frequencies (f < 1 MHz and ka — 0),
the backscattering coefficient diminishes and the temporal overlap between reflected
and backscattered waves from pores will increase. For large frequencies (f > 10 MHz
and ka > 1, Mie scattering) the backscattered cross section does not increase further,
and ultrasound attenuation is approximately proportional to f2, which results in a
reduced penetration depth. Therefore, the frequency range between 1 and 10 MHz is
optimal in order to separate specular reflections. These reflections are caused by the
periosteal and endosteal cortical bone interfaces. In summary, the analysis of
backscattered signals from internal cortical pores and changes in the backscattered
spectral response related to variation of cortical pore dimension is performed in the

frequency range from 1 to 10 MHz.

2 Frt‘aquency, MHzI
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Fig. 7: Backscattering cross-section, which represents the intensity of acoustic backscatter with respect
to ka (reprinted from Cobbold (89), Fig. 5.4, with permission from Oxford Publishing Limited).

Based on numerical FDTD simulations, an attenuation backscattered cross section
BSC(f) and an attenuation coefficient a(f) were obtained, and a theoretical backscatter
coefficient model of cortical bone BSCteoy(f) was derived (68). A detailed description
of the estimation of BSC(f) and a(f) and the backscatter model BSC™odel(f) was
reported in (68) and are not part of this PhD thesis.

A schematic illustration of all CortBS analysis steps is shown in Figure 8. From the pre-
beamformed 128-channel data, spectral analysis was performed within the manual
selected region of interest (ROI, Fig. 8a green box) by calculating a normalized and
depth-dependent mean difference spectrum (NDS(f,z)) (Fig. 8b) using local beam
inclination and an inclination corrected mean surface reflection spectrum (81). From
NDS(f,z), the frequency dependent attenuation a(f) was calculated by extrapolating the

attenuated intensities for frequencies within the bandwidth of the transducer (3.5-9
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MHz) with linear regression to the depth of O (Fig. 8c). From a(f) the intercept ao -, slope
ar - value and attenuation value at center frequency aevwH; Were extracted. From the
backscatter coefficient BSC™del(f) the mean backscatter coefficient was derived.
Finally, the cortical pore size diameter distribution (Ct.Po.Dm.D) was calculated by the
smallest error between measured and theoretical backscatter coefficient using

analytical pore size distribution.

a) Transducer Array (Full Aperture)
Sub-Aperture
-----------------------------
Coupling Gel Pad
Specular Backscattered Soft Tissue
* Reflection’ * | | Waves
2 e = Cortical Bone
~ Cortical Pores
Bone Marrow
b) c)
NDS
—_ Y4 '
£ CortBS = -10
£ —_— 3
- 6
S spectral = -20
o : analysis of 2
0 Periosteal Bone Surface 128-channeldata @8 .30
[
10 20 30 (48] 0 1 2 3 B
Lateral Distance [mm)] Depth [mm]
d) e) f)
Attenuation Backscatter Coefficient Pore Diameter Distribution
5— : : : : ! 12— - - - - 0.08 : . —
= - B ~ ——nFx (ID10)
quam =Clasf+Clao .- _ Z 06| Fr (D4S)
(] 0 14 E]
- = 8
g3 g | =.0.04
£ —rnFx(p10) | £ .45 . —nFx (ID10) t \
G2 - = “linear fit = - - ‘BSCmodel g 0.02 | \ !
Z Fx (1D45) Fx (ID45) o \
lingar fit BSCmodel|
11— - . : : ] 18— . : 0 .
4 5 8 7 2] g 4 5 [ 7 8 9 20 40 60 80
Frequency [MHz] Frequency [MHz] Ct.Po.Dm [um]

Fig. 8: Representative graphs for the CortBS analysis. “Schematic drawing of the CortBS method (a). A
focused beam generated by a 16-element subaperture of the 128-element transducer array is scanned
and steered across the bone. The focus depth F: is positioned approximately 1 mm below the bone
surface. Pulse-echo signals are recorded simultaneously with all 128 channels. The reconstructed
compound B-mode image (b) shows the anteromedial cross section of the tibia midshaft (green dashed

line: focus position; green line: manually selected ROI; red line: detected periosteal interface within ROI).
The reconstructed 3D bone surface (red line) is used to calculate a depth-dependent spectrogram.
Spectra arising from specular reflections at the bone surface are used for normalization. From the
normalized depth-dependent backscatter spectrum (NDS) (c), the depth and frequency ranges of 1 to 3
mm and 4 to 9 MHz, respectively, are used to derive the attenuation and backscatter coefficients a(f)
(d) and BSC(f) (e). By fitting model-based backscatter coefficients” (68) “to the measured BSC(f), the
cortical pore diameter distribution Ct.Po.Dm.D is estimated (f). (e, f) Shown are representative a(f),
BSC(f), and Ct.Po.Dm.D data for one subject with (ID45; T-scoretotal = -2.0) and one without fragility
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fractures (ID10; T-scoretotal = -3.5).” (81) (Reprinted from Armbrecht et al. (81) with permission under
Creative Commons 4.0 license).

Table 1 summarizes the derived parameter for MF and CortBS measurements.

Tab. 1: Derived cortical bone parameters from MF and CortBS
measurements

Method Parameter Study
MF Ct.Th [mm] AB
Ct.vi1 [m/s]

CortBS Ct.oo [dB/mm]
Ct.or [dB/MHz/mm]
Ct.Po.Dm.Dpeak [UmM]
Ct.Po.Dm.Do1o [um]
Ct.Po.Dm.Dqoo [um]
Ct.Po.Dm.Drwnm [um]
Ct.Po.Dm.DrwHm,min [tm]
Ct.Po.Dm.DrwHM,max [um]

000000002

2.6 HR-pQCT: reference measurement

For in vivo validation of the measured cortical bone parameters at the marked 50%
Lribia Site-matched HR-pQCT scans were conducted with an Xtreme CT Il scanner
(Scanco medical AG, Bassersdorf, Switzerland). The lower leg of the patient was
immobilized in a carbon-fiber cast provided by the manufacturer to minimize patient
movement in the gantry (81). The gantry was moved proximally towards the marked
50% Libia region. A total stack length of 9 mm with a nominal isotropic voxel size of
60.7 um was scanned and resulted in 168 slices. The total effective radiation dose was
less than 5 pSv (90). Cortical properties at the anteromedial surface of the tibia were

assessed using a customized protocol modified from (91).
2.7 Statistics

Study A and B used relative error (RE), standard deviation (SD), and the coefficient of
variation as precision values. Precision was calculated by the difference between a
measured and the reference values divided by the mean of the reference values. The
accuracy was assessed by the root-mean-squared error divided by the reference
values (77, 78). Study C employed classification algorithm using multivariate PLS
discrimination analyses with Leave-One-Out Cross-Validation (PLS-LOOCV) with the
lIbPLS library (92) to study the prediction potential of fracture discrimination of CortBS,
DXA and HR-pQCT parameter (81). A Subwindow Permutation Analysis derived
significant cortical bone variables. Mean and standard error (SE) of the area under the

curve (AUC) of the receiver operating characteristics (ROC) analysis, accuracy,
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sensitivity, specificity and Odds Ratio with 95% Confidence Intervals were determined
(81). MATLAB R2019b including the Signal Processing, Curve Fitting, and Statistics

Toolboxes (The Mathworks, Natick, MA, USA) was used for all statistical tests.
3. Results

Effect of effective aperture on MF estimations

The MF simulation using a 32-element transducer and 4 mm thick flat bone plate model
in Study A was simulated with a realistic in vivo transducer to bone interface distance
of 15 mm (77). The tracked FB echoes and ATOF between the peak positions of FB
echoes over each focus depth are shown in Figure 9a and b. The comparison showed
a less sharp confocal peak arising from the FB echoes for larger transducer bone
distance. The increase of transducer elements from 32 to 64 resulted in a return to a
sharp confocal peak at tracked FB amplitudes (Fig. 9c). The ATOF between confocal
FB peak positions stayed approximately the same for all three simulation models. In
contrast, AF; and semi-aperture angle 6 decreased for the simulation model with the
32-element aperture and 15 mm transducer bone distance. The semi-aperture angle
is dependent on the element numbers and transducer to bone distance. For the
simulation models with 32-element aperture the semi-aperture angle decreased from
19.18° to 11.75° for larger transducer bone distance (Tab. 2). Therefore, the difference
between AB = Bciit — B will not remain under 10° and an effective aperture will not take
into account for the calculation (kef = 1) based on equation [VIII], which results in a
false estimation of Ct.Th and Ct.vii. For the appropriate beam opening angle the
element number was increased from 32 to 64 (Study B) resulting in a semi-aperture
angle of 20.77° and A6 smaller than 10° for estimation of an effective aperture kef©. In
comparison to Study A, in Study B the estimation of ket was not always derived in five
iteration steps but interrupted when the threshold value kett= 0.6 was reached. Smaller

values lead to an overcorrection of Ct.Th and Ct.vi1.
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Fig. 9: Tracked FB amplitudes and shift in time of flight between the peak position of FB echoes versus
focus depth for 4 mm thick flat bone plate model using a) a 32-element aperture and 4 mm transducer
to bone distance, b) a 32-element aperture and 15 mm transducer to bone distance, c) a 64-element
aperture and 15 mm transducer to bone distance.

Tab. 2: “Results of Ct. ThMF, Ct.viaMF | and relative errors (RE) for the bone plate models with different
element apertures” and transducer bone distance “using shift in time of flight between confocal’” FB
echoes “ATOF”, semi-aperture angle 6, “critical angle Bt for the effective aperture ke®” with correction
factor kett (adapted from Nguyen Minh et al. (78) with permission under Creative Commons 4.0 license)

Transducer Ap ATOF 0 Bcrit Keft KeffO CtThMF RE  CtvuM RE
bone [us] [°] [°] [°] [mm] [%0] [m/s] (%]
distance
[mm]
4 32 2.296 19.18 254 0.62 11.96 4.01 0.25 3495 0.17
15 32 2.287 11.75 254 1 25.4 3.79 5.27 3310 5.54
15 64 2.292 20.77 25.4 0.6 13.82 4.00 0.01 3490 0.41

Estimation of confocal backside focus depth F;g using cross-correlation

The Fzs was retrieved from the peak position of interpolated Vs (X, Fz). Figure 9 showed
the dependence of Fzs on the sharpness of Vs (X, Fz). Peak detection results in an
imprecise retrieval of Fzs for models with less sharp confocal peak from their tracked
backside amplitude reflections Vs (x, Fz). The sharpness of Vs (X, Fz) depends on many

factors, e.g., porosity, bone flatness, and aperture. Therefore, study B included the
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cross-correlation method to retrieve the shift in the time of flight for the backside
reflections ATOFs compared to the reference channel Rxrer from pre-beamformed
signals before summation. The Rxret was defined as the channel with the highest
backside amplitude. Figure 5 illustrates the shape of backside echoes for the three
cases Fz<F:B, Fz=Fzg and F:> Fzg. The shape transitions from a concave to a convex
curvature. The change of the curvature p1 was determined by a second order fit. As an
example, Figure 10 shows the second order fit of ATOFs at different focus depths (Fig.
10a) and the retrieved curvature values pi(Fz) (Fig. 10b) for a curved bone model with
a curvature radius r=40mm. A linear fit on p1(Fz) was performed to retrieve the confocal
backside focal depth Fzg at the zero-crossing point of p1 = 0. A similar figure to show
the schematic illustration of the cross-correlation method is shown in the Appendix C
of Study B in Figure A3 e and f for a plate shaped bone model without any bone
curvature (flat bone plate model) (78). This method resulted in an improved extraction

of Fzp instead of using the peak position of Vs (X, Fz), especially when Vs (X, F2) is less

sharp.
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Fig. 10: Example of estimating the confocal backside focus depth Fzs using cross-correlation on curved
bone model with curvature radius of 40 mm. a) Second order fit at the tracked shift in the time of flight
of backside echoes ATOFs for different focus depths F. b) Retrieved curvature value p: of the second
order fit over Fz (black circles). The red line represents the first order fit to extract zero crossing point of
p1 =0 to retrieve confocal backside focal depth Fzs.

Transition into in vivo measurements

The excitation pulse with 5 MHz and “+” pulse shape from ex vivo validations in Study
A was changed to 4 MHz with pulse shape “+-" (Fig, 11b green line) to extend the
bandwidth to smaller frequencies and to increase the energy of the ultrasound wave.

The amplitude for pulse shape “+-” increased when compared to the “+” shape and the
bandwidth for the excitation pulse at 5 MHz with “+” pulse shape compared to the
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4 MHz with “+-” pulse shape increased from 60.6% to 71.8% using bandpass filter from
0.5 to 8.5 MHz.

a) Maximum Projection Image
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Fig. 11: a) Maximum projection image of 2 mm thick PMMA plate 25 mm below the transducer. The
dashed vertical lines mark range of the spectral analysis. b) Mean power spectrum of all gated frontside
reflection echoes for 96 channels between the dashed vertical lines in the maximum projection image.

Multifocus in vivo measurements

The results of in vivo MF post-processing for one patient of the in vivo study are shown
in Figure 12. The comparison of the maximum projection image with and without phase
aberration corrections (Fig. 12a and b) showed an increase of visibility of the endosteal
bone interface. The tracked periosteal and endosteal bone interfaces were matched to
the HR-pQCT scan (Fig. 12d and 12d). Therefore, all 168 slices were summed, where
the tracked periosteal and endosteal bone interfaces are in agreement with the
summed HR-pQCT scans. However, a bias occurred at outer endosteal surfaces due

to an increased curvature and bone thickness.
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Fig. 12: a) Maximum projection image of patient IDO01 from all focus depths with conventional delay
and sum beamforming. b) Maximum projection B-mode image reconstructed from all focus depths with
phase aberration methods (surface geometry time shift, autocorrelation function and cross-correlation
corrections). ¢) Maximum projection B-mode image with a tracked periosteal and endosteal bone
interface (below) and representative plots of Ct. ThM7(x;) and Ct.vi1M7(xi). The dots show the estimated
Ct.ThMF and Ct.vi1MF for the individual array position. The straight lines indicate the retrieved Ct.ThMF
and Ct.viiMF based on a moving average filter. Smoothed data were used to calculate means and
standard deviations. For Ct.ThMF and Ct.viiMF estimation a total of 27 scan position was found. d)
Summed HR-pQCT scan slices with the tracked periosteal and endosteal bone interfaces from the MF
measurement.

From 55 patients, two patients were excluded from the statistics of Ct.Th. One patient
had strong motion artifacts on the HR-pQCT scan (Fig. 13 note by a red circle), so the
reference Ct.ThRe" was not reliable. The other patient showed a small thickness value
on the HR-pQCT scan with Ct.ThRef = (0.99 + 0.83) mm with high SD (Fig. 13 a red
cross). Front- and backside reflections of cortical bones below 1 mm can overlap due
to high porosity and the precise and accurate estimation of Ct. ThMF is then problematic.
Accuracy and precision for the 53 out of 55 patients were 0.17 mm and 6.03% for
Ct.ThMF. The linear regression of the derived Ct.ThMF compared to the reference HR-
pPQCT Ct.ThRe" showed a strong agreement (Fig. 13b).
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Fig. 13: a) Bland-Altman plot of Ct. ThMF versus Ct.ThRe". The two outliers are marked in red. One patient
had strong motion artifacts on HR-pQCT scans (red circle) and one patient had a Ct.ThRef smaller than
1 mm (red cross). Both patients were excluded from accuracy and precision estimation and linear
regression. b) Derived Ct.Th compared to Ct.ThRef from HR-pQCT with linear regression (black line)
without the two outliers from the Bland-Altmann plot.

Fragility fracture discrimination

In addition to the fragility fracture discrimination performance analyses for CortBS
parameters reported in Study C (81), MF parameters were added. The results of
discrimination performance analyses using PLS-LOOCV are summarized in Figure 14
and Table 3. For vertebral and all other fractures, additional MF parameters to the
CortBS parameters resulted in the same AUC values and the same significant CortBS
variables for fracture discrimination (Tab. 3). A slightly higher AUC value of 0.79 was
obtained after PLS-LOOCV using CortBS and MF parameters without using
anthropometric information for vertebral fractures (Fig. 14a, purple line). Note, only
CortBS parameters were selected as significant variables. For other fractures the
combination of MF and CortBS parameters resulted in one additional significant
variable, the median cortical speed of sound Ct.vi1MFmean. Nevertheless, AUC values
remained the same. For all three fracture cases, MF parameters alone showed poor
discrimination performance. In summary, MF parameters could not further improve the
CortBS discrimination model. The CortBS parameters provided superior fracture
discrimination performance compared with DXA and similar fracture discrimination

performance compared with HR-pQCT (81).
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Fig. 14: Fragility fracture discrimination performance of DXA, HR-pQCT, CortBS, MF and combination
of CortBS+MF for a) vertebral fractures, b) other fractures, and c) all fractures. If anthropometric
information improved the discrimination model, these ROC curves are shown (extended from Armbrecht
et al. (81) with MF results with permission under Creative Commons 4.0 license).

Tab. 3: “Fragility Fracture Discrimination performance. PLS-LOOC discrimination models were
developed for the individual measurement modalities both alone and in combination with anthropometric
(AP) data and age. Only significant models are listed. The numbers of fractured/non-fractured cases for
each model are found in the first column inside of the parenthesis. Significant variables selected by
Subwindow Permutation Analysis are listed in the last column.” (81) (This Table is extended from
Armbrecht et al. (81) with MF results with permission under Creative Commons 4.0 license).

Sensiti- Specifi- AUC  Accuracy Odds Ratio  Significant
vity city (95% Variables
Confidence
Intervals)

Vertebral Fractures (Fx/nFx)
DXA + AP 0.11 0.94 0.54 0.67 2.2 T-scoreremur
(11/36) (0.1-4.2)  Weight
HR-pQCT 0.27 0.92 0.68 0.70 4.2 Ct.Po.Dsp(rol)
(18/36) (2.7 -5.8) Ct.Po.Dvar(roi

Ct.Po.Dm. DMean(ROI)
Ct.Po.Dm.Dsp(ror)
Ct.Po.Dm.Dqgo(rol)

MF 0 1 0.37 0.67 - Ct.v11MFmedian

(18/36) Ct.v11MFmean
Ct.ThMFegian
Ct.ThMFean

Ct. ThMFmedian / Ct.V11MFmedian
Ct.ThMFmean/ Ct.VllMFmean
Ct.v11MFmedian /Ct. ThMFmedian
Ct.VllMFmean / Ct.ThMFmean

CortBS 0.43 0.92 0.72 0.78 8.2 Ct.Po.Dm.Dq9o
(14/36) (6.7 —9.8) Ct.Po.Dm.Drwhm
Ct.Po.Dm.DrwHM-Max
Ct.owo, Ct.osf
CortBS + 0.50 0.92 0.78 0.80 11 Ct.Po.DmM.Drwhm
MF (9.4-12.6) Ct.0o, Ct.af
(14/36)
CortBS + 0.50 0.94 0.75 0.82 17.0 Ct.Po.Dm.Dqgo
AP (15.2-18.8) Ct.Po.Dm.Drwhm
(14/36) Ct.aw, Ct.ous
Weight
CortBS + 0.50 0.94 0.75 0.82 17.0 Ct.Po.Dm.Dqgo
MF + AP (15.2-18.8) Ct.Po.Dm.Drwhm
(14/36) Ct.aw, Ct.ous
Weight
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Other Fractures (Fx/nFx)

DXA + AP 0.33 0.85 0.55 0.65 29 T-scoreremur
(15/34) (1.6-4.2) Height, Weight
HR-pQCT 0.48 0.85 0.66 0.70 51 Ct.PosH(rol
(15/33) (38-64) Ct.PO.Dskewness(ROl)

Ct.Po.Dn(ro)
Ct.PosH(Ful)
Ct.P0.Dskewness(Full)
Ct.Po.Dkurtosis(Full)

T.Tb.TheEun
CortBS 0.39 0.81 0.65 0.66 2.76 Ct.oo, Ct.os
(12/32) (1.5-4.1)
MF 0.10 0.85 0.64 0.56 0.6 Ct.v11MFimean
(15/34) (-1.1-2.3)
MF+AP 0.29 0.79 0.59 0.60 1.54 Weight
(15/34) (0.28-2.80)  Height
Ct.VllMFmedian
Ct.VllMFmean
CortBS + 0.39 0.81 0.66 0.66 2.78 Ct.aw, Ct.os
MF (1.5-4.1)
(12/32)
CortBS + 0.39 0.88 0.69 0.70 4.45 Ct.oo, Ct.os
AP (3.0-5.9) Height
(12/32) Weight
CortBS + 0.33 0.88 0.69 0.68 35 Ct.awo
MF + AP (2.07-4.93) Ct.of
(12/32) Height

Weight
Ct.v11M median

All Fractures (Fx/nFx)

HR-pQCT 0.83 0.64 0.73 0.74 8.5 Ct.P0o.Dqso(rol
(29/26) (7.3-9.8) Ct.Po. Dskewness(FuII)
CortBS 0.68 0.64 0.70 0.66 3.8 Ct.PoDm.Dpeak
(29/25) (2.6-4.9)  Ct.PoDm.Dgio

Ct.PoDm.Dqgo
Ct.PoDm.DrwHM-Min
Ct.PoDm.DrwHM-Max

Ct.oo

Ct.ous
MF 0.66 0.50 0.53 0.58 1.90 Ct.v11MFmedian
(29/26) (0.81-2.99)  Ct.vi1MFmean
MF+AP 0.66 0.50 0.53 0.58 1.90 Ct.v11MFmedian
(29/26) (0.81-2.99)  Ct.viiMFmean
CortBS + 0.64 0.60 0.69 0.62 2.7 Ct.oo
ME (1.5-3.8) Ct.os
(29/25) Ct.VllMFmedian
CortBS + 0.72 0.64 0.72 0.68 4.6 Ct.oo
AP (3.4-5.8) Ct.os
(29/25) Height
CortBS + 0.72 0.64 0.72 0.68 4.6 Ct.oo
MF + AP (3.4-5.8) Ct.os
(29/25) Height
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4. Discussion

Study A validated the MF approach in silico and ex vivo on plate-shaped materials as
a precise and accurate Ct.Th and Ct.vi1 estimation. For the transition of the MF method
into the in vivo measurements, simulations on curved bone shaped with and without
cortical pores were performed in Study B. Additional phase aberration caused by the
bone interface curvature, bone tilt and scattering, and cortical pores were corrected
using three PAC methods. First, surface time correction was performed by calculating
the additional time shift of the propagating waves caused by the curvature. Second,
the autocorrelation function correction was applied by correcting the tilt wave front of
the reflected backside echoes caused by the bone tilt. Lastly, cross correlation between
the reflected backside echoes were used to retrieve the confocal backside focus depth.
Thickness and speed of sound estimations using the MF post-processing analysis from
Study A were not in agreement with reference values. In contrast, using the three PAC
methods from Study B, estimations of Ct.ThMF showed precision and accuracy values
of 0.25 mm and 5.67%, respectively, and precision and accuracy values for Ct.visMF
were 114.9 m/s and 9.77%, respectively (78). In summary, without phase aberration
corrections, the MF methods fails on precise and accurate estimation of Ct.Th and
Ct.vi1 on curved and real bone structures. Another approach that used similar
refraction methods with multiple focus depths was proposed by Wydra et al. (93). A
2.5-MHz single-element focused transducer was used to assess thickness and speed
of sound on porous plate-shaped bone phantoms of human skulls. Precision values
were reported for thickness at 8.5% and for speed of sound at 4.1%. In comparison to
their precision values of pore-free plate shaped samples, the precision values from
Study A are approximately 50% higher. Renaud et al. (66) proposed another
measurement method to retrieve Ct.Th and Ct.vi1 using a single-element excitation
with a 2.5-MHz linear phased array transducer. The method is based on an adaptation
of the Kirchhoff migration to reconstruct ultrasound images. Kirchhoff migration was
originally developed to image the earth's subsurface. The ultrasound technique
proposed by Renaud et al. showed accurate estimation of cortical bone thickness of
two healthy volunteers (66). In contrast, the MF method includes an effective aperture
considering conversion of compressional waves into shear waves. In addition, the MF
approach uses phase aberration correction methods caused by surface geometry and
cortical pores. The effect of the focused beam size to the effective aperture should be

a target for future studies.
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The in vivo estimations of Ct.ThMF for the 53 out of 55 female patients were in
agreement with the reference HR-pQCT method with accuracy and precision values of
0.17 mm and 6.03% for Ct.ThMF, respectively. In addition, in vivo estimations of Ct.v11MF
were in the range of reported speed of sound values for Ct.Po up to 20% (77). This
shows that the MF approach can be used for in vivo thickness and speed of sound
estimation. However, future studies should target real bone structures to establish
appropriate phase aberration for osteoporotic bones. The proposed phase aberration
method in Study A and B were only based on simulation results of simplified bone
models. Osteoporotic cortical bones show a highly irregular endosteal interface and
large cortical pores, where backside reflections diminish throughout due to strong
scattering. In addition, the effect for the speed of sound in soft tissue needs to be
investigated further to validate the in vivo application on more subjects. In Study C, an
average speed of sound value of soft tissue of 1540 m/s was used. Goss et al. (94)
have shown that speed of sound values vary up to 10% depending on the composition
of soft tissue i.e. fat, muscles, blood etc., which results in additional wave distortion.
The ultrasound beam would be diffracted and attenuated by layers of soft tissue and
fat. Therefore, received ultrasound waves from the bone interface would be absorbed
and the information about the bone structure would be diminished during the wave
interaction with soft tissue. A speed of sound measurement of overlaying tissues using
ultrasound imaging and an autofocused approach was proposed by Renaud et al. (95).
In conclusion, the effect of highly irregular endosteal interface and soft tissue on the
ultrasound signal simulation models using real bone structures based on HR-pQCT
scan should be further investigated.

During the development of the MF approach, another QUS method was introduced to
assess cortical pore diameter distribution by evaluating cortical backscatter (CortBS
method) (68). The first in vivo assessments of cortical pore diameter distributions of
postmenopausal women showed the good discrimination performance of CortBS (0.69
< AUC =< 0.75) compared to DXA (0.54 < AUC < 0.55) and similar discrimination
performance compared to HR-pQCT (0.66 < AUC < 0.73) (81). In addition to the
CortBS method, the MF approach provides Ct.Th values and viscoelastic property
information of the cortical bone from the Ct.vi1 values. No improvement in the
discrimination performance using only the MF parameter was found. The Ct.Th at the
tibia midshaft was not a significant variable in this in vivo study, but cortical porosity
and pore-size distributions from the CortBS method showed good association with
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fragility fractures. For non-vertebral fractures, the combination of CortBS and MF
resulted in an additional significant viscoelastic parameter of Ct.vi1MFmedian for other
fracture discrimination after PLS-LOOCV. For vertebral fractures, MF parameters were
not significant. In summary, MF parameters could not further improve the CortBS
discrimination model. Nevertheless, further studies with a larger study population
needs to be performed to obtain statistically robust results. In Study C, PLS-LOOCV
was performed with prediction parameter matrices of up to 25 parameters for CortBS
and MF on a small cohort size of 55 patients, which resulted in the uncertainty for the
selection of significant variables. One example is shown in Figure 14 a (purple curve),
where the combination of CortBS and MF parameters without anthropometric data and
age resulted in a higher AUC value of 0.79 compared to the AUC value of 0.75, where
anthropometric data and age were included. Significant variables were only in CortBS
parameters, whereas Ct.Po.Dm.Dqeo was not selected as significant variable for
CortBS+MF PLS-LOOCV without anthropometric data and age. Another limitation of
the in vivo study was the restriction to postmenopausal women with T-scores below -
1. Therefore, larger population studies including both sexes with a larger age range,
larger BMI, and T-score above -1 would improve stable statistical results (81).
Nevertheless, CortBS parameters showed superior discrimination performance. In the
future, studies should focus on identifying people at risk of fracture as well as assessing
the individual fracture risk with MF and CortBS parameters (81). In addition, real-time
detection of the periosteal and endosteal surface of the cortical bone surface should
be implemented for MF measurements as real-time feedback for a successful
measurement.

In conclusion, this work demonstrates a refraction and phase aberration corrected
imaging method that locally resolves the estimation of cortical thickness and speed of
sound values at the tibia using a clinical ultrasound scanner. The understanding of
ultrasound scattering at soft tissue and the effect of speed of sound values for soft
tissue compartments requires investigations in further studies to enable a successful
clinical application of the MF method for cortical thickness and speed of sound
estimations. The first in vivo estimation of cortical pore properties that quantifies
microstructural cortical bone deteriorations from cortical backscatter showed better
discrimination performance compared to the standard aBMD. The Multifocus and

CortBS techniques are anticipated to have high clinical potential as a low-cost, non-
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invasive, non-ionizing and portable imaging tool for fracture risk assessment. Using

these techniques, it is possible to identify those at increased risk early on.
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Estimation of Thickness and Speed of Sound
in Cortical Bone Using Multifocus
Pulse-Echo Ultrasound

Huong Nguyen Minh, Member, IEEE, Juan Du™, Member, IEEE, and Kay Raum™, Member, IEEE

Abstract—Most bone loss during the development of
osteoporosis occurs in cortical bone at the peripheral skele-
ton. Decreased cortical thickness (Ct.Th) and the prevalence
of large pores at the tibia are associated with reduced bone
strength at the hip. Ct.Th and cortical sound velocity, i.e., a
surrogate marker for changes of cortical porosity (Ct.Po),
are key biomarkers for the identification of patients at high
fracture risk. In this study, we have developed a method
using a conventional ultrasound array transducer to deter-
mine thickness (Ct.Th) and the compressional sound veloc-
ity propagating in the radial bone direction (Ct.v11) using
a refraction-corrected multifocus imaging approach. The
method was validated in-silico on porous bone plate mod-
els using a 2-D finite-difference time-domain method and
ex vivo on plate-shaped plastic reference materials and
on plate-shaped cortical bovine tibia samples. Plane-wave
pulse-echo measurements provided reference values to
assess precision and accuracy of our method. In-silico
results revealed the necessity to account for inclination-
dependent transmission losses at the bone surface. More-
over, the dependence of Ct.vy; on both porosity and pore
density was observed. Ct.Th and Ct.vyy obtained ex vivo
showed a high correlation (R2 > 0.99) with reference values.
The ex-vivo accuracy and precision for Ct.v11 were 29.9 m/s
and 0.94%, respectively, and those for Ct.Th were 0.04 mm
and 1.09%, respectively. In conclusion, this numerical and
experimental study demonstrates an accurate and precise
estimation of Ct.Th and Ct.v11. The developed multifocus
technique may have high clinical potential to improve frac-
ture risk prediction using noninvasive and nonionizing con-
ventional ultrasound technology with image guidance.

Index Terms— Medical beamforming and beam steering,
medical signal and image processing, medical tissue char-
acterization, pulse-echo ultrasound.

|. INTRODUCTION

STEOPOROSIS (OP) is one of the most important
global health problems of our aging population, which
reduces mobility and quality of life, increases mortality,
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and sets a dramatic burden on the healthcare system [1].
The current gold standard to predict bone status and fracture
risk is the measurement of bone mineral density (BMD)
by means of dual-energy X-ray absorptiometry (DXA) at
major fracture sites, i.e., spine and proximal femur. These
measurement regions are predominantly composed of tra-
becular bone. However, ~70% of bone loss occurs after
age 65 at peripheral sites and is cortical, not trabecular,
which contributes ~80% of the human skeleton and con-
tributes most to bone strength [1], [2]. Unbalanced intracor-
tical remodeling leaves progressively more nonrefilled bone
multicellular units (BMUs) in the cortex, which becomes
thinner and contains particularly large coalescent basic mul-
ticellular units (hereinafter called large BMUs) compared
with the Haversian canals. In particular, in the endosteal
subcompartment, close clustering of BMUs enhances their
chances to merge, leading to the so-called trabecularized
cortex [2]. Decreased cortical thickness and the prevalence
of large BMU'’s reduce bone strength [3] and are quantifiable
“fingerprints” of structural deterioration [4]. However, cortical
bone loss and the resulting structural decay are poorly captured
by BMD [5]—(7]. In fact, the majority of individuals who have
sustained an OP-related fracture or who are at high risk of
fracture are not diagnosed as osteoporotic according to the
BMD level [1]. In the past three decades, quantitative ultra-
sound (QUS) methods have been introduced as nonionizing
alternatives for the diagnosis of OP and the prediction of
fracture risk. While the early QUS approaches have targeted
trabecular sites, e.g., at the heel, and aimed at predicting
BMD via empirical associations with the measured speed of
sound (SOS) and broadband ultrasound attenuation [8], recent
QUS technologies target cortical measurement sites, e.g., distal
radius and tibia, and aim at the quantitative assessment of
structural cortical bone properties, e.g., cortical thickness
Ct.Th and cortical porosity Ct.Po. One approach proposed by
Karjalainen er al. [9] uses an unfocused single-element pulse-
echo configuration to measure the time delay between waves
reflected from the periosteal and endosteal bone interfaces.
Using the assumption of a known and invariant radial sound
velocity of 3565 m/s, the apparent cortical thickness is derived
from the time lag between reflections from the periosteal and
endosteal interfaces [10]. The time lag can be determined
using autocorrelation, envelope peak detection, or cepstral
methods [9], [11]. A multivariable optimization approach was
proposed by Tasinkevych ef al. [12] to determine thickness
and compressional wave velocity by fitting experimentally

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/
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Fig. 1. (a) Snapshot of a numerical simulation model. The bone model contains randomly distributed pores with Po = 9% and Po.Dm = 42.5 um.
(b) Pulse-echo signals (envelope) recorded by the receiver elements. The lateral and temporal increments correspond to the element and pitch sizes
of 0.3 mm in the horizontal direction and the temporal sampling increment of 25 ns (after downsampling) in the vertical direction.

measured amplitude and phase spectra of the reflected signals
to corresponding simulated spectra. However, the method
relies on the assumptions of normal sound incidence on a
homogenous material with perfectly flat interfaces and a priori
knowledge of some material properties, e.g., the attenuation in
cortical bone and the reflection coefficient at the bone inter-
faces. Zheng et al. [13] proposed an imaging method of the
cortical layer of a bovine tibia bone using a Born-based inver-
sion scattering technique to reconstruct the wave path and to
estimate the cortical thickness. The method was demonstrated
ex vivo on one bovine tibia, but no velocity and thickness val-
ues derived from this approach were reported. The combined
estimation of cortical thickness and porosity has been achieved
by means of full-wave dispersion analysis of guided waves
in axial transmission measurements [14]. This method relies
on the assumptions as: 1) wave dispersion in long bones can
be approximated by a free plate model and 2) that variations
of the elastic stiffness tensor at the mm-length scale can be
entirely described by the volume fraction of pores pervad-
ing the extracellular matrix [15]. However, the application
of axial transmission measurements is restricted to patients
with low body mass index [16], [17]. Among other reasons,
the lack of a direct image-guided measurement results in a
high-operator dependence, and underlying assumptions for the
parameter estimation may not always be fulfilled. Refraction-
corrected bone imaging approach using single-element trans-
mission, and full-array waveform capture has been proposed
by Renaud er al. [18]. This method provides images of the

periosteal and endosteal bone interfaces and estimates both
cortical thickness and an anisotropic sound velocity profile.

The objective of this study was to develop a method that
uses conventional, multiclement transmit and receive array
imaging technology and a refraction-corrected multifocus
imaging approach to determine cortical thickness Ct.Th and the
velocity of the compressional wave propagating in radial bone
direction (Cr.vy;). The method has been validated: 1) in silico
by means of finite-difference time-domain (FDTD) simulations
in academic bone plate models with random microstruc-
tures of variable pore sizes and densities and 2) experimen-
tally on nonporous polymer reference material plates and
on porous bovine bone plates. Note that for consistency,
the variables Ct.Th and Ct.vq; are used hereinafter for sample
thickness and sound velocity, even if the samples were not
cortical bone.

Il. MATERIALS AND METHODS

A. Numerical Ultrasound Propagation Model
Ultrasound wave propagation in water and bone was
simulated using the 2-D FDTD method with Simsonic
(www.simsonic.fr) [19]. The elastic simulation model
considers multiple scattering, frequency-independent absorp-
tion, refraction, diffraction, and wave conversion, which
occurs during the wave propagation in a bone. Our model
geometry consists of a 4-mm-thick bone plate immersed in
water Fig. I(a)]. Randomly distributed circular pores resemble
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TABLE |
TiSSUE MATERIAL PROPERTIES OF BONE AND PORES USED FOR THE
NUMERICAL MODEL. MASS DENSITY p AND Cjj, I.E., THE
COEFFICIENTS OF A TRANSVERSE ISOTROPIC STIFFNESS
TeENSOR WERE OBTAINED FROM [20] AND THE
ABSORPTION VALUE a WAS TAKEN FROM [21]

TABLE Il
CORTICAL POROSITY (Ct.Po) OBTAINED FROM CT IN BOVINE BONE
PLATES. VALUES ARE MEANS 4+ STANDARD DEVIATION. WIDTH
AND LENGTH OF THE SAMPLES ARE REPORTED
IN THE LAST TWO COLUMNS

Sample # Ct.Po (%) Width (mm) Length (mm)
BONE PORES 1 0.3 23 26
P lglem’] 1.93 1.00 2 0.2 18 28
¢ [GPa) 237 225 3 0.9 1l 30
¢ [GPa] 23.7 225 4 20 12 26
¢;>[GPa] 9.5 2.25
¢s5 [GPa] 6.6 0
:l[d[gl//;]m] 2‘5104 (1)5(;)(;)2 Ex-vivo studies of the human tibia in the elderly found Cr.Th

Haversian canals intersecting the image plane. Perfectly
matched layers (width: 300 pixels and attenuation: 160 dB)
were added at all edges of the map. Material properties for
the extracellular bone matrix in human cortical bone are
considered to be transverse isotropic [20], with the plane of
symmetry parallel to the image plane. The simulation was
performed in the isotropic plane with wave propagations in
the radial bone direction. Material properties were used from
a previous acoustic microscopy study in a human femur [20]
and an ex-vivo study [21] and are summarized in Table L.
A convergence study provided stable results for spatial and
temporal grid sizes of 7 um and 0.93 ns, respectively.

The bone plate was placed 4 mm below the transducer,
i.e., a linear array with 32 elements (element and pitch sizes:
0.3 mm). Elements emitted broadband pulses with a center
frequency of 5 MHz and a —6-dB bandwidth of 60%. Phase
delays were applied to focus the transmit beam subsequently
to focus depths of —24 mm with an increment of 1 mm
[Fig. 1(a)]. The signals received at all elements were recorded
and downsampled to a sampling rate of 80 MHz for further
processing [Fig. 1(b)]. Recent ex-vivo studies in human corti-
cal bone reported Ct.Po and cortical pore diameter (Cr.Po.Dm),
defined as the diameter of single Haversian canals or BMU’s
with a circular shape, values between 2% and 22%, and 7 and
95 um, respectively [3], [22], [23]. Therefore, two groups
were modeled by varying either porosity or pore size: mode
I: Ct.Po.Dm = 38.6 um; Ct.Po € [0%-20%; step size: 2%],
cortical pore density Cr.Po.Dn € [0 mm~2-140 mm~2; step
size: 14 mm~2]; and model II: Ct.Po = 10%; Ct.Po.Dm €
[17.7-96.3 um; variable step size], Ct.Po.Dn € [408 mm~2-
13.7 mm~2; nonlinear decrease with increasing Ct.Po.Dm).
Each bone model was generated six times.

B. Sample Collection, Preparation, and Reference
Thickness Measurements

A fresh bovine tibia bone was acquired from a local
slaughterhouse. A 30-mm disk was extracted from the cen-
tral shaft region. The disk was further divided into four
anatomical quadrants (medial, anterior, lateral, and posterior)
using a band saw (EXACT GmbH, Remscheid, Germany).

in the range between ~1 and 6 mm [3], [24]. Therefore,
parallelepiped plates with variable thickness values in the
radial direction (i.e., the direction of sound propagation) were
prepared by parallel cuts between periosteal and endosteal
interfaces. Length (longitudinal bone direction) and width
(circumferential direction) of the samples were then further
trimmed. The dimensions of all bovine bone plates are summa-
rized in Tables II and I1I. Moreover, reference material plates
of two polycarbonate (PC), one polyvinylchloride (PVC),
three polymethylmethacrylate (PMMA), and four short fiber-
reinforced epoxy (Sawbone, Malmoe, Sweden) samples with
thickness values between 4 and 8 mm were prepared. The
Sawbone samples were prepared such that the fiber orientation
was perpendicular to the sound propagation direction. The
reference thickness C.ThR! of each sample was measured
by means of a micrometer screw (accuracy: £ 0.002 mm) at
five different locations.

C. Reference Measurements

1) Plane Wave Pulse-Echo Ultrasound: The 5-MHz plane
wave pulse-echo measurements were conducted using a
custom-made scanning acoustic microscope (SAM200 Ex,
Q-Bam, Halle, Germany) [25]. The samples were immersed
in distilled and degassed water at 37 °C. A custom-made
unfocused transducer (diameter = 14.5 mm) was used to
scan the samples in two dimensions with a scan increment
of 112 um in both the directions. Center frequency and
bandwidth of this transducer were 3.6 MHz and 81%, respec-
tively. The distance between the transducer and the sample
surface was in the range between 11 and 17 mm. At each
scan position, the pulse-echoes from frontside and backside
(FB) reflections of the sample [Fig. 2(a)] were captured at
100 MHz using a 12-b A/D card (Gage Compuscope CS12400,
Gage Applied Technologies, Lachine, QC, Canada). Bandpass
filtering of the radio frequency (RF) signals was done using
a Chebyshev Type Il filter in the frequency range from 0.1 to
20 MHz. The time-of-flight difference ATOF) between FB
reflections was determined using cepstral analysis [9], [11].
In contrast to the commonly used smoothing step necessary
to remove the spectral characteristics of the transmit pulse
from the oscillations caused by repetitive signals in the power
spectrum, we have used the gated front-side reflection of
each recorded signal as a reference spectrum [26]. First,
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TABLE Il
Ct.Th AND Ct.v11 MEASURED WITH MICROMETER SCREW AND PLANE-WAVE PULSE-ECHO MEASUREMENTS (REF) AND WITH THE MULTIFOCUS
METHOD (MF). MEANS, STANDARD DEVIATIONS (SD), AND COEFFICIENTS OF VARIATION (CV) WERE DETERMINED FROM FIVE REPETITIONS

Material CL.TH™ (mm)  CL.TH™ (mm) CV (%)  Ctv,/(m/s) CV (%) Crv,™ (mls) CV (%)
Mean + SD Mean + SD Mean + SD Mean + SD
Bovine  #1 1.548 + 0.005 1.60 +0.01 0.3 3318+ 18 0.5 3301 + 14 0.4
#2 2.029 +0.003 2.03+0.01 0.4 3304+ 11 0.4 3312+ 15 0.5
#3 2.550+0.010 2.54+0.01 0.3 3290 +27 0.8 3246 +21 0.6
#4 4.835+0.034 4.81+0.03 0.5 3319 +21 0.6 3309 +36 1.1
Sawbone® 1.115£0.005 1.13£0.01 1.0 2830 +27 1.0 2844 +37 1.3
1.763 +0.007 1.80 £ 0.02 1.0 2988 £ 11 0.4 2935+9 0.3
2.822 +0.002 2.83+0.01 0.2 2866 + 19 0.7 2803 +£2 0.1
4.751 +0.004 4.78 +0.04 0.7 2970 + 19 0.6 2932+ 19 0.7
PMMA 0.906 + 0.003 0.86 + 0.01 1.0 2745+ 8 0.3 27155 0.2
1.946 + 0.001 1.94 +0.01 0.3 2707 £2 0.1 2699 +3 0.1
3.908 +0.001 4.00+0.01 0.3 2714+ 1 0.1 2701 +4 0.1
PVC 8.160 + 0.003 8.22+0.03 0.4 2299 + 1 0.1 2325+3 0.1
Polycarbonate ~ 6.237 = 0.001 6.24+0.03 0.4 2244 + 1 0.1 2244+ 8 0.4
7.181 +0.001 7.15+0.03 0.4 2211 +3 0.1 2218 +5 0.2
a) b)
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Fig. 2. (a) Pulse-echo signal and Hilbert-transformed envelope signal (black dashed line) from a reference measurement of a 4.84-mm bovine bone
plate using an unfocused single-element transducer. A Hanning window (width is indicated by dashed vertical lines) was used to gate the front-side
signal. (b) Cepstrum obtained using (1) exhibits a peak at a position that corresponds to the time delay between FB reflections in (a).

the positions of the maxima of FB reflections were deter-
mined from the Hilbert-transformed envelope signal using a
local peak detection algorithm. Then, Hanning-window gated
time segments were created, which extracted either only the
front-side reflection (F) or the combined FB signals [Fig. 2(a)].
The power cepstrum C7) was obtained from the Fast Fourier
Transform (FFT) of the normalized power spectrum

C(z) = [FFT(log)o [Ses (/)I* —log;o ISF(HIF)] (1)

whereas s;(f) is the power spectra of the gated signals F and
FB, respectively. Prior to the FFT, the difference spectrum was
preconditioned by removing dc and linear components [26]

and the calculation was performed within the —6-dB band-
width of the transducer. The position of the strongest peak
in the power cepstrum [Fig. 2(b)] corresponds to ATOFE
With the thickness values obtained using the micrometer

screw, the compressional sound velocity C t.v'fl"f was obtained

- Ret _ 2 Ct.THRE
VI T TTATOR

Mean, standard deviation, and coefficient of variation were
assessed in homogenous image regions for each sample.

2) Microcomputed Tomography (1 CT): High-resolution ref-
erence values of C.ThR! and Cr.PoR" of the bovine samples

2)
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Fig. 3. Schematic illustration of the multifocus measurement in the radial direction (x, z) of a long bone. The transducer is positioned 20 mm above
the sample. Focused sound beams are emitted using a 32-element subaperture of a 128-element linear array. The semi-aperture angle 8 of the
transmit beam is gradually decreased to move the focus from a depth above the sample front side to a position below backside of the sample.
Refraction at the front-side interface results in a change the propagation direction of transmitted waves, and thereby, a shift of the focus depth inside
the sample. AF; indicates the shift of the focus depth needed to focus from the frontside (Fg) to the backside (Fg). In addition to the scan of the

focus depth, subaperture is scanned along the array (x) direction.

were determined using a SkyScan 1172 scanner (Bruker
MicroCT, Kontich, Belgium). The scan parameters were—
80 kV; 124 xA; 0.5-mm aluminum filter; exposure time 9.4 s;
image averaging over three frames; rotation: 180°; rotation
step size: 0.1°; and field of view: 8 x 8 mm”. The image
reconstruction was performed using the NRecon reconstruction
software (v.1.10.1, Skyscan NV, Kontich, Belgium) with the
following settings—beam hardening correction: 25%; ring
artifact reduction: 45; and manual postalignments depending
on the samples. The isotropic voxel size of the reconstructed
volume data was 11.94 um. For each examination, a stack
of 1.246 cross-sectional images was stored in 8-b file format.
A 3-D Gaussian smoothing kernel with standard deviation
of 1.2 and a 2-D median filter with a size of 50 x 50 was
applied to remove noise from the images. Pores and bone
matrix were segmented using Otsu’s method [27]. A rectan-
gular volume of interest (VOI) with margins 0.2 mm inside
the sample limits was manually defined. Within each VOI,
the porosity Cr.PoRe" was determined by the ratio between
pore voxels and total number of voxels within the VOI. The
error of the porosity estimation with this setup is in the order
of < 0.2% [28].

D. Multifocus Ultrasound Acquisition

Multifocus imaging was performed with a medical ultra-
sound scanner SonixXTOUCH equipped with a 3-D linear
array transducer 4DL14-5/38 (consisting of a 1-D 128-element
array, center frequency 8 MHz, pitch 0.3 mm, and a sweep
motor that allows automatic acquisition of 3-D volumes),
and a SonixDAQ single-channel data acquisition system
(Ultrasonix, Richmond, BC, Canada). The SonixDAQ is a
research add-on that allows simultaneous pre-beamformed
single-channel RF data acquisition of all 128 channels. The
samples were immersed and degassed in water for 30 min.

Fig. 3 shows the multifocus setup. The transducer array was
positioned perpendicular to the bone long axis and parallel
to the bone surface. The measurement sequence consisted
of a series of conventional B-mode imaging sequences with
Ntx = 128 lateral scan positions x;. At each x; scan posi-
tion, sound waves were focused on the radial bone direc-
tion into the plates using a 32-element transmit aperture.
Subsequent B-mode images were acquired with gradually
increasing focus depths F. (16 steps; starting from 10 mm
with a step size of 2 mm). The semi-aperture angle 0 was
defined by aperture size and focus depth F.. In order to
optimize penetration depth, the transducer elements were not
excited at their resonance frequency, but with a single “+”
signal at a system transmit frequency of 5 MHz, which
produced signals with a center frequency of 5.1 MHz and
a bandwidth of 69% [Fig. 4(d)]. Single-channel RF data
(Nrx = 128) were captured at a sampling rate of 40 MHz
with 12-b resolution, resulting in a 4-D Matrix V(Ntx, F-,
Ngrx, 1) with dimensions 128 x 16 x 128 x 1023. The
temperature of the water was measured during the acquisi-
tion throughout to calculate sound velocities in water vyag
depending on temperature following [29]. All measurements
were repeated five times with sample repositioning between
measurements.

E. Image and Signal Processing

Beamformed images were reconstructed using the same
aperture and focus depth as for the transmit beams, result-
ing in a 3-D matrix VRx—focus(F=, x, t). For visualization of
the confocal reflection amplitudes, a maximum projection
image Vipi(x, 1) was created [Fig. 4(a)]. The time of flights
[TOFf(x, z) and TOFg(x, z)] and amplitudes [Vg(x, F.) and
Vg(x, F.)] of reflections from the sample’s FB, respectively,
were tracked for each array scan position and focus depth
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Fig. 4. (a) Maximum projection B-mode image reconstructed from all focus depths with tracked front (red line) and backside surfaces (blue line) of
a bovine sample. (b) Tracked amplitudes at the lateral scan position indicated by a white dashed line in (a) of front (red line) and backside surface
reflections (blue line) of a 4.79-mm bovine sample versus focus depth. The confocal FB focus positions can be determined from the maxima of
VE(x, Fz) and Vg(x, F). (c) Corresponding beamformed pulse-echo signals with confocal beamforming at 21 mm (Fiontsige) @nd 30 mm (Fpackside)-
The vertical dashed lines indicate the time gate for the calculation of the power spectrum. (d) Mean power spectrum of all gated front-side echoes.

[Fig. 4(b)] and the ATOF between confocal frontside and
backside reflections was determined.

For each lateral scan position x;, the ATOF(x;) between
confocal FB reflections and the focus shift A F. between con-
focal FB positions were determined [Fig. 4(c)]. The shift A F.
needed to focus from the front to the backside is determined
by the sample thickness Cr.Th, the semi-aperture angle 6 of
transmit and receive beams, and the sound velocities in water
vi2o and bone Cr.vyy [30], [31]

AF,
0.5 . (I - C’—‘u) (1 = cos(kes0)) — St

Vi,0
(3)

Ct.Th =

The factor ket in (3) accounts for: 1) the increasing conver-
sion of compressional waves into shear waves with increasing
angle of incidence and 2) the complete lack of compressional
wave transmission into the solid for inclination angles larger
than a critical angle i,

X VH,
Ocrit = arcsin (Cf;)?l ) (4)

kefr@ can be interpreted as an effective aperture contributing
to the beam focusing on the backside. The factor kef depends
on the semi-aperture & and the transmittance and reflectance
functions. In this study, an algorithm was developed to esti-
mate kerr based on € and O and ker was derived for each
measurement iteratively.

The scanning of the beams along the array (x;) direction
enables local estimations of sound velocity and thickness. The
lateral resolution of the estimates is determined by the lateral
beamwidth interrogating the sample while focusing on the
backside of the sample. Therefore, Cr.vii(x;) and Ct.Th(x;)
estimations were smoothed using a robust moving average
filter with a span of 21 prior to the calculations of sample
means and standard deviations.

F. Statistics

The normality of the parameter distributions was confirmed
using the Lilliefors test. Pearson linear regression analysis
and Bland-Altman plots [32] were conducted to compare
the parameters obtained using the multifocus method with
reference values. Precision was defined as the coefficient of
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Fig. 5. Representative result of the tracking of front (black line) and

backside reflections (—: Po = 0%; - -: Po = 13%) using the multifocus
approach.

variation (CV) of the difference between predicted and refer-
ence relative to the mean of the reference values. Accuracy was
determined by means of the root-mean-squared error compared
with the reference values. Reproducibility was assessed as the
intrasample CV of repeated measurements. If parameters were
normally distributed, paired t-tests were used to evaluate if the
parameters estimated using the multifocus method were sig-
nificantly different compared with the reference methods. Oth-
erwise a Wilcoxon rank-sum test was used. The significance
level was defined as p < 0.05. All analyses were performed
using the MATLAB including the Signal Processing, Curve
Fitting, and Statistics Toolboxes (The Mathworks, Natick, MA,
USA).

Ill. RESULTS
A. Numerical Simulations

The FB echo amplitudes and their corresponding TOF could
be retrieved from all simulation models. A representative result
of the tracking of FB reflections is shown in Fig. 5.

For all simulations, the peak of the surface echo occurred
at a focus depth of 4 mm. In contrast, the peak position
and amplitude of the backside reflection varied depending
on the pore properties. For a homogenous bone plate with
0% porosity, the confocal backside position was at a focus
depth of 14 mm. All models which contained pores exhib-
ited decreased confocal backside amplitudes and focus depth
positions.

The simulation results of model I revealed a dependence
of the estimated sound velocity (Ct.vﬂF) on the reference
velocity (Ct.v{(,er ) if the semi-aperture ¢ was close to the
critical angle. The following algorithm was applied to all
subsequent analyses:

_((1if 0 < Oupig — 10°
S (0.1 A if 0 > Oy — 10") ®

whereas A6 = 0.y — 0. The factor ke was determined in five
iterations, starting with kegr = 1.

All parameters obtained from model I (Ct.Po.Dm =
40 um) were normally distributed. Ct.vy; decreased with

increasing sample porosity [Fig. 6(a)]. The accuracy and
precision of the multifocus method were 36.9 m/s and
1.1%, respectively [Fig. 6(b)]. The Ct.vMF values were not
significantly different from the reference values Cl.vhef.
Accuracy and precision of the estimation of Cr.ThMF were
0.04 mm and 1.0%, respectively [Fig. 6(c)]. The esti-
mations were not significantly different from the model
thickness.

Except for the reference velocity values, all parameters
obtained from model I (CtPo = 10%) were normally
distributed. Cr.vy; decreased with a decreasing pore size
(or increasing pore density) [Fig. 7(a)]. The Cl.uMF values
were not significantly different from the values obtained from
reference method [IFig. 7(b)]. The accuracy and precision of
the multifocus method were 52 m/s and 1.8%, respectively.
Cortical thickness estimations Cr.7hMF were not significantly
different from the model thickness. Accuracy and precision
were 0.26 mm and 6.3%, respectively [Fig. 7(c)]. It should
be noted that both accuracy and precision decreased for very
large-pore diameters.

B. Multifocus Measurements

The multifocus method failed on the first and last array
scan positions, for which only a part of the 32-channel
aperture could be used for beamforming. However, FB echo
amplitudes and their corresponding TOF could be retrieved
from all samples for at least 40 out of the 128 beamformed
scan positions. Cortical thickness and porosity values of the
bovine samples are summarized in Table 1. Table 111 contains
parameters obtained from reference and multifocus methods
for each sample. The reproducibility of Ct.v{"}F and Cr.THMF
were 0.52% and 0.44%, respectively.

For the nonporous polymer samples, no variations of
Ct.THMF and Ct.vﬂF with respect to the array position were
observed [Fig. 8(a)]. A higher variability along the scan
position was observed in the bovine samples, particularly in
that with the highest porosity of 2% (Table II). It should be
noted that pronounced local variations occurred for Ct.uﬂF but
not for Ct. ThMF [Fig. 8(b)].

All derived mean parameters were normally distributed. The
Ct.vyy and Ct.Th values obtained from the multifocus method
were not significantly different from the values obtained using
the reference methods (Fig. 8). Accuracy and precision were
24.1 m/s and 0.89%, respectively, for Cr.vM’ and 0.04 mm
and 1.13%, respectively, for Cr.ThMF (Fig. 9).

IV. DiscUSSION

This study describes a simple method that allows the
simultaneous estimation of thickness and compressional sound
velocity in plate-shaped cortical bone samples using a
phased-array ultrasound. The method uses refraction occurring
at the interface between the soft and hard materials and
refraction-corrected focusing to provide a multifocus image
of both interfaces of the plate. We applied confocal transmit
and receive beamforming, peak detection, and signal tracking
algorithms, and an iterative approximation of an effective aper-
ture to retrieve CvMF and Cr.ThMF. A parametric numerical
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simulation study was conducted to test the method on idealized ~A. Numerical Simulations
porous structures with randomlydistributed pores of variable
size and density. Reproducibility, accuracy, and precision of
the method were assessed experimentally on homogenous and
heterogeneous polymer phantoms and on bovine cortical bone
plates.

The ability to apply the method for a typical cortical bone
pore size and variable pore densities resulting in porosities
up to 20% was shown in model I. The observed decrease of
Ct.vy) with increasing porosity is consistent with the
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significantly different from the reference values.

well-established assumption that elastic properties of cortical
bone can be approximated by a two-phase model consisting
of a solid extracellular matrix pervaded by fluid-filled pores
with a certain pore volume fraction [33]. To compare their
values with our data, we calculate the compound mass den-
sity using the upper bound rule of mixtures for composites,
i.e., Ct.pcompound = Ct.Po - pp,0 + (1 — Ct.Po) - pTissues
whereas prissue i8S the density of the bone tissue matrix
(Table 1). The elastic stiffness coefficients at 0% and 20 %
porosity are obtained from Ct.c11(Ct.Po) = pcompound(Ct.Po)-
(Ct.v”(Ct.Po))Z. The relative decrease of the elastic coeffi-
cient Ct.cyy of approximately 38.4% for an increase in Ct.Po
from 0% to 20 % reported in [33] was considerably smaller
than the decrease of Ct.cj; of 59% obtained in our study. The
larger decrease with increasing porosity observed in our model
suggests that pore density has an impact on Cr.vy; in addition
to porosity. This was also apparent in model II, in which
porosity was kept constant. For increasing pore densities
realized by a decrease of the pore size, a gradual decrease
of Ctvy; was observed [Fig. 7(a)]. The resulting variations
of Ctvy; and Crcy; in the evaluated pore size range were
2.8% and 5.5%, respectively. A possible explanation is that
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). The mean differences [horizontal straight lines in (c) and (d)] were not

an increase of pore density increases the number of multiple
scatter events, and thereby, also increases the effective propa-
gation path length, which is in agreement with recent studies
of Yousefian et al. [34] and Karbalaeisadegh et al. [35], who
investigated the effects of pore size and density on ultrasound
attenuation in similar models. It should also be noted that mod-
els with very large-pore sizes and low pore densities resulted
in high variability of the parameter estimates, both for the
reference and the multifocus methods. This is reasonable, as,
in these models, the assumption of a random pore distribution
was not fulfilled anymore. In summary, the strong dependence
of sound velocity in the radial direction on porosity confirms:
1) the necessity to assess this parameter in order to quantify
cortical thickness; 2) that a change in Crv;; is a good
surrogate parameter for changes in cortical porosity. However,
the effects of variable matrix stiffness caused by age [36] or
pathologies [37] and the pore architecture on the association
between Cr.vy; and Ct.Po need to be considered.

B. Multifocus Measurements

The experiments using a 128-element linear phased array
probe was performed on nonporous, homogeneous plates
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(PMMA, PC, and PVC), on a heterogenous Sawbone com-
posite polymer, and on bovine plates with low porosity.
The elements were excited with a frequency of 5 MHz to
ensure a good combination of penetration depth and temporal
resolution. The evaluated samples provided a range of sound
velocities and thickness values typically found in human
cortical bone. The sound velocity values measured in Sawbone
(Ct.uf"}F = 2883 +57 m/s) were consistent with our reference
measurements and with values reported by others [12], [14].
In the porous bone samples, the variability of Ct.vMFalong
the probe was higher compared with that in the polymer
plates (Fig. 9). As the plate thickness was invariant within
a sample, it demonstrates the ability of the method to resolve
and visualize local variations of Ct.vy;.

Accuracy and precision observed in the experiments were
considerably better than those observed in the simulations.
This is not surprising, since in-silico estimations of Ct.Th
and Ct.vy; consisted of six individual model realizations,
while the experiments consisted of at least 40 estimations per
measurement and five repetitions.

Wydra et al. [38] have used a similar refraction measure-
ment approach and reported for measurements on porous
plate-shaped skull bone phantoms precision values of 8.5%
and 4.1% for thickness and SOS, respectively. Their precision
values in pore-free phantoms were approximately 50% lower.
In contrast, our experimental precision values were much
better (< 1.5% for SOS and thickness), which can be attributed
to both the higher frequency (5 versus 2.25 MHz) and the
consideration of an effective aperture in our study. An ex-vivo
accuracy of 0.2 mm of the thickness estimation in human
radius bones using 0.5-MHz guided waves in axial transmis-
sion at human has been reported by Schneider et al. [24].
Although the accuracy of 0.03 mm of the multifocus was
considerably better, the different samples’ geometries (plates
versus real irregular periosteal and endosteal bone boundaries)
prohibit a direct comparison. Future studies should, therefore,
assess the performance of the multifocus method on real
human cortical bones.

However, a fundamental advantage of the proposed method
in comparison with the guided-wave method is that it provides
direct image guidance. The bone surface is clearly visible in
the ultrasound image allowing optimal probe positioning prior
to the data acquisition. Although it was not implemented in
the current study, multifocus beamforming, reconstruction of
the maximum projection image, and interface tracking could,
in principle, be performed in real time. Thereby, the operator
would have immediate visual feedback about the measurement
success and high failure rates, e.g., up to 20% for axial trans-
mission measurements [16], [39] could be avoided. This was
not possible with the used system, as the time for the transfer
of data from the data acquisition box to the hard drive (27 s),
data conversion (42 s), and beamforming on standard CPU
(61 s) was too long, but could be achieved with GPU-based
ultrafast imaging platforms.

Another approach to measure the cortical bone thick-
ness and SOS using refraction-corrected imaging with a
2.5-MHz linear phased array transducer has been proposed
by Renaud et al. [18]. In contrast to the multifocus method,

they use single-element excitation, full-array waveform cap-
ture, and an ultrasound image reconstruction adapted from
seismology, which also provides information about elastic
anisotropy. The concept of finding the optimal focus quality by
incorporating variable sound velocities along the propagation
paths for the delay-and-sum image reconstruction is similar
to our approach. Key differences of the multifocus approach
are that: 1) transmission losses caused by refraction and mode
conversion at the periosteal bone interface are considered to
obtain correct thickness and velocity values and 2) 32-element
focused beams are used instead beams emitted from single ele-
ments. The latter may result in a smaller signal-to-noise ratio
compared with multi-element transmit and receive focusing,
which should be elaborated in future studies.

C. Limitations

Our study has several limitations. Both the numerical and
experimental studies were restricted to simple plate-shaped
geometries. The cortical microstructure bone was simulated
using randomly distributed circular pores of uniform size.
The parameter estimation relies on the estimations of ATOF
and AF.. In particular, the confocal peak arising from the
backside reflection was less sharp compared with that from
the front side. The sharpness of the backside peak depends
on many factors, e.g., frequency, bandwidth, signal-to-noise
ratio, aperture angle, critical angle, plate thickness, poros-
ity, flatness, and roughness of FB interfaces. Curved and
irregular bone interfaces [38] and heterogenous pore sizes
with pore size gradients, typically found in human cortical
bones, particularly in osteoporotic bones, will lead to addi-
tional phase distortions of the propagating wave. While a
comprehensive analysis of individual effects on the accuracy
of the estimations ATOF and AF. was beyond the scope
of this study and the incorporation of appropriate phase
aberration correction algorithms was not necessary for the
current study, these aspects should be considered in the future
based on more the realistic simulation models. Moreover,
future experimental studies should target human bone instead
of the bovine plexiform bone used in this study to demonstrate
the applicability of the method also for the clinically relevant
tissue types with higher porosities. Another limitation of
our simulation model was the frequency-independent absorp-
tion. Although the major contribution of frequency-dependent
attenuation can be considered to arise from the scattering
on pores rather than from absorption [34], other simula-
tion codes may be better suited to investigate their relative
impacts.

D. Transition to In Vivo Measurements

This study demonstrates the assessment of Ct.Th and Ct.vy
ex vivo using a clinical ultrasound scanner. To approve
the in vivo feasibility of the multifocus imaging technique,
the implementation of the aforementioned phase-aberration
corrections, more sophisticated algorithms for the detec-
tion of the bone surface, eventually in combination
with edge-enhancing image filters are required. Moreover,
the method can only be applied with the imaging plane

58



578 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 67, NO. 3, MARCH 2020

parallel to the plane of transverse isotropy, i.e., the radial
direction perpendicular to the long bone axes [40]. Potential
measurement regions are shaft regions, in which the cortical
thickness is not much smaller than 1 mm, and the geometry
is approximately plate-shaped, e.g., the medial portion of the
tibia. However, the application to other large long bones, such
as radius or femur, or to smaller bones, such as phalanges or
jawbones, is also feasible. For the latter, probes with higher
frequencies and smaller form factors should be used.

E. Clinical Use of Ultrasound Parameters

The developed technique is anticipated to have high clinical
potential since it uses conventional medical ultrasound tech-
nology, is noninvasive and nonionizing and can assess locally
Ct.Th and Ctvy; with image guidance at multiple skeletal
sites. Previous studies have already demonstrated the high
relevance of cortical SOS [41]-[43] and thickness [24], [39]
measured by axial transmission as biomarkers for bone quality.
Cortical bone of the tibia has been proposed as a favorable
measurement site for the prediction of bone fracture risk since
it is load bearing, can be easily measured by ultrasound, and
changes in thickness and pore morphology, i.e., the preva-
lence of large pores are associated with a mechanical impair-
ment of the hip [3]. Moreover, a recent in vivo study by
Minonzio et al. [16] has demonstrated that Ct.Th and Ct.Po
derived from full-wave dispersion axial transmission at the
distal radius in postmenopausal women are suitable biomarkers
for the discrimination of nontraumatic fracture from nonfrac-
tured cases and that distinct associations of the two biomarkers
with fracture location exist, even in cases in which fractures
were not associated with any DXA-based parameter. Com-
pared with axial transmission methods, no dedicated hardware
is required for the multifocus measurement, and the parameter
estimations are locally resolved within the imaging plane and
provide image guidance. Therefore, it has a high potential as
an add-on or even alternative to X-ray imaging, particularly for
longitudinal and pediatric applications. The implementation of
Ct.Th and Ct.vy; as complementary diagnostic biomarkers may
improve fracture risk prediction.

V. CONCLUSION

This work shows that cortical thickness and the compres-
sional sound velocity in the radial direction can be determined
precisely using refraction-corrected multifocus imaging. The
method was developed and tested in-silico and experimentally
on plate-shaped polymer samples, cortical bone phantoms,
and on bovine tibia bone samples. For reliable parameter
estimation, refraction and wave conversion losses at the bone
surface must be considered. The derived parameters showed
excellent agreement with reference values.
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Abstract: Delay-and-sum (DAS) beamforming of backscattered echoes is used for conventional
ultrasound imaging. Although DAS beamforming is well suited for imaging in soft tissues, refraction,
scattering, and absorption, porous mineralized tissues cause phase aberrations of reflected echoes and
subsequent image degradation. The recently developed refraction corrected multi-focus technique
uses subsequent focusing of waves at variable depths, the tracking of travel times of waves reflected
from outer and inner cortical bone interfaces, the estimation of the shift needed to focus from one
interface to another to determine cortical thickness (Ct.Th), and the speed of sound propagating in a
radial bone direction (Ct.vq1). The method was validated previously in silico and ex vivo on plate
shaped samples. The aim of this study was to correct phase aberration caused by bone geometry
(i.e., curvature and tilt with respect to the transducer array) and intracortical pores for the multi-
focus approach. The phase aberration correction methods are based on time delay estimation via
bone geometry differences to flat bone plates and via the autocorrelation and cross correlation of
the reflected ultrasound waves from the endosteal bone interface. We evaluate the multi-focus
approach by incorporating the phase aberration correction methods by numerical simulation and
one experiment on a human tibia bone, and analyze the precision and accuracy of measuring Ct.Th
and Ct.vyq. Site-matched reference values of the cortical thickness of the human tibia bone were
obtained from high-resolution peripheral computed tomography. The phase aberration correction
methods resulted in a more precise (coefficient of variation of 5.7%) and accurate (root mean square
error of 6.3%) estimation of Ct.Th, and a more precise (9.8%) and accurate (3.4%) Ct.vq; estimation,
than without any phase aberration correction. The developed multi-focus method including phase
aberration corrections provides local estimations of both cortical thickness and sound velocity and is
proposed as a biomarker of cortical bone quality with high clinical potential for the prevention of
osteoporotic fractures.

Keywords: medical beamforming; phase aberration correction; medical tissue characterization;
pulse-echo ultrasound; medical signal and image processing

1. Introduction

The current standard method for bone strength assessment and fracture risk prediction
is based on areal bone mineral density (aBMD) measured by dual-energy absorptiometry
(DXA) [1]. Although aBMD is an important biomarker of bone quality, additional bone
factors, including macro- and micro-structural bone parameters, as well as viscoelastic
properties, are known to determine individual bone strength; therefore, to quantify these
parameters for bone assessment, quantitative ultrasound (QUS) methods have been intro-
duced as nonionizing alternatives. Early bone QUS technologies used dedicated hardware
to measure acoustic properties, such as the speed of sound (SOS) and broadband ultrasound
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attenuation (BUA), at anatomical sites that contain mostly trabecular bone, such as the
heel [2]. More recent QUS devices are aimed at imaging bone by using dedicated hardware
electronics and ultrasound probes. An example of this by Lasaygues et al. developed
ultrasonic image reconstruction methods to image the cortical diaphysis of long bones
using quantitative ultrasonic tomography [3,4]. Another tomographic approach to image
long bones is based on full-waveform inversion [5]. Additionally, Li et al. used Split-Step
Fourier imaging to image bone fractures and to monitor bone healing [6]. Furthermore, a
Born-based inversion method has been implemented on an ultrasonic wavefield imaging
technique to reconstruct internal structures of long bones [7]. Limitations of these studies
were that either the speed of sound or the thickness needed to be assumed a priori. Axial
transmission devices can retrieve cortical parameters (i.e., porosity, thickness, and speed of
sound), by measuring the propagating velocity of dispersive guided waves [8-12]; however,
this technique is challenged by large soft tissue thickness, irregular bone shapes, and it
does not provide direct image guidance.

A few recent technologies utilize sophisticated array-based pulse-echo imaging tech-
nology to estimate BMD in trabecular bones at major fracture sites (i.e., spine and proximal
femur [13]), or to measure structural and material properties in the cortical bone (i.e.,
tibia and radius) [14,15]. Most medical ultrasound scanners on the market implement the
standard delay-and-sum (DAS) beamforming method to reconstruct the brightness mode
(hereinafter called B-mode) images. This technique uses a transducer array to transmit and
receive focused ultrasound signals inside the body. Conventionally, the reconstruction of
B-mode images using DAS is done by adding time specific delays to the individual ultra-
sound signals which are received at each element of the receiver array before summing all
signals to create a beamformed received signal; therefore, the sensitivity of the beamformed
signal can be maximized to a certain depth and direction. In medical ultrasound scan-
ners, transmit and receive focusing is performed by assuming a constant speed of sound
of soft tissue (1540 m/s) along the entire sound propagation path. This approximation
provides satisfactory image quality for most soft tissues, because the true velocities only
vary within 10% when compared with the assumed value [16]; however, this is not the case
for mineralized tissues, such as cortical bones. The radial speed of sound in cortical bone
is between the range of 2800 to 3500 m/s [17], which results in a substantial refraction at
the soft tissue and cortical bone interface. In case of a wrong assumption on the constant
sound velocity, the delay estimation, which is necessary to focus on a particular image
location, is incorrect, subsequently leading to a phase-distorted DAS signal. As a result, in
a conventional B-mode image reconstructed by medical ultrasound scanners, the internal
bone structures appear blurred or cannot be reconstructed at all. Aside from radiofrequency
echographic multispectrometry (REMS) technology [18], this conventional DAS beamform-
ing is currently used for bone strength assessment and fracture risk prediction. There have
been efforts to overcome this false assumption of a constant speed of sound in cortical
bone. Renaud et al. [14] proposed the first in vivo image reconstruction of cortical bone
using a conventional medical ultrasound scanner and seismic image reconstruction. This
reconstruction method provides local estimations of Ct.Th and anisotropic sound velocity.

Consequently, the need for further methods brought about the multi-focus (MF) imag-
ing technique, that was developed by our group to measure cortical thickness (Ct.Th) and
the compressional sound velocity propagating in the radial bone direction (Ct.vq1) [19]. Our
method aims at imaging cortical bone at the central anteromedial tibia. This anatomical
site is of clinical interest, as it is easy to access, and is composed of a thick and regular
cortical bone shell. Alterations, such as reduced cortical thickness and the occurrence
of large intracortical pores, have shown to be associated with reduced hip strength [20]
and increased fracture risk [21]. The ultrasonic speed of sound in cortical bone has been
proposed as a biomarker of bone quality since the 1970s [22], and is related to bone density
and elastic constants, which are correlated to bone quality and fracture risk [23]. The MF
method is based upon the consecutive focusing of ultrasound waves at varying depths, fol-
lowed by the retrieval of focus locations and pulse-travel times of signals reflected from the
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periosteal (frontside) and endosteal (backside) cortical bone interfaces using conventional
DAS beamforming (Figure 1). So far, the MF method has been validated on plates with
constant thickness, positioned parallel to the probe array; however, it is important to extend
this, as typical human cortical bones exhibit curvatures at their periosteal and endosteal
interfaces. These curvatures introduce a distortion of the propagating wavefronts and the
round-trip travel time, resulting in phase distorted beamformed signals. The objective of
this research is to analyze the effect of the phase aberration caused by (a) bone curvature,
(b) bone tilt with respect to the beam axis, and (c) material inhomogeneities due to the
presence of cortical pores on the estimations of Ct.Th and Ct.v1;. The phase aberration from
bone surface curvature leads to a different round-trip travel time when compared with a flat
plate bone model (surface time shift, ST), and was corrected using the concept of refraction
compensation proposed by Yasuda et al. [24]. Bone tilt, with respect to the beam axis of the
transducer array, shows orientation dependence of the received echoes compared with a
flat bone interface. Additional time shifts caused by the orientation dependence of received
echoes were corrected using autocorrelation analysis (ACF). Differences in the round travel
time of the received echoes based on the interaction of ultrasound wave refractions with
cortical pores were determined using cross correlation analysis (CC). We show the need to
incorporate three phase-aberration correction (PAC) methods for non-plate shaped bone
structures by means of numerical finite-difference time-domain (FDTD) simulation models,
as well as measurements on a human tibia bone. Precision and accuracy values of estimated
Ct.Th and Ct.vy; with and without corrections were compared.

------------ 128

X
periosteal (frontside) l
cortical interface z

‘® O
oOOoO

0O endosteal (backside)
(@) e} S o O cortical interface  ©

Virtual Focus

Figure 1. Schematic representation of the multi-focus measurement in the radial direction (x, z) of a
long bone. The transducer is placed 15 mm above the sample. Focused sound beams are emitted
using a 64-element sub-aperture of a 128-element linear array. The focus is shifted from a depth
above the periosteal cortical interface to a depth below the endosteal cortical interface by gradually
decreasing the semi-aperture angle 6 of the transmit beam. Refraction at the periosteal interface
changes the direction of the transmitted waves and results in a shift of the focus depth inside the
bone. AFz is the focus depth shift required to focus from the periosteal (frontside F) to the endosteal
(backside Fg) interface. In addition to scanning the focus depth, sub-aperture is scanned in the
x-direction along the transducer array (adapted from [19] under the Creative Commons Attribution

4.0 license).

2. Materials and Methods
An overview for all used abbreviations is summarized in Table 1.
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Table 1. List of abbreviations.

Abbreviation Description
CL.Th Cortical thickness
Ctapy Cortical compressional sound velocity propagating in the radial bone direction
VH20 Speed of sound in water
dx Lateral shift of center of mass of curved bone plate model relative to beam axis
r Bone plate curvature radius
Ct.Po Cortical porosity
E; Focus depth in z-direction
Hg(F:) Amplitude of Hilbert-transformed envelope signal of beamformed frontside reflection at focus depth F
Hpg(F-) Amplitude of Hilbert-transformed envelope signal of beamformed backside reflection at focus depth F
FB Front- and backside reflection
ATOF Shift in time-of-flight between peak position of Hp(F:) and Hg(F-)
AF, Shift in focus depth between peak position of Hp(F.) and Hp(F-)
F.p Confocal focus depth position of backside reflection
0 Semi-aperture angle of transmit and receive beams
ke Correction factor kg for effective aperture kg0
Ocrit Critical angle based on Snell’s law
Af Difference of the semi-aperture angle to the critical angle
Tx;, Rx; Transmit or receive channel number
Rxpyp Reference receive channel with maximum amplitude at envelope signal of pre-beamformed backside reflection
Vep Gated pre-beamformed backside reflection signals
Vacr Signal after using autocorrelation function (ACF)
I Vacr! Magnitude of the ACF signal
XACF Inclination angle of the fitted ellipsoid on V 4¢r to the major semi-axis
Atacr Time shift correction based on ascp

2.1. Numerical Ultrasound Propagation Model

Ultrasound wave propagation in bone and water was simulated using a 2D finite-difference
time-domain (FDTD) code (Simsonic, www.simsonic.fr, accessed on 10 March 2022) [25]. The
simulation model considers elastic wave propagation including mode conversion, multiple
scattering, frequency-independent absorption, refraction, and diffraction. A convergence
study, as described in [19], provided stable results at grid sizes of 7 um and time steps of
0.93 ns. Table 2 shows the material properties used for the models in this study. Material
properties were used from an ex vivo study [26] and a previous acoustic microscopy study
in a human femoral cortical bone [27]. All bone models were simulated as hollow cylinders
immersed in water. The cylinders were defined by an outer curvature radius r and a wall
thickness d. All bone models were placed 15 mm below a linear array with 64 transmitter
and receiver elements (element and pitch sizes: 0.3 mm); therefore, the models assumed
the sound propagation in the transverse image plane (i.e., perpendicular to the bone’s
long axis, at the antero-medial midshaft of a tibia, where the outer bone surface is flat or
slightly curved and the sound velocity of the tissue matrix can be assumed to be isotropic
in the simulation plane). The transducer elements emitted broadband pulses with a center
frequency of 4 MHz and a —6-dB bandwidth of 60%. Phase delays were applied to focus the
transmit beam consecutively, at depths ranging from 13 mm to 40 mm, with an increment of
1 mm. The signals received by all elements were captured and downsampled to a sampling
rate of 80 MHz for further processing. The sufficient aperture size of 64 was chosen based
on a side study, which can be found in Appendix A.
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Table 2. Tissue material properties of bone and pores used for the numerical model. Mass density
p, and ¢;; (i.e., the coefficients of a transverse isotropic stiffness tensor were taken from [27] and
the absufption value o was obtained from [26]) (adapted from [19] under the Creative Commons
Attribution 4.0 license).

Bone Pores/Water

p [g/cm?] 1.93 1.00

cy1 [GPa] 23.7 2:25

(5] [Gl’a] 237 225

¢z [GPa] 9.5 225

ce6 [GPa] 6.6 0

vq1 [m/s] 3504 1500
« [dB/mm)] 2.1 0.002

2.1.1. Reference Bone Model: Flat Bone Plate

The reference model consisted of a 4 mm thick bone plate (Ct.Th 4 mm) without
pores. The material properties of the homogenous bone material results in a reference speed
of sound of Ct.v11%% = 3504 m/s. The curvature radius of r = 10 m was used to simulate a
flat bone plate (hereinafter simply called ‘flat bone plate’). The radius of 10 m was deemed
sufficiently large to exhibit a negligible curvature within the simulation region (Figure 2a).

Ref —

b c d
) ) o 64-element transmit-receive amay ) o B4-element transmit-receive amay
5
3 £ 3
=1 E E
g € &
o a a
15 15
20 20
0 5 10 15 0 5 10 15 20 2 0 5 10 15
Lateral Position [mm] Lateral Position [mm] Lateral Position [mm]

Figure 2. (a) Snapshot of the flat bone plate simulation model at 13.5 ps. Transmitted and reflected
wavefronts of a beam generated with a 64-element aperture and focused to a depth of 25 mm can be
seen. (b) Snapshot of the curved plate model with a curvature radius of 40 mm. (c) Snapshot of the
curved plate model r40dx3.11 with vertical bone symmetry axes being marked by a white dashed line,
beam axis is shown by the grey dashed line, and the cross point of the beam axis with the frontside
surface is marked as white. (d) Snapshot of r40dx0Po16 with a cortical porosity of 16% and pore
diameter 60 um at focal depth of 25 mm.

2.1.2. Bone Curvature

To investigate the effect of bone curvature, curved bone plate models were simulated
and compared with the flat bone plate model (Figure 2b). Five curved bone models with
radii of r = 60 mm, 50 mm, 40 mm, 30 mm, and 20 mm were simulated. The radius
range was defined based on a previous study, in which human tibia midshaft bones
of 55 postmenopausal women were measured by means of high-resolution peripheral
computed tomography (HR-pQCT) [15]. In that study, the anteromedial tibia midshaft
region had been chosen as the ultrasound measurement site due to the small amount of
overlying soft tissue and the small curvature of the bone surface compared with other
tibia regions. To estimate the curvature radius, circular fits were performed on the central
anteromedial tibia region. Tibia bone curvature radii were found to be in the range between
12.6 mm and 68.8 mm with a mean radius of 30.3 mm. Three examples of the circular fits
on the HR-pQCT scans are shown in Figure A2 of Appendix B, where the subjects with a
minimum (Figure A2a), mean (Figure A2b), and maximum curvature radius (Figure A2c)
were selected.
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2.1.3. Bone Tilt

To study the effect of the angle of incidence, a bone surface tilt was incorporated by
shifting the lateral position of the transducer array by dx (Figure 2c). The bone surface tilt
was defined as the angle between the normal vector of the periosteal bone surface and the
beam axis at their crossing point.

2.1.4. Material Inhomogeneity: Cortical Pores

To study the effect of material inhomogeneity, cortical pores were included in the
curved bone plate models (Figure 2d). Previous ex vivo studies in human cortical bone
reported cortical porosity (Ct.Po) and cortical pore diameter (Ct.Po.Dm) values between
2% and 22% and 7 and 95 um, respectively [28-30]. Cortical pores were defined as circular
pores with Ct.Po.Dm = 60 um and varying pore densities, resulting in models with Ct.Po
values ranging from 0% to 20% with an increment of 2%.

For the simulation models with cortical pores, transmission measurements were
performed to calculate the reference speed of sound Ct.vyy Ref . An unfocused single-element
transducer with a width of 0.3 mm emitted ultrasound waves with a center frequency of
4 MHz and a —6-dB bandwidth of 60%. The unfocused ultrasound wave traveled though
the bone and the transmitted ultrasound wave was captured by a single element detector
with a width of 0.3 mm, which was placed below the bone. The transducer and detector
were placed at the beam axis of the reference MF simulation. In addition, a simulation was
performed with the same configuration without the bone to measure the reference signal
transmitted though water. The time-of-flight of the ultrasound wave transmitted through
water TOFpp) and bone TOFy,,,, was defined at the time of the maximum of the signal
envelope. The Ct.v1;R of the bone models with pores were calculated using the following
equation from [31].

. Ct.Th
Ck; llRe] = TLTn - ' v
=";~"hone + (TOFIJOM(‘ E TOFH'?O)
H,0 B

with Ct.Thy,ye = 4 mm.

2.2. Ex Vivo Measurement on a Human Tibia Bone

One left tibia bone from a human cadaver (female, age 85) was used for the ex vivo
validation. The bone sample was received without the soft tissue and distal end (cut off
at approximately 50%). The sample was collected by the institute of Anatomy, University
of Liibeck, Germany, in accordance with the German law “Gesetz iiber das Leichen-,
Bestattungs- und Friedhofswesen des Landes Schleswig-Holstein I Abschnitt, §9 Leichen-
offnung, anatomisch”, from 2 April 2005. A 30 mm disk was cut from the tibia midshaft
using a band saw (EXACT GmbH, Remscheid, Germany). A HR-pQCT scan was performed
(XtremeCT II, Scano Medical AG, Bassersdorf, Switzerland) with a total scan length of
10.2 mm in the axial direction and an isotropic voxel size of 60.7 um. Cortical thickness
at the anteromedial tibia section was extracted using a custom protocol adapted from
Tori et al. [32] and used as reference value. Cortical porosity was calculated from the
HR-pQCT scan using the algorithm proposed by Burghardt et al. [33]. A site-matched
multi-focus measurement was performed using a medical scanner SonixTouch equipped
with a 3D linear array transducer 4DL14-5/38 (consisting of a 1D 128 element array) and a
SonixDAQ single-channel data acquisition system (Ultrasonix, Richmond, BC, Canada).
The SonixDAQ allows the pre-beamformed single-channel radio frequency (RF) data
acquisition of all channels without any signal processing. The sample was immersed in
water and the transducer array was positioned perpendicular to the bone’s long axis. The
multi-focus measurement sequence consisted of a series of conventional B-mode imaging
sequences with 128 lateral scan positions. At each scan position, sound waves were focused
on the radial bone where the direction was into the tibia sample using a 64-element transmit
aperture. Subsequent B-mode images were acquired using 17 gradually increasing focus
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depths (starting from 14 mm with a step size of 2 mm). The transducer elements were
excited with a “+—" signal at a system transmit frequency of 4 MHz to optimize the
penetration depth. Single-channel RF data were captured with all 128 array elements at a
sampling rate of 40 MHz with a 12-bit resolution.

2.3. Signal Processing
2.3.1. Reference Bone Model: Flat Bone Plate

Details of the multi-focus signal processing steps have been described previously [19].
From the delay and beamformed (DAS) Hilbert-transformed envelope signal, the ampli-
tudes [Hr(F:) and Hp(F:)] and pulse travel times [TOFf(F.) and TOFg(F-)] of the signals
reflected from the front- and backsides of the plate were tracked for each beam focus posi-
tion F;. The time-of-flight difference between front- and backside reflections was defined
as ATOF = TOFp(F;) — TOFg(F:). Spline interpolation was used to estimate Hr(F-) and
Hg(F;) at an F; increment of 0.1 mm. The interpolated data, and the front- and backside
focus positions Fr and Fpg, respectively, were retrieved from the peak positions of Hp(F;)
and Hg(F), and AF; (i.e., the shift needed to focus either on the front- or backside of the
plate, and to estimate the time delay between front- and backside reflections ATOF). Ct.Th
and Ct.vy; were estimated using Equation (3) in [19] with sound velocity in water vg:

AF,

Ct.Th = ; , @)
Ct.v. Ct.v Ctv

where 6 is the semi-aperture angle of the transmitting and receiving beams, and k. is
an effective aperture contributing to the beam focusing on the backside of the plate. The
effective aperture accounts for the increased conversion of compressional waves into
shear waves with increasing inclination angles and the absence of compressional wave
transmission into the bone tissue for inclination angles larger than the critical angle 0,; [19]:

| VH,0
6uir = sin (—Cw“). )

In contrast to our previous study [19], we have used an aperture size of 64 elements
and adjusted the factor to estimate the effective aperture kg from 0.1 to 0.122:

3 1 if0 < B — 10°
W= ( 0.122:A0 if 6 > O — 10° ) @

More details on the estimation for k. can be found in Appendix A.

2.3.2. Phase Aberration Correction

Phase aberrations caused by bone curvature, bone tilt and material inhomogeneities
are corrected for signals reflected from the backside cortical bone interface. Three phase-
aberration correction (PAC) methods are used: (1) The curved bone surface geometry
results in different round-trip travel times compared with the flat bone model. A time-shift
correction based on the periosteal bone surface geometry (hereinafter called ‘surface time
correction’ ST), was used to correct for the additional ultrasound wave propagation paths
in the water due to the bone curvature. The ST correction used the concept of refraction
compensation proposed by Yasuda et al. [24]. Further details are summarized in Figure A3a
in Appendix C. (2) For tilted bone models, the reflected wavefront exhibits a tilt with
respect to the beam axis (Figure 2¢). To correct the phase aberration caused by surface
inclination, an autocorrelation function (ACF) analysis on the reflected backside echoes
was performed (Figure A3b-d in Appendix C). (3) Local variations of the sound velocity
caused by material inhomogeneities lead to small fluctuations of the transit time measured
at individual receiver elements and subsequently to a distortion of the summed signal;
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therefore, the following method was used to estimate the backside focus depth. The arrival
times for all receiver elements was estimated using a cross-correlation (CC) method. The
receiver channel that measured the highest signal amplitude was used as the reference
signal. The inter-element arrival times exhibit either a concave, flat, or a convex shape,
depending on the distance of the beam focus relative to the backside bone interface. A
second-order polynomial was fitted to the inter-element arrival times, and the confocal
focus depth was determined by finding the zero-crossing point of the second order fit
coefficients (Figure A3e,f in Appendix C). This zero-crossing point was used to determine
AF., and to estimate C£.ThMF and Ct.vMF using Equation (2).

2.4. Statistics

For each model, the retrieved Ct.ThHMF and Ct.vMF values were compared with the
reference Ct.THRY = 4 mm and Ct.v1;%¢. Simulation models without cortical pores had the
reference speed of sound of Ct.v1;RY = 3504 m/s. The bone models with cortical pores
Ct.v11 R were extracted from the transmission measurements. Pearson linear regression
analysis was performed to compare the parameters obtained using the multi-focus method
with reference values. For all models with a 64-element aperture, the relative error (RE),
precision, and accuracy values for each PAC method were determined and compared with
the values without any PAC. Precision was defined as the coefficient of the variation of the
difference between the predicted Ct.ThMF, Ct.v1;MF and the reference values for Ct.ThRY,
Ct.v11R¢. Accuracy was determined by means of the root mean square error (RMSE)
compared with the reference values. All analyses were performed using MATLAB R201%b,
including the Signal Processing, Curve Fitting, and Statistics Toolboxes (The Mathworks,
Natick, MA, USA).

3. Results
3.1. Numerical Simulations

A total of 22 bone models were simulated (Table A2 in Appendix D). The reference
sound velocities Ct.v11R7 of the porous models, as determined by transmission simulations,
are summarized in Table A3 in Appendix D. The estimated Ct.ThMF and Ct.v1;MF values for
all models and the relative errors are summarized in Table A4 in Appendix D. Without PAC,
all deviations from the ideal flat plate geometry led to deteriorations of precision and accu-
racy. In most situations, PAC improved both the precision and accuracy (Tables 3 and 4),
which will be described in more detail in the following sections.

Table 3. Precision of Ct. ThMF and Ct.v;MF after each PAC method.

Model No PAC ST ST + ACF ST + ACF + CC
Curved bone plate 4.3% 1.7% 1.4% 2.0%
Ct.ThMF Curved tilt bone plate 2.3% 7.3% 4.3% (4.2%) * 4.3% (1.1%) *
Material inhomogeneity 18.5% 1.4% 4.7% 7.2% (1.9%) **
Curved bone plate 4.3% 1.6% 1.4% 2.0%
CtuMF Curved tilt bone plate 2.3% 7.1% 4.2% (2.5%) * 4.3% (0.8%) *
Material inhomogeneity 15.9% 7.9% 7.9% 8.2% (7.9%) **
* Exclusion of bone models with tilt angles over 7°. ** Exclusion of bone model with porosity 20%.
Table 4. Accuracy of Ct.THMF and Ct.vy;MF after each PAC method.
Model No PAC ST ST + ACF ST + ACF + CC
Curved bone plate 10.2% 2.2% 1.9% 1.8%
CLTIMF Curved tilt bone plate 9.6% 10.3% 5.2% (1.3%) * 5.2% (1.2%) *
Material inhomogeneity 23.2% 14.6% 6.3% 8.3% (3.5%) **
Curved bone plate 10.4% 24% 2.1% 1.9%
Ctuy MF Curved tilt bone plate 9.8% 10.1% 5.1% (1.4%) * 5.1% (1.2%) *
Material inhomogeneity 25.3% 3.4% 3.4% 2.8% (3.0%) **

* Exclusion of bone models with tilt angles over 7°.

** Exclusion of bone model with porosity 20%.
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3.1.1. Effect of Bone Curvature

All three PAC methods showed improvements of Ct.THMF and Ct.v1;MF estimations
with respect to precision and accuracy (Tables 3 and 4). Although the ST correction alone
showed the strongest improvement, the combination of all three PAC only yielded slight
further improvements.

3.1.2. Effect of Bone Tilt

To correct for the bone tilt, using ST correction was not sufficient, and it even degraded
accuracy and precision values (Tables 3 and 4). The wavefront inclination caused by the
tilted surface was effectively corrected using the ACF; however, for bone models with tilt
angles above 7°, the CC correction method failed, because no zero-crossing point for the
estimation of confocal focus depth could be retrieved (Figure A4c in Appendix D). After
excluding these models, precision values for Ct.ThMF and Ct.v1;MF were 1.1% and 0.8%,

respectively, and accuracy values were 1.2% for both the Ct.ThMF and Ct.v,MF estimations.

3.1.3. Effect of Material Inhomogeneities

The presence of pores strongly degraded accuracy and precision values without PAC.
The ST correction strongly improved precision and accuracy. Additional ACF correction
had no effect in the evaluated simulations, because all porous bone models were modeled
without a tilt. The CC further improved precision and accuracy values for Ct.ThMF and
Ct.vuMF . For the bone model with the highest porosity value of 20%, all PAC methods
did not result in a precise and accurate estimation of Ct.THMF and CtuMF (Table A4 and
Figure A5 in Appendix D).

3.1.4. Overall Effect of PAC

Table 5 shows the precision and accuracy values for all 22 simulation models. Note
that precision values are defined as the coefficient of variation of the difference between
the estimated and reference value of the flat bone plate model and accuracy is defined as
RMSE as a percentage. That means the smaller the precision and accuracy value, the more
precise and accurate the parameter estimation is with respect to the reference value. Overall,
the combination of the three PAC methods results in an improved precision and accuracy
estimation Ct.THMF and Ct.vy;MF. Precision values for Ct.ThMF and Ct.v1yMF were 5.7% and
9.8%, respectively. Accuracy values for Ct.THMF and Ct.v11MF were 6.3% and 3.4%, respectively.

Table 5. Precision and accuracy of Ct.ThMF and Ct.v;;MF for each PAC method for all 64-element
aperture models. Reference thickness for all models is Ct.ThR¢ = 4 mm. Models without cortical
pores have Ct.v“R"f = 3504 m/s. Reference values Ct.vyy Ref for models including cortical pores can be
found in Table A3 in Appendix D.

Correction Precision Accuracy
Ct.ThHMF No 17.4% 17.1%

ST 10.3% 11.2%

ST + ACF 4.1% 5.2%

ST + ACF + CC 5.7% (2.1%) * 6.3% (2.6%) *
Cta MF No 11.6% 18.5%

ST 9.5% 5.9%

ST + ACF 9.5% 3.7%

ST + ACF + CC 9.8% (9.6%) * 3.4% (2.3%) *

* Exclusion of bone models with tilt angles over 7° and /or porosity above 20%.

3.2. Ex-Vivo Multi-Focus Measurement

Reference cortical thickness and porosity values of the human tibia bone at the central
anteromedial part were found to be Ct.Th*Y = (2.65 + 0.61) mm and 15.1%, respectively,
using HR-pQCT. For the MF measurement, Ct.THMF and Ct.v;MF were determined in a
manually selected region of interest (Figure 3a green ROI). The maximum amplitudes over
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all focus depths with and without PAC methods (ST + ACF + CC) are shown in Figure 3a,b.

The endosteal surface of the human tibia sample is more blurred in the maximum projection
image without PAC methods (Figure 3a). Without PAC, Ct. THMF and Ct.v1;MF could be
retrieved at 14 lateral scan positions, whereas with PAC, cortical parameter estimations
were achieved at 29 scan positions. The mean and standard deviation of Ct.ThMF without
PAC was (2.39 = 0.25) mm, which was significantly different from the reference value. In
contrast, the estimation of Ct.ThMF with PAC of (2.71 + 0.22) mm was not significantly
different from the reference value. The estimated cortical speed without and with PAC
were (2870 =+ 95) m/s and (2857 =+ 52) m/s, respectively.

a) b)
- Ma n Projection Image without PAC ; Maximum Projection Image with PAC
g 0 3 e 0
e
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Figure 3. (a) Maximum projection B-mode image of human tibia bone at the central anteromedial
region. The image was reconstructed and spatially compounded (by means of maximum projection)
from measurements at all focus depths using conventional DAS beamforming. The range of interest
(ROI) was manually selected (green lines). (b) Maximum projection B-mode image reconstructed
from all focus depths with PAC (ST, ACF, CC). (c) Representative plots of Ct.THME(x;) and Ch.vqMF(x;)
without PAC and (d) with PAC. The dots indicate the estimations for each individual lateral scan
position x;, and the straight lines are the estimations using a moving average filter. Means and
standard deviations were determined from smoothed data. The number of individual scan positions
contributing to the parameter estimations in (c,d) were 14 and 29, respectively.

4. Discussion

In this study, we have extended the estimations of thickness and speed of sound in
cortical bone in a transverse plane using the multi-focus approach to realistic bone geome-
tries. For this, several phase aberration corrections were proposed. The effects of bone
curvature, surface inclination relative to the beam axis, and the presence of intracortical
pores’ parameter estimations were analyzed.

4.1. Numerical Simulation
4.1.1. Effect of Bone Curvature

For curved bone models positioned parallel to the probe array (without bone tilt),
the ST correction was sufficient and corrected the additional geometrical time shifts for
curved bone interfaces compared to a flat bone plate. For the correction, it was assumed
that ultrasound waves propagate in a straight direction, as described in ray theory [34].
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4.1.2. Effect of Bone Tilt

Additional phase aberration corrections on the backside echoes were necessary for the
curved models with bone tilt relative to the beam axis, to correct the orientation dependence
of the reflected wavefront. Here, autocorrelation function was used on the backside echoes
to estimate the inclination of the backside echoes; therefore, an ellipsoid was fitted on the
magnitude of the backside signals after autocorrelation analysis.

4.1.3. Effect of Material Inhomogeneities

Cortical pores result in scattering and subsequent diffusion of the ultrasound waves.
This causes local fluctuations of the arrival time of the received backside echoes compared
with the reference flat bone plate model. The backside confocal depth, which is required
for the simultaneous estimation of both thickness and sound velocity, has been estimated
in our previous work by detecting the peak position of the DAS beamformed backside
echoes with respect to the focusing depth [19]. Phase aberration induced by cortical pores
cause a decrease in the intensity of the beamformed signal. With increasing porosity, the
confocal peak arising from the backside reflection becomes less sharp and the peak position
is harder to detect; therefore, we have developed another method to extract the confocal
backside position by analyzing the curvature of the backside echo wavefront prior to the
summation of all receive channels at each focus depth. The curvature of the wavefront was
extracted by analyzing the cross correlation of the backside echoes relative to the backside
echo with the highest signal amplitude. The change of the wavefront curvature from a
convex shape (negative curvature) to a concave shape (positive curvature) was used to
extract the focus position. The zero-crossing point was calculated using a linear fit of the
retrieved curvature values over the focus depth. Incorporating cross correlation analysis
prior to the summation of the beamformed signals improved the accuracy of the estimation
of the backside confocal position, as well as precision and accuracy in simulations including
pores (Table 5). Moreover, this method improved the backside signal detection rate and the
accuracy of the estimation of cortical thickness in the ex-vivo measurement.

4.1.4. Combination of Phase Aberration Methods

For the transition to in-vivo applications of the multi-focus method, the combination
of all three PAC methods is necessary, because all the investigated deviations from an ideal
flat homogenous plate are present in real cortical bone. Overall, the combination of the
three PAC showed a strong improvement of precision and accuracy values for cortical
thickness and speed of sound estimations than when compared to the values without PAC.

4.2. Ex Vivo Measurement

The endosteal surface of the human tibia sample was tracked with and without PAC
methods; however, more endosteal surface locations were retrieved when PAC was used.
The cortical thickness measured by ultrasound was consistent with the reference value
measured by HR-pQCT. The cortical sound velocity of (2857 + 53) m/s was in the range
of the cortical speed of sound values typically found in human cortical bone [17]. Our
previous study showed a dependency of cortical speed of sound on cortical porosity (Po)
Ctqyf* = 0.39-Po® — 51.4-Po + 3485 [m/s], Figure 6a in [19]). By inserting the reference
cortical porosity value of 15.1% obtained from HRpQCT into this equation a speed of sound
value of Ct.u1i/! = 2804 m /s was determined for the human tibia sample. The MF-based
estimation was in the range of the expected speed of sound value; however, this observation
needs to be confirmed in a larger sample size. In conclusion, the ex vivo measurement on a
human tibia sample suggests the ability to measure cortical thickness and speed of sound
using the MF approach by incorporating PAC methods.

4.3. Transition to In Vivo Application

Cortical bone has been proposed as significant predictor of a bone’s mechanical
strength because mechanical force given to a bone is carried primally by cortical bone [35].
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Clinical studies showed an improvement of fracture prediction by measuring cortical thick-
ness [36-38]. HR-pQCT is the most precise modality to measure cortical thickness at the
tibia with a precision of 1.6% [38]. Our study showed a thickness precision estimation of
5.7%. We expect that the clinical precision of the MF approach could be larger than for
controlled simulations; however, HR-pQCT uses ionizing radiation and is extremely expen-
sive compared with ultrasound imaging. Wydra et al. [39] proposed a similar refraction
measurement method and reported precision values for Ct.Th of 8.5% for measurements
on porous plate-shaped skull bone phantoms. In contrast, our study considered bone
curvature and bone tilt with a better precision value of 5.67%, which can be attributed to
the PAC methods, the use of a higher frequency (4 vs. 2.25 MHz), and the consideration of
an effective aperture [19].

In addition to cortical thickness, ultrasonic wave-speed in cortical bone has been
proposed as a biomarker for bone quality [10,40-42]. Bidirectional axial transmission
techniques use a probe with several ultrasonic transmitters and receivers to measure
waves traveling in the longitudinal direction of long bones. An in vivo study by Minonzio
et al. used a bidirectional axial transmission technique (BDAT) to estimate the cortical
thickness and porosity, and they reported those parameters as suitable biomarkers for
fracture discrimination in postmenopausal women [43]. The QUS device Bindex?® calculates
the apparent cortical thickness at the distal radius and tibia using BDAT and reported
the correlation with BMD (r > 0.71, p < 0.001, 0.20 < R? < 0.55) [44]. Talmant et al. [41]
showed that the velocity of the first arriving signal (VFAS) is a significant biomarker for
fracture discrimination and to predict fracture risk in vivo. Inter-operator precision (repeated
measurements by different operators) for FAS velocities were reported at ~7%, respectively.
In our study we report the precision value for different simulation models (precision of
radial cortical speed of sound was 9.8%), which have been simulated only once. Compared
with axial transmission techniques, the multi-focus measurement estimates cortical thickness
and speed of sound within the imagined plane and provides image guidance.

Another approach to measure Ct.Th and Ct.vq; using corrected refraction was proposed
by Renaud et al. [14] using a single-element excitation, full-array waveform capture, and
an adapted Kirchhoff migration developed by seismologists to image the earth subsurface.
The method was validated in vivo on two young healthy subjects. No precision or accuracy
values were reported. In two separate studies, Karjalainen et al. [11,45] proposed the
estimation of an apparent Ct.Th from TOF between periosteal and endosteal bone interface
at the tibia using a constant predefined speed of sound in cortical bone of 3565 m/s. This
approach fails to capture the microstructural changes in porous bone structures and changes
in Ct.vy1. In contrast, our method estimates Ct.Th and Ct.vq; independently; however, in
this study, a very simple pore structure was assumed. Further studies should therefore
target bone models with more realistic pore diameter distributions.

Recently, Iori et al. proposed a cortical backscatter model to retrieve the intracortical
pore size distribution non-invasively in the tibia midshaft [46]. These findings were further
supported by another study on the same set of bones, which suggested that cortical
thinning and backscatter parameters describing the presence and accumulation of large
cortical pores in the tibia provide similar or better predictions of proximal femur stiffness
and ultimate force than aBMD [20]. The cortical backscatter (CortBS) method has been
applied for the first time in vivo by Armbrecht et al. [15] on postmenopausal women
with low bone mineral density. The study reported a better discrimination performance
for vertebral and non-vertebral fragility factures using cortical backscatter parameters
(0.69 < AUC < 0.73) compared with DXA based aBMD (0.54 < AUC < 0.55). As the CortBS
and multi-focus measurement modalities can be implemented in the same device, future
in-vivo studies should be performed to evaluate if such a multiparametric assessment
of macro- and microstructural (i.e., C£.Th and intracortical pore size, respectively) and
viscoelastic (i.e., Ct.v1; and attenuation coefficient x(f)) cortical bone properties can improve
the discrimination and risk prediction performance for distinct types of fragility fractures.
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The combined estimation of Ct.Th, Ct.v1; and pore size distribution using nonionizing and
noninvasive technique may have a high clinical potential to prevent osteoporotic fractures.

4.4. Limitations

Several limitations of the proposed PAC methods were observed in this study. The
methods fail for bone inclination angles larger than 7° with respect to the beam axis, as
well as for the bones with high porosity values (20% or more). For bone models with
tilt angles larger than 7°, most backside echoes were not captured by the receiver array
resulting in a much smaller DAS beamformed signal and the transition from convex to
concave shape of the backside signal wavefront disappeared. Subsequently, the zero-
crossing point could not be retrieved (Figure A4c in Appendix D). As the bone surface
inclination in the imaging plane can be reliably reconstructed, the application of the PAC
methods can be easily restricted to locations, in which the surface inclination is within
+7°. Second, the simulation study was restricted to one scan position for one multi-focus
measurement, while the ex vivo measurement performed the multi-focus measurement
at 128 scan positions along the lateral distance; therefore, future in silico studies should
simulate multi-focus measurements with more scan positions along the lateral distance
and include simulation models with real bone curvature, tilt, and porosity. Moreover,
compound imaging with beam steering [15,46] should be used to ensure that the bone area
of interest is probed with sufficiently small beam inclinations. Third, for high porosity
values, large amounts of scattering of ultrasound waves resulted in a strong attenuation
and distortion of the backside signal, yielding an imprecise estimation of the confocal
backside position (Figure A5c in Appendix D).

Another limitation is the use of simplified bone models. For in vivo transition, the
effect of heterogeneous cortical pores and heterogeneous backside surface on the phase
aberration should be investigated. Cortical pores lead to increased scattering, and there-
fore, increased phase aberration, which could be corrected with cross correlation analysis.
Furthermore, the effect of changes regarding the speed of sound in soft tissue should
be considered in the future, based on realistic simulation models. Conventional image
reconstruction assumes an invariant speed of sound of 1540 m/s. Although the higher
and variable velocity in bone was considered, soft tissue velocities can also vary by up to
10% between subjects depending on the relative distribution of skin, fat, and connective
tissue along the bone length [16]. This leads to additional wave distortion, defocusing of
bone regions, and misalignments of beamformed signals. Anderson et al. [47] showed on
a tissue-mimicking phantom that a speed of sound error up to £8% degrades the lateral
resolution of the image by up to a factor of three. The mismatch between the assumed and
actual speed of sound could be compensated for by evaluating the focus quality using the
coherence factor proposed by Hasegawa et al. [48] or by using the minimum average sum
of absolute differences between all pre-beamformed radio frequency channel data proposed
by [49]. Renaud et al. proposed an autofocused method to estimate the optimal speed of
sound of the overlaying soft tissue [50]. Additional phase aberration corrections by tissue
structure may improve lateral resolution, signal quality and the accuracy and precision of
the measured time-of-flight through the bone for in vivo transition measurements.

Another limitation of this study is the non-repeated measurement design. Only one simula-
tion was performed for each simulation model and the ex vivo measurement was performed
once; therefore, for the reproducibility and precision of the multi-focus method for realistic bone
simulations, ex vivo and in vivo measurements should be investigated in the future, by repeating
the measurements by repositioning of the transducer between each measurement.

5. Conclusions

This study demonstrates the assessment of cortical thickness and speed of sound in the
radial direction using refraction- and phase-aberration corrected MF imaging. Conventional
DAS beamforming was improved using phase aberration correction methods to account
for bone curvature, bone tilt, and bone material homogeneities from cortical pores. The
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method was developed and validated using in silico simplified bone models with and
without pores, and one ex vivo measurement was performed on a human tibia cadaver.
For a reliable in vivo estimation of cortical thickness and speed of sound values, the real
bone structures and soft tissue velocity inhomogeneity must be considered. The derived
parameters showed an improvement in precision and accuracy using phase aberration
corrections and demonstrated good agreement with reference values.

6. Patent

K.R. has the patent “CortBS: Ultrasonic method for determining pore dimensions in
cortical bone” pending.
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Appendix A. Effect of Aperture and Semi-Aperture Angle 6

The multi-focus (MF) method was introduced in [19] using a 32 element transducer for
in silico validation. The bone plates were placed 4 mm below the linear array transducer.
In vivo ultrasound measurements on postmenopausal women demonstrated in the study
of Armbrecht et al. [15] showed larger bone to transducer ranges up to 30 mm; therefore,
simulation models in this study were performed for a realistic transducer/bone distance
of 15 mm. To study the effect of the aperture size on the estimations of cortical thickness
(Ct.Th) and cortical speed of sound (Ct.vy1), simulation models were created with different
transducer array sizes (varying from 32 to 72 elements in increments of 4 elements). For all
models a flat bone plate was placed 15 mm below the transducer.

The tracked backside echo amplitudes for the bone plate model with aperture from 32-
to 72-element are shown in Figure A1.
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Figure Al. (a) Backside echoes simulated with different aperture sizes of a 4-mm flat bone plate model
versus focus depth. (b) Confocal focus shift AF; (black crosses) and shift in time-of-flight ATOF (grey
circles) between the peak positions of FB echoes versus aperture size (number of aperture elements).
(c) Estimated Ct.THMF (black crosses) and Ct.unMF (grey circles) compared to the reference values Ct.THRYS
(dashed black line) and Ct.v3;R¢ (dashed grey line) with respect to number of aperture elements.

The peak of the frontside echo occurred for all models at a focal depth of 15 mm. In
contrast, the peak position varied for each aperture size and increased from 23.7 mm for the
32-element aperture to 24.9 mm for the 72-element aperture (Figure Ala). Moreover, the
tracked front and backside (FB) amplitudes increased with an increasing aperture element
number because more receiving signals were captured for delay and sum beamforming. For
frontside and backside echoes, the tracked FB echo amplitudes showed a sharpening of the
backside peaks with increasing aperture element number. Figure Alb shows an increase of
the confocal focus shift AF; with increasing aperture element number, but ATOF remained
unchanged. The comparison of the estimated Ct.ThMF and Ct.v1;MF to the reference values
in Figure Alc shows that the reference values were reached, both for Ct.THMF and Ct.qMF
for 64-, 68-, and 72-element apertures.

Table A1 summarizes the estimated ATOF between confocal FB reflection echoes,
semi-aperture angle 6, the critical angle ., defined by Snell’s law, the effective aperture
k,ﬂ{?, and Ct.THMF and Ct.v;MF. For apertures larger than 44 elements, the difference of
the semi-aperture angle to the critical angle A6 = 6, — 0 was smaller than 10° and the
effective aperture was derived iteratively using [19]. For apertures less than or equal to
44-elements, no effective aperture was derived due to Af being larger than 10. In summary,
the comparison of the bone plate model with different aperture element numbers revealed
a dependence of the estimated Ct.THMF and Ct.v;MF on the semi-aperture angle. The
previous study determined the effective aperture kg0 with kg = 0.1-A6 for A6 < 10° in five
iteration steps (Equation (5) in [19]). Due to the larger element number and distance of
the transducer to the bone surface compared with the previous study, an adapted factor of
0.122 was used instead 0.1 for k.. For k. < 0.6, the iteration resulted in incorrect Ct.ThMF
and Ct.v1;MF values; therefore, the factor ke was not determined in five iterations as the
iterative process was interrupted when kg reached values smaller than 0.6. For simulation
models with 64-, 68-, and 72 elements the RE of Ct.THMF and Ct.vnMF was smaller than
0.5%. As simulation models with an aperture size greater than or equal to 64-elements
showed no difference in Ct.THMF and Ct.vy;MF, all further simulations were performed
with a 64-element aperture transducer.
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Table Al. Results of Ct.THMF, Ct.v;;MF and relative errors (RE) for the bone plate models with
different element apertures using shift in time-of-flight between confocal front-and back reflections
ATOF, semi-aperture angle 6, for the effective aperture k0.

A ATOF 0 Qs kg0 CL.THMF RE CtapMF RE
B [us] [°] [°] "1 [mm] [%] [m/s] [%]
32 2.287 11.75 26.95 11.75 3.79 5.27 3310 5.54
36 2.287 13.06 26.73 13.06 3.81 4.78 3335 4.83
40 2.287 13.77 26.69 13.77 3.82 4.39 3340 4.69
44 2.290 14.96 26.51 14.96 3.85 3.87 3360 412
48 2.286 16.19 26.51 26.51 3.85 3.87 3360 412
52 2.291 17.39 26.90 20.18 3.80 4.99 3315 5.40
56 2.290 18.50 26.30 17.61 3.88 2.96 3385 3.40
60 2.297 19.65 25.85 14.97 3.95 1.30 3440 1.83
64 2.292 20.77 25.38 12.46 4.00 0.01 3490 0.41
68 2.292 21.87 24.92 13.12 4.01 0.25 3500 0.21
72 2.296 23.03 25.45 13.82 4.00 0.01 3490 0.41
Appendix B. Estimation of Bone Curvature on HR-pQCT Bone Images
a) b) )
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Figure A2. Three representative HR-pQCT scans of tibia midshaft bones of postmenopausal women.
Circles were fitted to the anteromedial side to estimate the local bone surface radius. The red line
indicates the central anteromedial tibia region, where ultrasound measurements were performed.
The images in (a—c) show subjects with a minimum (12.6 mm), mean (34.38 mm), and maximum
(68.8 mm) curvature radius, respectively.

Appendix C. Phase Aberration Correction (PAC) Methods

Appendix C.1. PAC I: Time-Shift Correction Based on Periosteal Bone Surface Geometry, Surface
Time Correction (ST)

Figure A3a shows an ultrasound wave transmitted from the transducer element 1 to
the backside bone surface position F. For the curved model, the waves travel along a longer
path in water (red arrows in Figure A3a) compared with the flat bone model, resulting in a
shift ATOFXM caused by the different surface geometries. These were determined using the
concept of refraction compensation proposed by Yasuda et al. [24].

For each transmit channel Tx; and focus depth F below the frontside surface, the cross-
ing point of the straight ultrasound wave path and the frontside surface was determined to
calculate the height length of the flat plate h e and curved plate hy cyreq, and the width
length of the flat plate w; ;e and curved plate w; cr0eq between the crossing point and
channel position (Figure A3a). In addition, the time-of-flight from the transmitted channel
to the focus point F was calculated for the flat bone plate by

\/wl,plnh’2 + hl,plm‘e2 \/wl,plntﬂz * hl,plnh’2
+
l»’HZ() Ct.l/“

TOFT.\',‘,}?’IIA‘L’ = (5)
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and for the curved bone plate using w ¢yrped and Wy cyrpeq instead of wy pire and wy piare
(Figure A3a), respectively. The assumption of Ct.vyy to calculate TOFry; piare, Was per-
formed by implementing a loop for retrieving Ct.THMF and Ct.v;MF. The starting value
of Ct.v1y assump Was defined at 2500 m/s based on the previous study [19], where Ct.vy
values smaller than 2600 m /s were reported for cortical porosity values larger than 20%.
If the difference between the calculated Ct.v13MF and the assumed input Ct.v11 gssump Was
larger than 10 m/s, the loop continued by replacing the new assumed Ct.v11 gssump With
the previously calculated Ct.v1;™F. The loop stopped if the difference between calculated
Ct.v11MF and assumed Ct.v11 assump was smaller than 10 m/s. The total time-of-flight from
one transmit channel to the receiving channel Ry; for the plate and curved models was
calculated by

TOFRx,-,plale = TOFT,\',,plnh»' + TOFgy — Tx; 4 1,plates (6)

under the assumption of a straight ultrasound transmitted and reflected travel paths,
from transmit channel Tx; to the focus position F, and back to the receiving channel
R.\’,' =64 — Tx,-+1.

After calculating all TOFg, for all channels 1 to 64, the corrected delay is determined
for each element by

TOFgca,R.\'[ - TOFR.re,curvv + TOFRx,,;:Inte' (7)

In summary, PAC I corrects for the different propagation travel times caused by the
bone curvature compared to a flat plate geometry at each receiving channel.

Appendix C.2. PAC II: Tilt Correction (ACF)

An autocorrelation function (ACF) analysis was used to correct for phase distortions
caused by surfaces inclination. The ACF analysis was performed in the Fourier domain
using the Wiener-Khinchine theorem implemented in the “autocorr2d.m’ function [51]:

[Vacr| = }Fd_l (Fd(ng)w"}'(Fd(ng))) ‘ ®)

where Vscr is the ACF signal, | Vcp ! the magnitude of Vscr, and F4() and Fy 1) are
the discrete Fourier and inverse Fourier transforms, respectively, of the gated backside
signals V;, using Hanning-window. For each receiving channel, the backside echoes were
gated after adding the beamforming delay shift, PAC I correction, and before summation
(Figure A3b). From all received backside signals, the maximum signal from all received
signals was used to define a threshold value for ACF correction. The threshold was defined
at 40% of the maximum signal. All backside signals above the threshold were used to fit
an ellipsoid on | V¢ | using the “regionprops.m’ function of the Matlab Image Processing
Toolbox (Figure A3c). The inclination angle of the ellipsoid to the major semi-axis xacr
(Figure A3c) was used to apply a linear time shift correction At,cr to remove the tilt
such that Atacr at the channel with the highest backside amplitude was zero. The proper
correction of the wavefront tilt was verified by repeating the ACF analysis after PAC II
correction (Figure A3d).

Appendix C.3. PAC III: Cross-Correlation (CC)

The cross-correlation method was used to correct for small fluctuations in travel times
caused by intracortical pores to determine F. g after ACF correction. The shift in the time-
of-flight of the backside signals ATOFp g,; from each receiving channel were estimated
with respect to the time-of-flight of the reference channel Rxg,s. For a focus depth smaller
than the depth of the backside surface, backside echoes were not in phase. The ATOFp gy;
showed a concave shape with negative curvature (Figure A3e for focal depth of 23 mm and
24 mm). When focus positions converged towards confocal backside focus position F. g,
the negative curvature of the concave shape of ATOFg g,; decreased. At F, p the backside
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PACII: b)

Time of Flight [ss]

signals were in phase by means of ATOFjg gy; = 0. For a focus depth larger than F, g, the
reflected backside signals were defocused and ATOFp g,; transitioned to a convex shape
with increasing positive curvature towards larger focus depths (Figure A3e for focal depths
of 25 mm and 26 mm).

On the retrieved ATOFg g, a second order fit was performed to estimate the curvature
parameter p; (Figure A3f) using the following equation.

2
ATOFs, ry, = pr-(Ry, = Ruy ) + p ©

The parameter p> represents the value of ATOFp s at the reference channel, which
was not used for further analysis. The parameter p; represents the curvature of the second
order fit. The change of the curvature of ATOFgg g,; from negative values for focus depth
smaller than the confocal focus depth towards positive values for focus depth larger than
the confocal focus depth, showed a linear dependence of p; over the focus depth. The
focus position where p; remained zero was defined as F, g position. It was determined by a
linear fit, py = m-F; + n, from 42 focus position around the focus depth, where p; had the
smallest distance to zero (Figure A3e). Instead of using the amplitude of Hp(F:) for focus
shift AF; between confocal frontside and backside bone reflections, the zero-crossing value
of p1 (Figure A3f) was used for F, p to estimate AF; for Ct.Th and Ct.v1; calculation.
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Figure A3. Cont.
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Figure A3. PAC L (a) Schematic illustration of the additional shift ATOFg, (red line) of a wave
traveling from element 1 to focus F and back to element 64 for a curved shaped bone surface
compared with a flat bone plate. Note, that a focused beam of 64 elements was used and only the
propagation path of the ultrasound wave of one receiving channel is shown. PAC II: Details of
2D ACF analysis for model r40dx3.11. (b) Two-dimensional image of the gated backside signals at
confocal depth (25 mm) after PAC I. (¢) Two-dimensional magnitude of ACF backside signal. The
fitted ellipsoid is shown in red. (d) Two-dimensional magnitude of ACF backside signal after the ACF
correction. PAC III: Schematic illustration to estimate AF.,p using cross-correlation for the flat plate
model. (e) Second order fit from ATOFj of the backside signals using cross-correlation. (f) Curvature
parameter of the second order fit p; (black crosses) over the focus depth and the linear fit (grey line)
to estimate the zero-crossing point (black circle) for the estimation of AF;,p.
Appendix D. Results
Table A2. Summary of simulation models. ‘7" and ‘dx” in the model abbreviations represent the
curvature radius of the bone model and the lateral shift of the transmit and receive arrays relative to
the beam axis, respectively. ‘Po” represents the porosity value when pores were simulated.
Effect of. Model Abbreviation CanehitiRadin Lateral. SHH B Bone Surface Tilt (°)  Porosity [%]
r (mm) Axis dx (mm)
flat plate 10,000 0 0 0
curvature r60dx0 60 0 0 0
r50dx0 50 0 0 0
r40dx0 40 0 0 0
r30dx0 30 0 0 0
r20dx0 20 0 0 0
curvature r40dx1.11 40 it} 14 0
and r40dx2.11 40 2.11 31 0
tilt rd0dx3.11 40 3.11 45 0
r40dx4.11 40 4.11 5.9 0
r40dx5.11 40 5.11 74 0
r40dx6.11 40 6.11 8.9 0
curvature r40dx0Po2 40 0 0 2
and r40dx0Po4 40 0 0 4
porosity r40dx0Po6 40 0 0 6
r40dx0Po8 40 0 0 8
r40dx0Po10 40 0 0 10
r40dx0Po12 40 0 0 12
r40dx0Po14 40 0 0 14
r40dx0Po16 40 0 0 16
r40dx0Po18 40 0 0 18
r40dx0P020 40 0 0 20
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Table A3. Results of Ct.ThR¢ and Ct.v1, %% of transmission simulation.

Model Ct.vr R [m/s]
140dx0Po2 3428.6
r40dx0Po4 3321.8
r40dx0Po6 3189.4
r40dx0Po8 3127.0
r40dx0Po10 3038.0
r40dx0Po12 2953.8
r40dx0Po14 2848.7
r40dx0Po16 2774.6
r40dx0Po18 2704.2
r40dx0P020 2681.6

Table A4. Results of Ct.THMF, Ct.v;MF and relative errors (RE) for each PAC method.

Model Correction Ct.THMF [mm]  REcyrp [%]  CtuyyMF[m/s]  REcqy1q [%]
flat plate  No 4.00 0.01 3490 0.41
(reference) ST 4.00 0.01 3490 0.41
ST + ACF 4.00 0.01 3490 0.41
ST+ ACF+CC 4.00 0.01 3490 0.41
r60dx0 No 3.77 5.77 3330 5.83
ST 3.99 0.32 3470 0.98
ST + ACF 3.99 0.32 3470 0.98
ST+ ACF+CC 4.00 0.01 3490 0.41
r50dx0 No 3.72 691 3255 7.11
ST 3.98 048 3475 0.83
ST + ACF 3.98 0.48 3475 0.83
ST+ACF+CC 4.00 0.01 3495 0.26
r40dx0 No 3.65 8.70 3180 9.25
ST 3.96 1.07 3460 1.26
ST + ACF 3.96 1.07 3460 1.26
ST+ ACF+CC 4.02 0.51 3510 0.16
r30dx0 No 3.57 10.80 3120 10.97
ST 3.94 1.49 3440 1.83
ST + ACF 3.93 1.65 3445 1.69
ST+ ACF+CC 4.06 1.48 3545 1.16
r20dx0 No 3.37 15.66 2955 15.67
ST 3.82 449 3340 4.69
ST + ACF 3.85 3.78 3360 4.12
ST+ ACF+CC 3.85 3.78 3360 412
r40dx1.11  No 3.67 8.26 3210 8.40
ST 3.96 091 3455 141
ST + ACF 3.96 1.07 3460 1.26
ST+ACF+CC 4.03 0.67 3505 0.02
r40dx2.11  No 3.69 7.66 3235 7.68
ST 3.93 1.65 3445 1.69
ST + ACF 3.96 091 3455 1.41
ST+ ACF+CC 396 091 3455 141
r40dx3.11  No 3.67 7.50 3205 7.83
ST 3.79 5.23 3325 5.12
ST + ACF 3.95 1.19 3465 1.12
ST+ ACF+CC 395 1.19 3465 1.12
r40dx4.11  No 3.64 8.99 3175 9.40
ST 3.58 10.45 3140 10.39
ST + ACF 3.93 1.86 3445 1.69
ST+ ACF+CC 393 1.86 3445 1.69
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Table A4. Cont.

Model Correction Ct.THMF [mm]  REcern [%]  Ctuy™MF[m/s]  REcqyip [%]
r40dx5.11  No 3.61 9.84 3150 10.11
ST 347 13.28 3040 13.25
ST + ACF 3.80 491 3335 4.83
ST+ ACF+CC  3.80 491 3335 4.83
r40dx6.11  No 347 13.37 3030 13.53
ST 3.29 17.74 2895 17.39
ST + ACF 3.54 11.48 3110 11.25
ST+ACF+CC 354 11.48 3110 11.25
r40dx0Po2  No 3.60 10.02 3065 10.60
ST 3.88 3.08 3310 3.46
ST + ACF 3.90 2.45 3330 2.88
ST+ACF+CC 393 1.83 3350 229
r40dx0Po4  No 439 9.67 3640 9.58
ST 3.82 4.57 3165 472
ST + ACF 3.81 4.47 3170 457
ST+ACF+CC 376 6.08 3135 5.62
r40dx0Po6  No 3.57 10.79 2830 11.27
ST 3.85 3.79 3050 437
ST + ACF 3.85 3.87 3055 421
ST+ ACF+CC 392 1.92 3120 2.18
r40dx0Po8  No 3.54 11.49 2805 10.30
ST 3.79 5.27 3015 3.58
ST + ACF 3.83 418 3010 3.74
ST+ACF+CC 3.89 2.87 3055 2.30
r40dx0Po10 No 5.16 29.12 3950 30.02
ST 3.98 0.48 3030 0.26
ST + ACF 3.95 1.24 3015 0.76
ST+ ACF+CC 398 0.48 3030 0.26
r40dx0Po12 No 5.58 39.69 4090 38.47
ST 3.86 3.46 2835 4.02
ST + ACF 3.87 3.23 2830 4.19
ST+ ACF+CC 392 1.94 2870 2.84
r40dx0Po14 No 478 19.54 3440 20.76
ST 3.78 5.40 2760 3.11
ST + ACF 3.78 5.40 2760 3.11
ST+ ACF+CC 378 5.40 2760 3.11
r40dx0Po16 No 4.82 20.55 3870 39.48
ST 3.79 5.36 2635 5.03
ST + ACF 3.79 5.14 2630 5.21
ST+ACF+CC  3.90 2.58 2695 2.87
r40dx0Po18 No 3.82 452 2585 4.41
ST 3.98 0.56 2680 0.89
ST + ACF 3.97 0.79 2685 0.71
ST+ ACF+CC 3.83 421 2640 237
r40dx0P020 No 5.65 41.24 3750 39.84
ST 222 44.45 2675 0.25
ST + ACF 3.33 16.66 2730 1.80
ST+ ACF+CC 3.03 24.14 2670 0.43
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Figure A4. Model r40dx5.11: (a) Comparison of tracked amplitude at each correction step for frontside

amplitudes (tracked amplitude after ST, ST + ACF and ST + ACF + CC correction overlap). The reference-

tracked amplitude of the plate model was shown by the grey dashed line (b) and backside amplitudes

(tracked amplitude after ST and ST + ACF correction overlap), respectively. (¢) Curvature parameter py,

retrieved from second order fit of using CC, as a function of focal depth (black circles). Linear fit (red

line) was used to retrieve F. p at zero-crossing point. (d) Comparison of focus shift AF; and shift (black
crosses) in time-of-flight ATOF (grey circles) to the reference AF,RY (dashed black line) and ATOFRY
(dashed grey line) of the plate model. (e) Estimated Ct.THMF and Ct.vy;MF after each correction step

compared to the reference Ct.ThR (dashed black line) and Ct.v11%¥ (dashed grey line) value.
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Figure A5. Cont.
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Figure A5. Model r40dx0P020: (a) Comparison of tracked amplitude at each correction step for
frontside amplitudes (tracked amplitude after ST, ST + ACF and ST + ACF + CC correction overlap).
The reference-tracked amplitude of the plate model was shown by the grey dashed line (b) and
backside amplitudes (tracked amplitude after ST and ST + ACF correction overlap), respectively.
(c) Curvature parameter py, retrieved from second order fit of using CC, as a function of focal depth
(black circles). Linear fit (red line) was used to retrieve F. p at zero-crossing point. (d) Comparison of
focus shift AF; and shift (black crosses) in time-of-flight ATOF (grey circles) to the reference AFRS
(dashed black line) and ATOFRY (dashed grey line) of the plate model. (e) Estimated Ct.THMF and
Ct.vyMF after each correction step compared to the reference Ct.ThR (dashed black line) and Ct.vq; R
(dashed grey line) value.
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Pore-Size Distribution and Frequency-Dependent
Attenuation in Human Cortical Tibia Bone Discriminate
Fragility Fractures in Postmenopausal Women With
Low Bone Mineral Density
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ABSTRACT

Osteoporosis is a disorder of bone remodeling leading to reduced bone mass, structural deterioration, and increased bone fragility. The
established diagnosis is based on the measurement of areal bone mineral density by dual-energy X-ray absorptiometry (DXA), which
poorly captures individual bone loss and structural decay. Enlarged cortical pores in the tibia have been proposed to indicate structural
deterioration and reduced bone strength in the hip. Here, we report for the first time the in vivo assessment of the cortical pore-size
distribution together with frequency-dependent attenuation at the anteromedial tibia midshaft by means of a novel ultrasonic cortical
backscatter (CortBS) technology. We hypothesized that the CortBS parameters are associated with the occurrence of fragility fractures in
postmenopausal women (n = 55). The discrimination performance was compared with those of DXA and high-resolution peripheral
computed tomography (HR-pQCT). The results suggest a superior discrimination performance of CortBS (area under the receiver oper-
ating characteristic curve [AUC): 0.69 < AUC < 0.75) compared with DXA (0.54 < AUC < 0.55) and a similar performance compared with
HR-pQCT (0.66 < AUC < 0.73). CortBS is the first quantitative bone imaging modality that can quantify microstructural tissue deteriora-
tions in cortical bone, which occur during normal aging and the development of osteoporosis. © 2021 The Authors. JBMR Plus published
by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research.

KEY WORDS: CORTICAL BONE; FRACTURE DISCRIMINATION; CLINICAL TRIAL; DXA; QUANTITATIVE BONE ULTRASOUND

the T-score, which is derived from the measurement of areal bone
mineral density (aBMD) by means of dual-energy X-ray absorpti-
ometry (DXA) at major fracture sites, ie, spine and proximal
femur.® OP is defined for aBMD values 2.5 SD or more below the
mean assessed in young adults (ie, T-score < —2.5). Low bone mass
(osteopenia, —1 = T-score > —2.5) is currently not considered as a
disease,” although a specific osteoprotective therapy is recom-
mended if additional clinical risk factors are present.® However,

1. Introduction

steoporosis (OP) is an age-associated disorder of bone remo-
deling leading to reduced bone mass, structural deteriora-
tion, and increased bone fragility."’ Although OP is generally
thought of as a “woman’s disease,”® men account for a third of
OP-related hip fractures in Europe.*’ An estimated 1.0 million
quality-adjusted life years (QALYs) were lostin 2017 due to fragility

fractures. According to a recent systematic review of burden and
management of fragility fractures in the largest EU countries," fra-
gility fractures are ranked number four among 16 common non-
communicable diseases with respect to the disability-adjusted
life years (DALYs). For individuals aged >50 years, DALYs were
higher than those for stroke. Established guidelines for the diagno-
sis of OP recommend the assessment of fracture risk factors and

bone strength is determined by a plethora of factors, including size,
shape, architecture, and composition.”’ Today, there is increasing
evidence that the majority of individuals who have sustained an
osteoporosis-related fracture or who are at high risk of fracture
are not diagnosed as osteoporotic according to the BMD level.®)

Bone tissue undergoes permanent remodeling. Under normal
conditions, osteoclasts create resorption canals in the cortical
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bone tissue matrix, which are refilled by osteoblasts leaving a
Haversian canal with a diameter of approximately 30 pm."”
Bone loss occurs in both women and men as part of the natural
aging process." " Unbalanced intracortical remodeling typically
starts in the endosteal subcompartment and leaves partially
refilled or even nonrefilled bone multicellular units (BMUs). Clus-
tering of BMUs enhances their chances to merge, creating
“giant” pores with diameters larger than 385 um,"? leading to
the so-called trabecularized cortex"® and ultimately to a thin-
ning of the cortical bone shell. In the femoral neck of elderly peo-
ple (aged 57 to 98 years), decreases of cortical thickness (Ct.Th)
and increases of porosity (Ct.Po) by ~4% and ~32%, respec-
tively, per decade have been observed."¥ In contrast, pore den-
sity (Ct.Po.Dn) was only reduced in the elderly (aged 87 to
98 years) compared with the middle-aged group (aged 57 to
68 years).'¥ Postmenopausal women with osteopenia have
higher cortical porosity and thinner cortices at the distal radius
and tibia than women with normal aBMD." In an ex vivo study,
cortical thinning and the prevalence of large BMUs in the tibia
were found to be associated with structural deterioration of the
femoral neck"® and proximal femur strength."”’ Although corti-
cal porosity of the tibia was not associated with femoral stiffness
or strength, the proportion of Ct.Po attributable to large pores
(diameter >100 pm) was significantly associated with hip
strength in both standing (r = —0.61) and falling (r = 0.48) con-
ditions. However, cortical thinning is partially compensated by
the apposition of new tissue matrix at the periosteal interface
leading to an increased bone diameter and a further increase
of the pore diameter gradient in the radial bone direction. The
theory showing that bending strength is largely dictated by
the size of the largest pores has been proposed by Griffith'®
and is nowadays well established in the field of fracture mechan-
ics of cement-based materials.”"® Therefore, the cortical pore
diameter distribution Ct.Po.Dm.D (hereinafter simply called
pore-size distribution) represents a relevant target for identifying
patients with high fracture risk. However, more than 60% of
intracortical pores are smaller than 100 pm in diameter."® Given
their small size, the in vivo imaging of cortical pores remains
challenging, even with the most advanced high-resolution
peripheral quantitative computed tomography (HR-pQCT). The
imaging resolution of the first- and second-generation HR-pQCT
systems with voxel sizes of 82 and 61 pm allows direct visualiza-
tion and segmentation of large pores (ie, Ct.Po.Dm >100 pm)
only, leaving the major fraction of smaller cortical pores unre-
solved. lori and colleagues'*® have proposed a calibration rule
for the estimation of Ct.Po locally from volumetric BMD (vBMD)
distribution parameters. This method is more accurate (absolute
error 3.4%) than established VvBMD or threshold-based
approaches, as it approximates the contribution of unresolved
pores (ie, Ct.Po.Dm <80 pm). However, the HR-pQCT technology
is not widely distributed and is used mostly in clinical research so
far. With DXA-based aBMD, ie, the diagnostic gold standard, cor-
tical bone loss resulting from structural decay is poorly
captured.®2"??

Quantitative ultrasound (QUS) methods are non-ionizing
alternatives for the diagnosis of osteoporosis and the prediction
of fracture risk.?® Many QUS approaches target trabecular sites,
eg, at the heel, and predicting BMD via empirical associations
with the measured speed of sound (SOS), broadband ultrasound
attenuation (BUA), and other parameters derived from the mea-
surement.*” More recent QUS technologies, eg, bidirectional
axial transmission, measure cortical sites, eg, distal radius and
tibia, and aim at the quantitative assessment of structural cortical

bone properties, eg, Ct.Th and Ct.Po.?® However, none of the
existing diagnostic technologies can assess quantitative infor-
mation about the cortical pore micromorphology. Particularly,
the transition from a normal age- and sex-specific pore-size dis-
tribution to a pathologically altered one caused by large BMUs
could not be assessed in vivo so far.

We have recently developed a theoretical cortical bone back-
scatter model (CortBS) and an ultrasonic multi-angle 3D acquisi-
tion and data processing scheme to assess microstructural
properties in cortical bone.?® The method measures the
frequency-dependent attenuation and backscatter coefficients
a(f) and BSC(f) at the tibia and retrieves the cortical pore-size dis-
tribution Ct.Po.Dm.D by fitting a theoretical backscatter coeffi-
cient to the measured BSC(f). In an ex vivo study on bones
from 19 human donors, pore-size parameters, particularly those
describing the prevalence of large pores, could be assessed with
high accuracy (adj. R? = 0.55). The combination of cortical thick-
ness and CortBS parameters provided similar or better prediction
accuracies of proximal femur stiffness and strength than aBMD.

In this cross-sectional pilot study, the CortBS method was
applied for the first time in humans. Postmenopausal women
with and without history of fragility fractures were included.
We hypothesized that the frequency-dependent attenuation
and microstructural CortBS parameters can be assessed in vivo
and that they are associated with the occurrence of fragility frac-
tures. The in vivo short-term precision of the CortBS parameters
was assessed and the fracture discrimination performance was
compared with those of DXA and HR-pQCT.

2. Materials and Methods

2.1 Research participants

For this cross-sectional study, 55 female subjects (aged
=55 years) who have been referred to the Center for Muscle
and Bone Research for a clinically indicated DXA bone density
measurement were recruited. Height, weight, age, medical his-
tory regarding diseases affecting bone health, chronic diseases,
fracture status with differentiation regarding adequate/
inadequate trauma, medications negatively affecting bone
health, as well as osteoprotective and osteoanabolic medications
were assessed. To reflect the distribution of fracture rate with
respect to BMD in postmenopausal women, the patient recruit-
ment was stratified into three groups according to the results
of the DXA measurement (lowest T-score of lumbar spine and
proximal femur) and fracture status, ie, OP: osteoporosis
(T-score < —2.5); OPE-Fx: osteopenia (T-score between —1 and
—2.5) and prevalent fragility fracture; OPE-nFx: osteopenia
(T-score between —1 and —2.5) without prevalent fragility frac-
ture. Exclusion criteria were (i) body mass index (BMI) >30;
(i) presence of metal implants or edema at the lower extremity;
(iii) no allowance for X-ray exposure; or (iv) the inability to under-
stand the nature of the study and follow the instructions. In addi-
tion to the measurements on patients, repeated ultrasound
readings were performed on three healthy volunteers. The study
was registered in the German Clinical Trial Register
(DRKS00022217) and was approved by the local ethics commit-
tee of the Charité-University Hospital Berlin (reference number:
EA4/068/19) and the German Federal Office for Radiation Protec-
tion (reference number: Z5-22464/2019-090-G). All participants
provided their informed written consent before participation.
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2.2 DXA bone densitometry

DXA (Lunar Prodigy Advance EnCore Software v. 13.4 or Lunar
iDXA EnCore Software v. 16.1, GE Medical Systems, Madison,
WI, USA) lumbar spine (L; to Ly) and proximal femur scans were
performed as part of the clinical routine examination according
to the standard GE Lunar operator manual. The leg (left or right
side) with the lowest aBMD at the proximal femur was defined
as index leg for subsequent ultrasound and HR-pQCT readings.
aBMD values were assessed at the femoral neck (aBMDrepmur
(Neck)), the total proximal femur area (aBMDgemur(totan), and at
the spine (aBMDspine). T-scores were calculated, whereas the
minimum scores at femur (T-scoregemur), spine T-scorespine, and
the lowest value of both anatomical regions (T-scorerq,) were
used for further analyses. If the T-score from one region could
not be assessed, the other one was defined as T-scoreroa.

2.3 Cortical backscatter (CortBS)

The measurement principle has been described in detail previ-
ously.?® Briefly, a medical ultrasound scanner SonixTOUCH
equipped with a SonixDAQ single-channel data acquisition sys-
tem and a 4DL14-5/38 3-D linear array transducer (Ultrasonix,
Richmond, Canada) was used. The system was controlled
through a custom-developed user interface. Measurements were
performed at the central anteromedial tibia region. The tibia
length (Lyinia) Was assessed as the distance between the medial
knee joint cleft and the medial malleolus. Both landmarks were
palpated manually. Between these two points, the level of 50%
Ltibia Was marked with a skin marker pencil. The ultrasound trans-
ducer was coupled to the skin at this position using an ultra-
sound coupling pad (aquaflex, Parker Laboratories, Inc.,
Fairfield, NJ, USA). Conventional B-mode images were used to
position the probe such that a cross-sectional image of the peri-
osteal tibia bone interface appeared in the center of the image.
The probe was then manually tilted until the bone surface was
approximately normal to the sound beam direction and the
focus position F, was adjusted to be approximately 1 mm below
the periosteal bone surface (Fig. 1A).

For the measurement, a compound B-mode volume scan
sequence was used. For the compound B-mode scan, a slightly
focused beam produced by a 16-element aperture was scanned
across the array from element position 1 to 128 with an incre-
ment of 1. For each transmit beam, pre-beamformed pulse-echo
data were acquired from all 128 elements of the probe. The scan
was repeated three times with different beam steering angles
(—10°, 0%, 10°). The integrated motor allowed one to sweep the
transducer array perpendicular to the compound B-mode imag-
ing plane with tilt angles between +7° with an increment of 1°.
Thereby, a cortical bone surface area of approximately
5 mm x 35 mm was probed at various beam inclination angles.
The scan duration was less than 3 seconds. The signal analysis
consists of (i) reconstruction of beamformed compound images
for all sweep motor positions, ie, spatial compounding of all
three beam steering angles (Fig. 1A); (ii) manual selection of a
region of interest covering the bone region to be analyzed
(Fig. 1B); (iii) automatic detection and 3D reconstruction of the
periosteal bone surface (Fig. 1B); (iv) calculation of local beam
inclinations, an inclination-corrected mean surface reflection
spectrum and an inclination-controlled depth-dependent nor-
malized mean difference spectrum NDS from the pre-
beamformed channel data (Fig. 10); (v) estimation of the
frequency-dependent cortical bone attenuation and backscatter

coefficients a(f) and BSC(f), respectively (Fig. 1D-E); and (vi) the
estimation of the cortical pore diameter distribution Ct.Po.Dm.
D (Fig. 1F). The latter is obtained by minimizing the error
between the measured and theoretical BSCs, which are modeled
from arbitrary pore-size distributions. The acquisition and analy-
sis ensure that only signals measured with limited beam inclina-
tion (ie, £10° and +30° for surface reflection and subsurface
backscatter, respectively) were included in the analysis. Except
for step 2, all analysis steps were processed fully automatically.
A quality parameter, which provides a relative measure of usable
data within the selected ROl (ie, data were not discarded by incli-
nation, signal level, and other thresholds), was used as an objec-
tive criterion to either accept or reject a measurement. Based on
repeated measurement with variable probe tilt, a quality score
threshold of 77% was found to produce reproducible results
(data not shown). From Ct.a(f), slope and intercept values Ct.os
and Ct.a, were obtained by linear regression (Fig. 1D). Character-
istic parameters describing the asymmetric pore-diameter distri-
bution Ct.Po.Dm.D (ie, 10% and 90% quantiles Q10 and Q90,
respectively; width, minimum and maximum crossing points of
full-width half-maximum (FWHM) values, and peak position were
derived (Fig. 1F).

24 CortBS short-term precision

The short-term precision was evaluated according to Gluer and
colleagues?” by performing 10 repeated measurements with
repositioning between each measurement on three healthy vol-
unteers. Absolute and relative precision values were calculated
using Equations (4a) and (5) in Gluer and colleagues,®”
respectively.

2.5 High-resolution peripheral computed tomography

Immediately after the CortBS measurement, a site-matched HR-
pQCT scan was performed (XtremeCT II, Scanco Medical AG, Bas-
sersdorf, Switzerland). Subjects were seated in a comfortable,
height-adjustable chair. The lower leg of the subjects was posi-
tioned carefully in a carbon-fiber cast and fixated in the gantry.
Subjects were instructed to sit as still as possible and to not talk
or move to avoid motion artifacts. The gantry was moved into
the scanner until the skin mark and the laser position indicator
were aligned. A total scan length of 10.2 mm in the axial direc-
tion divided into 168 cross-sectional images was measured with
an isotropic voxel size of 60.7 pm with a scan time of 2 minutes.
The total effective dose was less than 5 mSv per scan. A repre-
sentative reconstructed cross-sectional image is shown in
Fig. 2A. Cortical and trabecular properties of the tibia were eval-
uated using the 3D Density and Structure Analysis software of
the scanner as described elsewhere.”® Moreover, cortical prop-
erties of (i) the entire tibia cross section (full) and (ii) a manually
selected anteromedial region of interest (ROI; Fig. 2) were evalu-
ated using a custom protocol adapted from lori and col-
leagues.?” This analysis estimates cortical porosity (Ct.Pogy)
using the algorithm proposed by Burghardt and colleagues,?®
cortical thickness (Ct.Th), pore density (Ct.Po.Dn), and distribu-
tions of porosity (Ct.Po.D), pore diameter (Ct.Po.Dm), and bone
mineral density (Ct.BMD.D).*” From these distributions, charac-
teristic properties, ie, mean, standard deviation variance, skew-
ness, kurtosis, as well as 10% and 90% quantile (Q10 and Q90)
values, were derived.
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Fig 1. Schematic drawing of the CortBS method (A). A focused beam generated by a 16-element subaperture of the 128-element transducer array is
scanned and steered across the bone. The focus depth F, is positioned approximately 1 mm below the bone surface. Pulse-echo signals are recorded
simultaneously with all 128 channels. The reconstructed compound B-mode compound image (B) shows the anteromedial cross section of the tibia mid-
shaft (green dashed line: focus position; green line: manually selected ROI; red line: detected periosteal interface within ROI). The reconstructed 3D bone
surface (red line) is used to calculate a depth-dependent spectrogram. Spectra arising from specular reflections at the bone surface are used for normal-
ization. From the normalized depth-dependent backscatter spectrum (NDS) (C), the depth and frequency ranges of 1 to 3 mm and 4 to 9 MHz, respec-
tively, are used to derive the attenuation and backscatter coefficients a(f) (D) and BSC(f) (£). By fitting model-based backscatter coefficients?® to the
measured BSC(f), the cortical pore diameter distribution Ct.;Po.Dm.D is estimated (F). (E, F) Shown are representative «(f), BSC(f), and Ct.Po.Dm.D data
for one subject with (ID45; T-scorerq, = —2.0) and one without fragility fractures (ID10; T-scorerg = —3.5).

2.6 Statistics parameters was assessed using Spearman'’s rank sum correlation
i . . coefficient p. To evaluate the correlation of multiple QUS param-
Continuous variables are presented as means and standard devi- % ¥
K A ; eters with HR-pQCT and DXA parameters, partial least squares
ations (SD). Nonparametric tests were used. Wilcoxon rank sum : : Zetid
tests were performed to determine whether parameters were (PLS) regression with threefold cross-validation was used. Spear-
significantly different between the non-fractured and fractured man’s rank sum correlation coefficient p and root mean square
groups. The correlation between ultrasound and X-ray error (RMSE) between the predicted QUS-based parameter and
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Fig 2. Representative cross-sectional HR-pQCT image with the overlaid CortBS measurement region (A). The box shaded in green is the image region
shown in (B). The full tibia cross section and the site-matched CortBS measurement region were analyzed (B). Most of the pores in the cortical bone
(marked in green) are unresolved but result in local fluctuations of the voxel values. Pores larger than ~90 pm are resolved. The calculation of a local

porosity map (C) adapted from lori and colleagues.*”’

those measured by HR-pQCT or DXA were computed. The
fragility fracture discrimination performance of CortBS, HR-pQCT,
and DXA was assessed by means of multivariate PLS discrimina-
tion analyses with Leave-One-Out Cross-Validation (PLS-LOOCV)
using the libPLS library.®® For variable selection, a subwindow
permutation analysis (SPA) using 10,000 Monte Carlo samplings
was repeated until a stable set of significant model variables
was found. To avoid overfitting, the final models were created
using three PLS components. Different discrimination models
were developed to predict vertebral, other, and all fragility frac-
tures from DXA-based T-scores, HR-pQCT, or CortBS parameters
and for combinations with each subject’s anthropometric data
(weight, height, BMI), and age. The mean and standard error
(SE) of the area under the curve (AUC) of the receiver operation
characteristics (ROC), accuracy, sensitivity, and odds ratio
(OR) with 95% confidence intervals (Cl) were calculated. Differ-
ences between the AUC values were evaluated using MedcCalc
20.009a (MedCalc Software Ltd, Ostend, Belgium) by means of
two-sided Hanley & McNeil tests.*"” Except for this test and the
PLS-LOOC and SPA analyses, all statistical tests were performed
using the Statistics Toolbox of Matlab R2019b (MathWorks,
Natick, MA, USA). Statistical results were considered significant
for p values <0.05.

3. Results

3.1 Study population

The patient characteristics are summarized in Table 1. Twenty-
nine subjects had at least one fragility fracture. Among the frac-
tured patients, 18 and 21 had vertebral and non-vertebral
fractures, respectively. Age and anthropometric data were not
different between fractured (Fx) and non-fractured (nFx) groups
(Table 1). More subjects with fragility fractures received antire-
sorptive treatment than subjects without fractures. The higher
number of subjects treated with an aromatase inhibitor was
not significant (p = 0.06).

3.2 DXA

Avalid vertebral spine T-score could not be assessed in 8 subjects
because of severe degenerative changes in the lumbar spine.
DXA parameters were associated with a subject’s height
(p = 0.65), weight (p = 0.60), and almost independent of BMI
(p = 0.50) and age (p = 0.45) (Supplemental Table S1). None of
the aBMD values and T-scores were significantly different
between Fx and nFx groups (Table 2), but the difference of the
lowest total T-scores between fractured and non-fractured
groups almost reached the significance level (p = 0.06).

33 HR-pQCT

Data from one subject could not be evaluated because of an
apparent motion artifact. From the remaining 54 subjects,
81 structure and material properties were extracted. HR-pQCT
parameters obtained from the scanner software were associated
with a subject’s weight (p = 0.68), height (p = 0.67), age
(p = 0.54), and almost independent of BMI (p = 0.44). Except
for BMI, the associations of cortical parameters derived from
the custom analysis with anthropometric data and age were
generally lower (Supplemental Table S1). None of the parame-
ters derived from the scanner software were significantly differ-
ent between fractured and non-fractured groups (Table 3). In
contrast, most parameters describing the local distributions of
porosity and pore diameter in the anteromedial region of inter-
est were significantly different between both groups. The most
prominent differences were observed for skewness (p = 0.004)
and kurtosis (p = 0.004) of the Ct.Po.Dm.D evaluated in the full
cross sections.

34 CortBS

An ultrasound compound image of the anteromedial region of
the tibia of bone together with the normalized difference spec-
trum and representative backscatter and attenuation coeffi-
cients and pore-size distributions for subjects with and without
fragility fractures are shown in Fig. 1. The short-term precision
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Table 1. Age, Basic Anthropometric Data, Disease, and Medication History of the Patient Cohorts With (Fx) and Without (nFx) Fragility

Fractures
All patients (n = 55) Fx (n = 29) nFx (n = 26)
Age (years) 69.9 + 7.2 69.2 + 7.5 70.2 +£ 6.3
Height (cm) 1642 7.6 165.0 & 8.1 163.1 +£7.2
Weight (kg) 62.1 +83 62.4 1+ 9.1 61.0 + 6.7
Body mass index (kg/m?) 230 +28 229 + 28 23.0 +£ 27
Diseases
Diabetes 3 2 1
Rheumatic diseases 1 7 5
Other chronic inflammatory diseases 4 2 2
Medication
Antiresorptive 23 172 6
Osteoanabolic 5 4 1
Vitamin D 54 28 26
Selective estrogen receptor modulator (SERM) 3 1 2
Corticosteroid oral 14 7 7
Corticosteroid inhaled 3 2 1
Aromatase inhibitor 6 1 5
Proton pump inhibitor 4 1 3
Other medications® 25 15 10
Values are given as mean (SD) or number of subjects.
%p < 0.05.
Table 2. DXA Range, means, and SDs in Fractured (Fx) and Non-fractured (nFx) Groups
Parameter Range Fx (n = 29) nFx (n = 26)
aBMDrermur(rotal) (9/cm?) 0.668-1.004 0.786 + 0.072 0.808 £ 0.076
aBMDrermurneck) (9/cm?) 0.635-0.991 0.793 + 0.081 0.805 + 0.072
aBMDspine (g/cm?)® 0.651-1.242 0.904 + 0.130P 0.950 + 0.110°
T-SCOMefamur —31t015 ~1.93 +0.86 ~1.83 £ 055
T-scorespine” ~431005 —228 + 1.04° —1.90 + 0.90°
T-5COre1omal” —43to 14 —241 +072° —2.14 + 0.66°
°n = 47.
°n =28,
n=19.

of the individual parameter estimations was in the range
between 7.9% and 13.9% (Table 4). For 5 patients, the quality fac-
tor was below 77% and, therefore, data were not analyzed.
CortBS parameters were associated with subject’s age
(p = 0.67), height (p = 0.50), and marginally with weight
(p = 0.45) and BMI (p = 0.46) (Supplemental Table S1). Parameter
ranges and differences between fractured and non-fractured
groups are summarized in Table 3. Slope Ct.o¢ and intercept
Ct.g values of the attenuation coefficient were significantly dif-
ferent between fractured and non-fractured groups. The change
of the width of the pore size distribution (Ct.Po.DM.Deywim)
almost reached the significance level (p = 0.06).

3.5 Fragility fracture discrimination

The results of discrimination performance analyses are summa-
rized in Fig. 3 and Table 5. The DXA-based T-score values alone
did not provide any significant discrimination model. Incorporat-
ing a subject’s weight and height yielded significant models
with, however, poor discrimination performance for vertebral
and other fractures (0.54 < AUC < 0.55). Among all HR-pQCT
parameters, those describing the shape distributions of porosity
and pore diameter were the most predictive ones. Distinct

parameter combinations provided good discrimination models
for vertebral, non-vertebral, and all fragility fractures
(0.66 < AUC < 0.73). Age and anthropometric information could
not further improve the discrimination models. CortBS parame-
ters provided good discrimination models for all types of fragility
fractures (0.65 < AUC < 0.72). Whereas for non-vertebral frac-
tures only attenuation parameters (Cto, and Ctag) were
selected, vertebral and all fractures were discriminated by a com-
bination of attenuation and pore-size distribution parameters.
Incorporation of weight and height information led to non-
significant increases of the AUC values.

3.6 Associations between HR-pQCT and CortBS
parameters

Attenuation was not associated with bone geometry except for
one weak correlation between Ct.xy and Ct.Th (Supplemental
Table S2). Multiple univariate associations were found for atten-
uation and Ct.Po.Dm.D parameters with bone density, structure,
and porosity, and pore-diameter distributions. Most HR-pQCT
parameters could be predicted with weak to moderate accuracy
(0.28 < p < 0.71) by combinations of CortBS parameters.
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Table 3. HR-pQCT Range, Means, and SDs of Selected Parameters in Fractured (Fx) and Non-fractured (nFx) Groups

Range Fx (n = 29) nFx (n = 25)
Bone geometry
TtAr (mm?) 313-536 420 + 56 407 + 47
Ct.Pm (mm) 72-100 86 +7 84+5
CtAr (mm?) 170-318 254 + 31 252 + 40
Th.Ar (mm?) 97-298 170 + 47 159 + 41
Th.Meta.Ar (mm?) 40-121 69 + 19 64 +17
Th.Inn.Ar (mm?) 58-177 101 + 28 94 + 25
Bone density
Tt.vBMD (mg HA/cm?) 439-748 596 = 77 611 £ 65
Th.vBMD (mg HA/cm?) 32-165 77 =30 78 + 30
Th.Meta.vBMD (mg HA/cm?) 106-291 184 + 51 184 + 35
Th.Inn.vBMD (mg HA/cm?) —221t0 109 4.3+ 20 5.8 + 30
Ct.vBMD (mg HA/cm?) 826-1049 930 = 53 940 + 31
Bone structure
BV/TV 0.07-0.25 0.13 = 0.04 0.13 4+ 0.04
Th.N (1/mm) 0.5-1.8 112 £ 0.29 1.18 £ 0.29
Tb.Th (mm) 0.19-0.36 0.27 = 0.04 0.27 + 0.03
Th.Sp (mm) 0.56-2.05 1.01 £ 0.30 0.94 + 0.29
Tb.1/N.SD (mm) 0.18-1.31 0.45 + 0.22 0.39 + 0.18
Ct.Th (mm) 2.8-6.56 496 + 0.57 4.96 + 0.83
Ct.Po (%) 0.4-8.2 25+19 20+ 1.0
Ct.Po.Dm (mm) 0.15-0.33 0.21 + 0.04 0.22 4 0.04
Custom (ROI)
Ct.Thgoy (mm) 1.0-4.2 27 +08 27 + 06
Ct.Pogyroy (%) 1.1-111 54123 45+22
Cortical porosity distribution
Ct.Po.Dpean(ron (%) 14.7-33.8 26.0 = 4.6 253 1+ 3.6
Ct.P0.Dsproy (%) 3.7-9.6 6.0 + 1.27 54+1.1
Ct.Po.Dyarroy (%) 13.5-92.9 37.5 + 16.2% 30.1 + 13.2
Ct.PO.Dyyewmessron 0.5-2.9 1.0+ 04 14405
Ct.PO.Deyewness(ull 0.48-2.93 0.98 + 0.37° 1.35 + 0.51
Ct.PO.Dyyreosis(rol 3.1-17.2 51+15 73+34
Ct.PO.Dyyrrosis(Full) 3.1-172 5.1 + 1.5% 7.3 + 3.4
Cortical pore-diameter distribution
Ct.P0.DM.Dyeaniron (M) 96-185 128 + 20° 120 + 15
Ct.Po.DM.Dsproy (M) 39-165 83 + 28 74 + 23
Ct.Po.DM.Dgsoron (HM) 153-417 230 + 54° 205 + 35
Cortical bone BMD distribution
Ct.BMD.Dyyreosisirull) 3.15-5.54 3.49 + 0.48° 3.52 +0.23

Significant differences are marked in bold. Definitions and descriptions of all variables are summarized in Supplemental Table S3.
a
p < 0.05.

Table 4. CortBS Short-Term Precision (Absolute and Relative), Range, Mean, and SD Values in Fractured (Fx) and Non-fractured (nFx)
Groups

Parameter Precision Range Fx (n = 25) nFx (n = 25)
Ct., (dB/mm) 0.22 (13.91) 1.06-3.10 2.34 + 0.40° 1.96 + 0.48
Ct.o¢ (dB/MHz/mm) 0.02 (15.29) 0.01-0.32 0.11 + 0.06° 0.16 + 0.06
Ct.Po.DM.Dpeay (um) 251 (8.47) 24-52 386 + 56 36.6 + 7.1
Ct.Po.DM.Dqo (pm) 1.93 (7.89) 20-42 299 + 47 288 + 5.8
Ct.Po.DM.Dqgo (pm) 3.28 (8.64 30-64 487 £ 71 453 + 88
Ct.Po.DM.Drypim (pm) 1.43 (11.99) 9.4-25.6 16.5 + 3.5 149 + 29
Ct.Po.DM.Dpyyiin min (M) 2.09 (8.53) 20.0-42.8 31.1 +50 295+ 58
Ct.Po.DM.Dyyrimt,max (M) 3.15 (8.62) 29.4-62.8 476 + 6.8 444 + 86

Significant differences are marked in bold.
“p < 0.05.
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Fig 3. Fragility fracture discrimination performance of DXA, HR-pQCT, and CortBS for vertebral fractures (A), other fractures (8), and all fractures (C). If
anthropometric information improved the discrimination model, these ROC curves are shown.

3.7 Ultrasound-based BMD prediction

Fig. 4 shows the prediction of aBMD from CortBS parameters
using multivariate PLS models. Although significant, the correla-
tions were moderate (0.59 < p < 0.63).

4. Discussion

The diagnosis of osteoporosis based on the assessment of struc-
tural deterioration of the porous micromorphology has been
prevented by the limitations of currently available diagnostic
technologies.” The established diagnosis of OP based on aBMD
captures the relative bone loss of an individual compared with a
mean value of a young reference population but not the individ-
ual bone loss caused by impaired bone remodeling. Thereby,
people with non-pathologically decreased T-scores but at risk
for fragility fractures are currently undiagnosed until the fracture
occurs.®  Alternative diagnostic modalities provide X-ray
radiation-free BMD and T-score surrogates®2 but do not
overcome the principal lack of sensitivity of BMD to the causal
microstructural and tissue deteriorations caused by OP. To date,
HR-pQCT is the most sophisticated in vivo imaging modality for
the microstructural analysis of bone. It can resolve pathologically
enlarged cortical pores, but the spatial resolution is not sufficient
to resolve the normal cortical pore micromorphology.?” In this
work, we have applied for the first time in humans a novel ultra-
sound technology that provides noninvasively and without ion-
izing radiation quantitative information about the pore-size
distribution together with frequency-dependent attenuation in
cortical bone at the tibia midshaft. The fracture discrimination
performance of the novel CortBS technology was compared
against conventional DXA-based diagnosis and state-of-the-art
X-ray computed tomography (HR-pQCT).

4.1 The anteromedial tibia is a favorable site for the
assessment of systemic structural bone tissue
deteriorations leading to fragility fractures

The standard locations for DXA measurements (ie, L; to Ly lum-
bar spine and hip and forearm) were initially selected because
morbidity from fractures at these locations is high.”” However,
metal implants, previous fractures, scoliosis, osteosclerosis,
and aortic calcifications render aBMD estimations at these sites

inaccurate or even impossible.?® The most standardized HR-
pQCT measurement site is the distal tibia.*® In an ex vivo study,
hip failure load has been reported to be associated with low
vBMD and microstructural alterations measured at this site.*”)
However, toward the epiphyses, cortical bone becomes thinner
and is increasingly replaced by a trabecular core. Therefore,
parameters assessed in this region are susceptible to both posi-
tioning errors and inter-subject anatomical differences. In this
study, we have used the tibia midshaft region for the following
reasons. First, the midshaft contains predominantly cortical
bone. Second, the cortical thickness in the anteromedial mea-
surement midshaft region is relatively invariant with respect
to the long-axis position and approximately two to three times
larger'’” than reference values reported for the proximal
tibia.®® Thereby, the tibia midshaft provides a much larger
and anatomically more invariant tissue volume for cortical bone
microstructural characterization than the distal shaft. Recent
ex vivo studies provided evidence that structural deterioration
at this measurement site is associated with reduced proximal
femur strength!'”’ and that the parameters assessed by CortBS
combined with Ct.Th provide superior predictions of proximal
femur stiffness and strength compared with aBMD.?® Ultra-
sound can be transmitted most easily to and along bone at
the facies medialis of the tibia midshaft, where the periosteum
is covered by a thin layer of soft tissue only. Already in 1995,
Foldes and colleagues®®® suggested speed of sound measured
by axial transmission at the tibia midshaft as an independent
predictor of fracture risk in women with non-osteoporotic bone
mineral density.®® Since then, various novel bone QUS tech-
niques have targeted this site for the measurement of Ct.Th,
Ct.Po, %" and speed of sound.“*?) This study confirmed that
a compromised pore architecture of the cortical tibia midshaft
is associated with bone fragility. In line with the well-known
microstructural deteriorations induced by OP, both HR-pQCT
and CortBS revealed predominantly features describing the
asymmetry of the cortical pore-size distribution rather parame-
ters describing the mean pore-tissue volume fraction as factors
associated with fragility fractures. Moreover, frequency-
dependent ultrasound attenuation, which is determined by
both structural and viscoelastic tissue properties,?® was found
to be significantly altered in subjects with fragility fractures.
Recent numerical ultrasound transmission studies on three-
dimensional bone mimicking structures suggested that pore
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Table 5. Fragility Fracture Discrimination Performance: PLS-LOOC Discrimination Models Were Developed for the Individual Measure-
ment Modalities Alone and in Combination With Anthropometric (AP) Data and Age

Sensitivity Specificity AUC (SE)

Accuracy OR (95% CI) Variables

Vertebral fractures (Fx/nFx)

DXA + AP (11/36) 0.1 0.94 0.54 (0.006) 067 22(01-4.2) T-scoreremur
Weight
Ct.Po.Dspron
Ct.Po.Dyarron
Ct.Po.DM.Dytean(ron
Ct.Po.DM.Dsproy
Ct.P0.Dm.Dggoro)
Ct.otg, Ctaog
Ct.Po.DM.Deyyrim
Ct.Po.DM.Dewiim-max
Ct.Po.DM.Dggo
Ct.otg, Ctuog
Ct.Po.DM.Dewim
Ct.Po.DM.Dgoo

Weight

HR-pQCT (18/36) 0.27 0.92 0.687 (0.03) 0.70 4.2 (2.7-5.8)

CortBS (14/36) 0.43 0.92 0.72% (0.009) 0.78 8.2 (6.7-9.8)

CortBS + AP (14/36) 0.50 0.94 0.75** (0.01) 0.82 17.0 (15.2-18.8)

Other fractures (Fx/nFx)

DXA + AP (15/34) 033 0.85 0.55 (0.02) 0.65 29 (1.6-4.2) T-SCOr€femur
Height, weight
Ct.Poghro)
Ct.PO.Dskewness(rol)
Ct.PO.Dn(Ron
Ct.Pogh(rul)
Ct.PO.Dskewness(Full)
Ct.Po.Dyyrtosis(Full)
T.Tb.Theun

Ctuotg, Ctuoy

Ct.otg, Ctuog

Height, weight

HR-pQCT (15/33) 0.48 0.85 0.66" (0.03) 0.70 5.1 (3.8-6.4)

CortBS (12/32) 0.39 0.81
CortBS + AP (12/32) 0.39 0.88

0.657 (0.007) 0.66
0.69” (0.02) 0.70

2.76 (1.5-4.1)
4.45 (3.0-5.9)

All fractures (Fx/nFx)

HR-pQCT (29/26) 083 064 073(0005) 074 857398 e
Ct.Po.Dskewness(Full
Ct.oxg, Ctuog
Ct.PoDm.Dq1o
Ct.PoDm.Dggo
Ct.PoDm.Dpeak
Ct.PoDM.Dewhm-min
Ct.PoDM.Dewrm-max
Ctotg, Ctuog

Height

CortBS (29/25) 0.68 0.64 0.69 (0.02) 0.66 3.8 (2.6-4.9)

CortBS + AP (29/25) 0.72 0.64 0.72 (0.006) 0.68 4.6 (3.4-5.8)

Only significant models are listed. The numbers of fractured/non-fractured cases for each model are written in the first column in parentheses. Signif-
icant variables selected by SPA are listed in the last column. Significant differences of the AUC values between the models for each fracture group are
indicated by superscript letters.

“AUC(CortBS/HRpQCT) > AUC(DXA + AP).

PAUC(CortBS+AP) > AUC(HR-pQCT).

radius and density can be inferred from the frequency depen-
dence of ultrasonic attenuation.*>) In that study, monodisperse
pore radii ranging from 50 to 100 pm and densities ranging
from 20 to 50 pores per mm> were investigated. The same
group also proposed a model that aims at decoupling the

4.2 Discrimination performance

The results of this pilot study suggest a superior discrimination
performance of the ultrasonic cortical backscatter measurement
(0.69 < AUC < 0.75) compared with DXA (0.54 < AUC < 0.55)

effects of viscoelastic absorption and scattering.*” Although
forward and backscatter characteristics are not identical, the
same concept could be integrated into the cortical backscatter
model in the future to assess the relative contributions of struc-
tural and viscoelastic tissue alterations to the fragility fracture
discrimination independently.

and a similar or even better performance compared with HR-
pQCT (0.66 < AUC < 0.73). The two attenuation parameters
Ct.o and Ct.og were the strongest predictors for all types of fragil-
ity fractures. Together with the subject’s height and weight, cor-
tical bone attenuation provided the best discrimination
performance for non-vertebral fractures (AUC = 0.69). The
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Fig 4. Estimation of aBMD at spine (A), femur neck (B), and total proximal femur (C) from ultrasound backscatter and anthropometric parameters using

PLS regression.

subject’s height is a known risk factor for non-vertebral
fractures,*> which has been partly linked to thinner and more
porous cortices in taller women, as measured at the distal tibia
by first-generation HR-pQCT.“®’ Ct.Th at the tibia midshaft was
not a predictive variable in our study, but both HR-pQCT and
CortBS measurements confirmed that porosity and pore-size dis-
tributions as well as the mean porosity were associated with fra-
gility fractures.

For vertebral fractures, attenuation together with width and
90% quantile values of the pore-diameter distribution were sig-
nificant ultrasound predictor variables, while the subject’s
weight remained the only anthropometric factor (AUC = 0.75).
This finding is in agreement with a previous report suggesting
risk factors, eg, physical weakness, poor health, and weight loss,
as risk factors for vertebral but not for non-vertebral fractures.”

Our AUC values were lower for DXA and comparable for QUS
parameters than those reported in another study, in which corti-
cal thickness and porosity were estimated from axial transmis-
sion ultrasound.“  Although in that study on
201 postmenopausal women Ct.Th in was found to be discrimi-
nant for hip fractures only (AUC = 0.72), Ct.Po was discriminant
for all fractures (AUC = 0.71) and for vertebral (AUC = 0.84)
and wrist fractures (AUC = 0.71).

Several bone QUS technologies have been used in the past to
measure cortical or cancellous bone sites, and at least some of
them have demonstrated the potential to predict fracture risk
with an equivalent efficiency compared with X-ray densitometry
techniques.®**® Although ultrasound wave propagation is gov-
erned by the structural and material properties of the propaga-
tion medium, none of the currently available clinical devices
provide any direct measurement of stiffness, strength, or tissue
quality. Instead, they provide bone density, stiffness, or quality
surrogate markers derived from empirical correlations of acous-
tic properties (eg, speed of sound [SOS] and broadband ultra-
sound attenuation [BUAI),?® travel time delays,®** or the
shape of the backscatter spectrum®® with aBMD. For example,
Adami and colleagues®® used T-scores derived from radio-
frequency echographic multi spectrometry (REMS) in compari-
son with DXA-based T-scores for the discrimination of women
with and without fractures as the identification of patients at risk
for incident osteoporotic fractures. This prospective study on

1516 white women (aged 30 to 90 years) reported similar predic-
tion performance for DXA- and QUS-based T-scores. A model-
based measurement of Ct.Th and Ct.Po in radius and tibia bones
has been achieved for the first time with the bidirectional axial
transmission technology by means of multimode waveguide dis-
persion analysis.“>*" The method considers variations of poros-
ity as a major source of variations of cortical bone elasticity,
sound velocity, and fracture toughness in postmenopausal
women.*2* Results of a first validation study in postmeno-
pausal women confirmed a comparable fracture discrimination
performance of the BDAT variables as aBMD for both vertebral
and peripheral fractures.“" However, axial transmission mea-
surements do not provide direct image guidance and are
restricted to patients with low BMI.

CortBS reflects viscoelastic and microstructural deteriorations
of cortical bone, which are causally linked to the natural aging
process and the development of osteoporosis.' " The crucial role
of the porous microarchitecture, particularly the prevalence of
large pores as a biomarker for reduced bone strength,"'” was
also confirmed in the HR-pQCT analysis, which revealed the
asymmetry of the porosity distribution but not the total porosity
as a fracture discriminating tissue property. In contrast to that
ex vivo study, which included bone from both male and female
donors, Ct.Th was not found to be a fracture discriminating bio-
marker in our study.

4.3 Limitations

This pilot study has several limitations. First, the cohort size was
small and restricted to postmenopausal women with T-scores
below —1. Second, the included subjects had diverse fracture
and medication histories as well as various comorbidities. How-
ever, the selected cohort resembles the population that is
(i) most vulnerable for fragility fractures and (ii) mostly under-
treated based on the BMD diagnosis. Despite these limitations,
a good discrimination performance was achieved, which needs
to be confirmed in larger studies covering a larger age range,
both sexes, larger BMI ranges, and T-scores above —1. Third,
the cross-sectional study design did not allow us to assess frac-
ture risk. Future prospective studies should therefore evaluate
the potential of CortBS parameters to identify people at risk
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and to assess the individual fracture risk. Second, no real-time
assessment of the CortBS measurement quality was possible in
this study, which led to the exclusion of data from 5 subjects
during the post hoc data analysis. For clinical applications, the
data-quality assessment needs to be incorporated into the
measurement, providing real-time feedback to the operator
and the possibility to repeat the measurement, until an appropri-
ate data quality is achieved.

CortBS is the first quantitative bone imaging modality that can
quantify microstructural tissue deteriorations in cortical bone,
which occur during normal aging and the development of oste-
oporosis. CortBS discriminates fragility fractures in postmeno-
pausal women better than aBMD. It could be used as a
portable, low-cost, non-ionizing, and widely applicable screen-
ing tool to identify people at risk, particularly in the population
with low bone mass.
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