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ARTICLE INFO ABSTRACT

Anisotropic arrangement of apatite crystallites, i.e., preferential orientation of the apatite c-axis, is known to be
an important bone quality parameter that governs the mechanical properties. However, noninvasive evaluation
of apatite orientation has not been achieved to date. The present paper reports the potential of quantitative
ultrasound (QUS) for noninvasive evaluation of the degree of apatite orientation in human bone for the first
time. A novel QUS instrument for implementation of the axial transmission (AT) method is developed, so as to
achieve precise measurement of the speed of sound (SOS) in the cortex (cSOS) of human long bone. The ad-
vantages of our QUS instrument are the following: (i) it is equipped with a cortical bone surface-morphology
detection system to correct the ultrasound transmission distance, which should be necessary for AT measurement
of long bone covered by soft tissue of non-uniform thickness; and (ii) ultrasound with a relatively high frequency
of 3 MHz is employed, enabling thickness-independent cSOS measurement even for the thin cortex by preventing
guide wave generation. The reliability of the proposed AT measurement system is confirmed through comparison
with the well-established direct transmission (DT) method. The ¢SOS in human long bone is found to exhibit
considerable direction-dependent anisotropy; the axial ¢cSOS (3870 + 66 m/s) is the highest, followed by the
tangential (3411 * 94 m/s) and radial (3320 = 85m/s) cSOSs. The degree of apatite orientation exhibits the
same order, despite the unchanged bone mineral density. Multiple regression analysis reveals that the cSOS of
human long bone strongly reflects the apatite orientation. The cSOS determined by the AT method is positively
correlated with that determined by the DT method and sensitively reflects the apatite orientation variation,
indicating the validity of the AT instrument developed in this study. Our instrument will be beneficial for
noninvasive evaluation of the material integrity of the human long-bone cortex, as determined by apatite c-axis
orientation along the axial direction.
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1. Introduction

Quantitative ultrasound (QUS) can be employed for noninvasive
bone evaluation. Unlike X-rays, ultrasound does not involve radiation
exposure; thus, it can be safely applied to patients of all ages. A device
for measuring calcaneus bone density with ultrasound has already been
used for osteoporosis screening [1]. Like the vertebral body, the cal-
caneus is rich in cancellous bone, which is generally susceptible to
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metabolic diseases [2]; therefore, ultrasound is suitable for screening of
metabolic diseases. In recent years, increasing attention has been di-
rected towards the fracture risk of cortical bone, e.g., fractures in the
proximal femur and femoral neck; thus, the importance of cortical bone
evaluation has been emphasized [3,4].

Attempts have been made to use ultrasonic waves for cortical bone
measurement. As ultrasound utilizes elastic waves and the ultrasonic
velocity reflects the elastic properties of the propagating material, this
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technique is expected to be useful for evaluating the material properties
of cortical bone. For ultrasonic evaluation of long cortical bones, the
axial transmission (AT) technique is used, in which an ultrasonic
transmitter/receiver pair is placed parallel to the bone longitudinal axis
on one side. Ultrasound with a frequency of < 1.5 MHz is mainly used
in the AT method [5-101, which is equivalent to a wavelength of ap-
proximately 2.7 mm (at 1.5 MHz), assuming that the ultrasonic velocity
in the axial direction is 4000 m/s. The sound-wave propagation velocity
is influenced by a structure with a dimension similar to the wavelength
[11]. As cortical bone has a thickness of several millimeters, which is
comparable to the wavelength, it is necessary to note the effect of the
cortical thickness on the speed of sound (SOS). If the cortex thickness is
not considered in cases where it is low relative to the wavelength, the
apparent cortical SOS (cSOS) will decrease because of the generation of
guide waves [12], yielding incorrect estimation of the material prop-
erties. In other words, the thickness effect interferes with the evaluation
of the intrinsic material properties. Independent estimation of cSOS and
cortical thickness from guided waves has recently been reported
[13,14]. In such cases, the cortex is assumed to be a two-dimensional
transverse isotropic free plate. However, this structure is not necessarily
appropriate for simulating the actual cortex shape, particularly for the
bones of the elderly. Thus, there is some concern regarding the ro-
bustness of the cSOS measurement.

The materials properties of the cortical bones are largely affected by
their micro-organization. In particular, it is understood that the crys-
tallographic texture and orientation of the bone matrix elements
(mainly the type-I collagen and apatite) strongly regulate the functions
of the bone materials. Indeed, despite their similar bone mineral density
(BMD), the direction, dimension, and degree of preferential orientation
of collagen and apatite vary largely depending on the anatomical bone
type and site [15]. AT measurements have been reported to reflect
details of the macroscopic bone structure, i.e., the cortical thickness and
porosity [14] and BMD [16]. However, it is important to clarify whe-
ther the AT method reflects the collagen/apatite micro-arrangement
independently of the thickness effect. Recently, the present authors
emphasized that the preferential orientation of the apatite c-axis con-
tributes significantly to the mechanical function of bone [17,18]. This
behavior arises because apatite has a hexagonal-based lattice showing
anisotropy in the intrinsic mechanical properties such as the Young's
modulus [19]. Thus, the anisotropic arrangement of the apatite is an
important factor governing the mechanical properties of bone. How-
ever, the biggest hindrance to consideration of preferential apatite or-
ientation for clinical use is the lack of a noninvasive evaluation method.

In this study, we develop an AT system with a relatively high 3-
MHz-frequency ultrasound probe for human long bones. This frequency
is employed to eliminate the guided wave generation and thickness
effect, as 3-MHz frequency corresponds to a wavelength of approxi-
mately 1.3 mm. Further, the cortical thickness range in which the ma-
terial properties can be accurately evaluated expands under the usage
of higher-frequency ultrasound. Thus, 3-MHz frequency is expected to
be effective for evaluation of osteoporotic bone with a thinned cortex.
Bone thickness can be easily evaluated through conventional X-ray
radiography and computed tomography (CT); hence, we aim to develop
a specialized device for investigation of the material properties of
cortical bone, which are almost undetectable using X-ray radiography
and CT.

As the signal attenuation rate is high at higher frequencies such as
3 MHz, and because it is difficult to detect sonic waves with small
amplitudes at distant receivers, we utilize a probe with linearly arrayed
multiple receivers and a bone shape detection/correction system to
achieve measurement with a good signal-to-noise ratio and accuracy.
To validate our system, the obtained results are first compared with
those determined via the well-defined direct transmission (DT) method
for which the ultrasonic transmitter and receiver are placed on opposite
sides of the measuring object. Then, the origin of the anisotropy in the
¢SOS in human long bone is examined, focusing on the variations in the
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preferential apatite orientation as an anisotropic feature of the bone
material quality and the volumetric BMD (vBMD).

2. Materials and methods

In this study, the cSOS of the human long-bone cortex was measured
using the following setup. The aim was to demonstrate the validity of
our QUS-AT system and to investigate whether the AT method can
detect preferential apatite orientation in the cortex, which contributes
to the mechanical functions of the bone.

2.1. Study setup

The study was divided into two stages, labeled “Study_1” and
“Study_2,” respectively. In Study_1, the correlation between the tri-di-
rectional (axial, tangential, and radial) anisotropy in the cSOS and that
in the bone microstructure or vBMD (corresponding to the cortex ma-
terial characteristics) was first investigated via the well-defined DT
method, so as to determine the contributory factors to ¢SOS.
Rectangularly cut bone specimens were measured. On the basis of the
results, the appropriateness of the QUS measurement in the “axial di-
rection” in which the most of AT measurements have conducted, was
discussed. In Study_2, the AT method was implemented using the de-
veloped instrument described below. To validate our system, the DT
method was implemented subsequent to the AT measurement by pre-
paring rectangular bone specimens from the specimens used for AT
measurement. Because of donor restrictions, both studies were per-
formed on separate cadaver groups.

2.2. Ultrasound frequency selection

We selected a relatively high 3 MHz ultrasound for the AT method.
In the AT method, high-frequency ultrasound is advantageous for bone
thickness-independent cSOS measurement. In contrast, as the frequency
increases, scattering attenuation within the specimen increases and the
signal level weakens [20]. In other words, the suppression of the scat-
tering attenuation and the reduction of the sample thickness capable of
thickness-independent measurement are in a trade-off relationship with
respect to frequency. Therefore, the ultrasound frequency must be
carefully selected.

We estimated the appropriate frequency based on typical human
cortical bone thickness, which is reported to range from 1 to 7 mm [21].
According to Bossy et al. [21], when using 3 MHz ultrasound, the lower
limit of bone thickness that enables bone thickness-independent cSOS
measurement was estimated to be 0.7 mm, which is smaller than the
lower limit of the typical range (1 mm), when assuming that the cSOS is
approximately 4000 m/s and the bone material is anisotropic. There-
fore, we selected a 3 MHz frequency. Refer to the Discussion section for
more details. For validating our QUS-AT method, 3 MHz ultrasound was
also used in all DT measurements.

2.3. Instrument for ultrasonic measurements

2.3.1. DT method of Study_1

The appearance of the apparatus used in the DT method and the
corresponding schematic are shown in Fig. 1(a). Transmitter and re-
ceiver transducers with a center frequency of 3 MHz (Nihon Dempa
Kogyo, Tokyo, Japan) were used, which were placed at opposing po-
sitions to sandwich a blocked cortical bone specimen via a 2-mm acrylic
standoff. The distance was measured by a displacement encoder (LGF-
05251, Mitsutoyo, Kawasaki, Japan) and a pulse counter (PXI-6602,
National Instruments, Austin, USA). Prior to specimen measurement,
the standoff was directly contacted and a reference waveform was ac-
quired. Then, the cortical bone block was sandwiched between the
standoffs for acquisition of a transmission waveform. The transmitted
signal was generated by a 14-bit digital-to-analog converter (PXI-5412,
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Fig. 1. Photographs and schematic illustrations of instruments and setups for QUS measurements for (a) DT and (b) AT methods.

National Instruments) at a clock frequency of 100 MHz. The receiving
signal was amplified (HFA 4101, NF Corporation, Yokohama, Japan).
The cSOS was calculated from the time difference and propagation
distance (specimen thickness) of the first arriving signal (FAS), as
shown in Fig. 1(a). The controlling, sampling, and analysis software
was developed using LabView (National Instruments).

2.3.2. Configuration and features of developed AT method instrument for
Study 2

To measure the cSOS propagating in the cortical bone along the long
axis (the principal stress direction) from outside the skin, the AT
method was adopted, as shown in Fig. 1(b). An array probe with 3-MHz
center frequency was used (Nihon Dempa Kogyo). Inside the probe, 32
transmitter/receiver elements are arranged at 1mm intervals. The
signals were generated by a digital waveform generator (PXI-6542,
National Instruments) and ultrasonic waves were obliquely irradiated
from the transmitter to the cortical bone. The obliquely irradiated
sound wave generated a leaky surface skimming compressional wave
(LSSCW) on the soft tissue side, whereas a longitudinal wave propa-
gated in the cortical bone along its long axis. The LSSCW was detected
by receivers with known distances and the ¢SOS was derived from the
distance and time for longitudinal wave propagation within the cortex
[22]. The receiving signals were amplified and sampled by a 12-bit
analog-to-digital-converter (PXI-5105, National Instruments) at a clock
frequency of 60 MHz. The controlling, sampling, and analysis software
was developed using LabView (National Instruments).

In the AT method, ¢SOS can be calculated correctly when the cor-
tical bone surface and the array wave receiver are arranged in parallel.
However, as regards actual measurement of human subjects in vivo, the
soft tissue surface and the cortical bone surface are not parallel to each
other and the bone surface is curved; therefore, errors are generated in
the measured cSOS. For accurate cSOS calculation, it is necessary to
comprehend the positional relationship between the array probe and
the cortical bone surface, which can then be utilized to correct the
propagation path. Thus, the instrument developed in this study employs
a two-step transmission/reception system including a cortical bone
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surface monitoring phase and an AT measurement phase (Fig. 2(a)),
which is enabled by a probe with linearly arrayed multiple receivers.

In the cortical bone surface monitoring phase, ultrasonic waves are
emitted simultaneously from all the channels to generate a plane wave.
Reflected echoes are received on each channel; the angle of the bone
surface is calculated from the time difference in the reception of re-
flected echoes between adjacent channels (U.S. patent 8,372,007).

In the AT measurement phase (Fig. 2(b)), an ultrasonic wave ob-
liquely irradiates from the transmitters located at one end, and the
signals are received the other receivers. The SOS of subcutaneous soft
tissue was assumed to be equal to that of water, 1500 m/s. When an
ultrasonic wave obliquely irradiates the cortical bone, the array re-
ceiver receives not only the necessary LSSCW signal, but also other
interfering echoes, such as direct and reflected waves from the front and
back surfaces of the cortical bone. Of these, the wave reflected from the
back surface of the cortex generates an error in the calculated cSOS, as
its arrival time is close to that of the LSSCW. In particular, when the
cortical bone is thin, the two waves are superimposed, yielding sig-
nificant reduction in the cSOS. Use of a 32-fold array receiver allows the
unnecessary echoes to be neglected as the received signals are pro-
cessed with the optimum number of plural elements. Moreover, even if
the cortical bone surface is curved, the ¢SOS can be calculated accu-
rately as the bone shape is measured.

2.4. Accuracy verification of developed instrument

In this study, to estimate the SOS measurement accuracy, an acrylic
plate with sufficient thickness (20 mm) compared with the wavelength
(approximately 0.9 mm) was repeatedly measured. The assumed SOS of
acrylic material is in the range of 2610-2750 m/s [5]. SOS measure-
ments were performed eight times (twice a day for 4 days) in water; the
water temperature was also recorded at the same time. The measured
SOS was 2736 + 1.3 m/s with a coefficient of variation (CV) of 0.05%
(27.3 = 0.6 °C). Extremely good reproducibility was obtained.

The specimen thickness dependency of SOS was also tested using 5-,
3-, and 2-mm-thick acrylic plates, which correspond to 5.5, 3.3, and 2.2
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Fig. 2. Schematic representations of developed AT instrument features. (a)
Two-step transmission/reception system including (i) cortex-surface mon-
itoring phase (distribution of soft tissue thickness) and (ii) AT measurement
phase, which was enabled by a probe with linearly arrayed multiple receivers.
(b) Multiple receivers with 32 channels to separately detect necessary LSSCWs
from other unnecessary signals inevitably generated when cortical bone is ir-
radiated by ultrasonic waves.

times the wavelength, respectively. The measurements were performed
approximately 200 times each in water with variations in the distance
and angle between the probe and acrylic plate. This approach was
adopted to simulate measurement of human legs with non-uniform soft
tissue thickness. The measured SOSs for the 5-, 3-, and 2-mm-thick
plates were 2733 = 5 (CV 0.20%), 2727 = 4 (CV 0.16%), and
2736 * 13m/s (CV 0.49%), respectively. For all measurements, an
SOS of 2732 = 5m/s (CV 0.17%) was recorded, showing the good
precision of our instrument.

2.5. Human cadaver bone specimens

2.5.1. Femur blocks for Study_1

Seventeen femurs of Japanese human cadavers (male: 10; female: 7)
donated to Osaka City University Hospital were used with an approval
by the Ethics Committee of Osaka City University Hospital. The cada-
vers were stored in 10% formalin neutral buffer solution. In each case, a
rectangular cortical bone block with dimensions of approximately
10mm X 10mm in the axial and tangential directions was removed
from medial part of the proximal left femur (Fig. 3). The cadaver age
range was 70-94 years (83 = 7 years). The periosteal and endosteal
surfaces were minimally ground to obtain flat planes. All specimen
surfaces were finished with #2000 silicon carbide paper. The mea-
surements were performed in water at 26 °C.
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2.5.2. Tibia with soft tissue for Study 2

Nine tibias of Japanese human cadavers (male: 6; female: 3) do-
nated to Osaka University Hospital were used with an approval by the
Ethics Committee of Osaka University Hospital. The cadavers were
stored in 10% formalin neutral buffer solution. The age range of the
cadavers was 81-98 years (86 * 7 years). Axial cSOS measurement via
the AT method was performed on the right tibial diaphysis. The mid-
shaft corresponding to the center of the AT measurement was cross-
sectioned at approximately 10-mm thickness; then, the axial specimen
surfaces were finished with #2000 silicon carbide paper. cSOS mea-
surements by the DT method were performed at the AT measurement
location along the axial direction. All ultrasound measurements were
performed in water at 26 °C. Finally, the correlation between the cSOSs
measured by the AT and DT methods was analyzed to validate the
device setup used in this study.

2.6. Measurement of volumetric BMD

The vBMD was measured at the center part of the cSOS measure-
ment region using a peripheral quantitative computed tomography
(XCT Research SA+, Stratec Medizintechnik GmbH, Birkenfeld,
Germany) with a resolution of 240 x 240 x 460 um>. The data for each
voxel were exported in ASCII format (CSV file) to Microsoft Excel
software. Values exceeding a threshold value of 690 mg/cm® were
judged to indicate cortical bone.

2.7. Analysis of apatite preferential orientation

To assess the degree of preferential orientation of the apatite c-axis,
microbeam X-ray diffraction (uXRD) analysis was performed
(M18XHF22-SR, Mac Science Co., Yokohama, Japan). Cu-Ka radiation
generated at a tube voltage and tube current of 40kV and 90 mA, re-
spectively, was used. A metal collimator with a diameter of 50 or
100 um was employed. The specimen was fixed, swung, and rotated
through the appropriate range of Euler angles to obtain sufficient dif-
fraction intensity. The detailed conditions for uXRD analysis are de-
scribed in a previous study [15]. Briefly, the scattered diffraction was
counted with a curved position-sensitive proportional X-ray counter for
1000s to obtain an XRD profile. The two representative diffraction
peaks for apatite, (002) and (310) appearing at Bragg angles (26) of
25.9° and 39.8°, respectively, were detected. The degree of preferential
alignment of the apatite c-axis was determined as an intensity ratio of
(002)/(310). Randomly oriented hydroxyapatite (NIST #2910: calcium
hydroxyapatite) powder had an intensity ratio of 2 in this uXRD system;
therefore, detected values > 2 indicated the presence of anisotropic
apatite c-axis orientation in the analyzed direction [15]. The mea-
surements were performed three times and the average values were
used.

2.8. Statistical analyses

The quantitative results are expressed in mean *+ standard devia-
tion (SD) form. The statistical significance among the three means was
determined using one-way analysis of variance (ANOVA) with post hoc
multiple comparison analyses. For multiple comparison analyses, Tukey
honestly significant difference (HSD) or Games-Howell comparisons
were conducted on the basis of the homoscedasticity test, where ap-
propriate. Pearson's correlations and multiple linear regression analyses
were used to determine significant determinants for ¢SOS. In the mul-
tiple linear regression analysis, the vBMD and the degree of apatite
orientation were considered independent variables. The multiple re-
gression coefficient () was used to identify the dominant determinant.
A P-value < 0.05 was considered statistically significant. SPSS version
14.0 J software (SPSS Japan Inc., Tokyo, Japan) for Microsoft Windows
was used for all statistical analyses.
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Fig. 3. Area from which rectangular cortical bone block was obtained.

3. Results

For all measured parameters, there were no significant differences
between male and female. Therefore, the data are reported without
separation of sex.

3.1. Study 1: correlation between tri-directional anisotropy of cSOS given
by DT method and bone microstructure

3.1.1. Tri-directional anisotropy in cSOS and degree of apatite orientation
in femoral cortex

In the DT measurement of the rectangularly shaped femoral cortical
bone specimen, the axial cSOS (3870 = 66 m/s) was the highest, fol-
lowed by the tangential (3411 = 94 m/s) and radial (3320 = 85m/s)
cSOSs (Fig. 4(a)). The anisotropy ratios (the squared ultrasound velo-
cities in two directions) were 1.29 (axial/tangential) and 1.36 (axial/
radial). The degree of apatite orientation exhibited similar tendencies,
being highest in the axial direction, followed by the tangential and
radial directions (Fig. 4(b)). The degrees of apatite orientation in the
tangential and radial directions were approximately 2, indicating the
lack of a prominent preferential apatite orientation in these directions.
Thus, the femoral cortical bone exhibits distinct preferential apatite
orientation along the axial direction.

3.1.2. Correlations of cSOS vs vBMD, and SOS vs apatite orientation

The vBMD positively and independently correlated with the cSOSs
in each direction (Fig. 5(a)). It is apparent that the data plots for the
three directions shown in Fig. 5(a) do not overlap on a single line and
that they each form a separate linear relationship; thus, different cSOSs
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were derived from a single vBMD. With regard to the correlation be-
tween the ¢SOS and vBMD, the strength (i.e., the largeness of the
Pearson's correlation coefficient (r)) and significance (the P-value
smallness) of the correlation were highest in the radial direction, fol-
lowed by the tangential direction. Thus, the lowest values were in the
axial direction. In contrast, the degree of preferential apatite orienta-
tion positively correlated with the ¢SOS in the axial direction only; no
significant correlations were found in the tangential and radial direc-
tions (Fig. 5(b)). There was no significant multicollinearity between the
vBMD and the degree of preferential apatite orientation in all directions
(r=0.17, P > 0.05; r=0.44, P > 0.05; and r = 0.11, P > 0.05 in
the axial, tangential, and radial directions, respectively). A multiple
regression analysis was performed (Table 1). In each of the three di-
rections, the multiple regression result was statistically significant, with
the adjusted coefficients of determination (R?) being approximately 0.7.
On the basis of the relative magnitude of the multiple regression coef-
ficients () and P-values for vBMD and apatite orientation, the apatite
orientation was determined to be the stronger contributing factor to the
¢SOS in the axial direction. The vBMD contribution was larger in the
tangential and radial directions. Overall, the apatite orientation was
found to be a stronger determinant of the cSOS than vBMD, and the
regression precision was remarkably high (R* = 0.94).

3.2. Study 2: cSOS measurement via AT method with 3-MHz ultrasound

3.2.1. Relation between cSOS values measured using DT and AT methods
The AT method was implemented on the medial surface of the tibia

because of the minimal soft tissue. To assess the position dependency of

the ¢SOS, which is important for precise diagnosis, measurements were
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Fig. 4. Variations of (a) ¢cSOS and (b) degree of apatite orientation in axial, tangential, and radial directions. **: P < 0.01.
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Table 1
R?, B, and P values derived from multiple regression analysis. NS: not sig-
nificant.

Result of multiple Contribution analysis

regression
vBMD Apatite orientation
R? P B P B p
Axial 0.66 < 0.001 0.48 < 0.001 0.61 < 0.001
Tangential 0.72 < 0.001 0.96 < 0.001 0.44 < 0.05
Radial 0.72 < 0.001 0.87 < 0.001 0.15 NS
Overall 0.94 < 0.001 0.23 < 0.001 0.96 < 0.001

performed at three positions, i.e., the anterior, middle, and posterior,
which were separated by 10, 15, and 20 mm from the anterior border,
respectively (Fig. 6(a, b)). Fig. 6(c) shows the correlation between the
cSOSs along the tibial axial direction measured using the DT and AT
methods. A significant and positive correlation was identified; there-
fore, our instrument for implementation of the AT method is valid for
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Soft tissues
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4000
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Axial cSOS by AT method (m/s)

38

¢SOS determination despite the interposition of soft tissue.

3.2.2. ¢SOS variation depending on anteroposterior position

Fig. 7(a, b) shows the variation in the apatite orientation and cSOS
with position. For both the apatite orientation and cSOS, the values
decreased from anterior to posterior (P < 0.05 according to a one-way
ANOVA). Note that the bone-material microstructure and properties
exhibited considerable position dependency. The QUS measurement
sensitively detected these characteristics. Standardization of the posi-
tion to be measured is required in clinical settings.

3.2.3. Correlations of cSOS vs vBMD, and cSOS vs apatite orientation
Fig. 8 shows the correlation between the (a) cSOSs and vBMD and
(b) cSOSs and apatite orientation. The apatite orientation was posi-
tively correlated with the c¢SOS. According to the multiple regression
analysis, the 8§ and P values for apatite orientation were 0.82 and < 1
x 1078, respectively. These results indicate that the degree of apatite
orientation was a dominant contributory factor to the cSOS in this case.

Medial
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border
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3800

3900 4000 4100 4200 4300
Axial cSOS by DT method (m/s)

Fig. 6. (a) Schematic representation of measurement of tibial cSOS via AT method. (b) Representation of measurement positions (anterior, middle, and posterior) on
tibial medial surface. (c) Correlation between c¢SOS values measured using AT and DT methods.
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Fig. 7. (a) Variation of degree of apatite orientation in axial direction and (b) variation of axial cSOS depending on measurement position. *: P < 0.01.

4. Discussion

We developed a novel instrument to measure cortical SOS via the
AT method. Our instrument is characterized by (i) its cortical bone
surface-morphology detection system, which works to correct the ul-
trasound transmission distance, and (ii) use of relatively high-frequency
ultrasound (3 MHz) that enables thickness-independent c¢SOS mea-
surement, even for a thin cortex. Because of the bone surface-mor-
phology detection/correction system, our instrument can be applied to
several bone types such as the tibia, ulna, radius, and mandible, which
are covered by relatively thin soft tissue. Moreover, our instrument is
expected to be beneficial for screening of osteoporotic alterations of
bone material, because the cortex of osteoporotic bone is generally thin.
The ¢SOS measured by the AT method in this study was found to be
highly correlated with that measured by the well-accepted conventional
DT method, indicating the validity of our instrument for AT measure-
ment. A slight difference was noted between the two c¢SOS values (i.e.,
the slope of the approximate line in Fig. 6 is not equal to 1). In the AT
method, the cSOS tends to be most strongly influenced by the outer
cortical bone [6]; therefore, variation of the bone microstructure along
with the cortical thickness is possibly related to the cSOS difference
between the two methods.

In this study, using either the DT or AT method, it was revealed that
QUS strongly reflects the anisotropic microstructure of human long
bones. Tri-directional anisotropy in the ¢SOS for human bone was re-
vealed for the first time (Study_1). The findings are similar to those
previously reported for bovine femurs [23]. In the human femur, the
axial c¢SOS was found to be highest, followed by the tangential and
radial cSOSs. This cSOS order is in good agreement with the degree of
apatite orientation. In the tangential and radial directions, the vBMD
exhibited correlation with the cSOS (Fig. 5a). This is because no pro-
minent preference in apatite orientation was observed along these
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directions, as represented by the constant value of the uXRD intensity
ratio of approximately 2 (Fig. 4b). In contrast, the cSOS in the axial
direction correlated with either the degree of apatite orientation
(Fig. 5b) or vBMD (Fig. 5a); the contribution was higher for the apatite
orientation according to multiple regression analysis (Table 1). These
statistical analyses demonstrate that the tangential and radial cSOS
indicate the vBMD, whereas the axial cSOS more strongly reflects the
degree of apatite orientation along the axial bone axis. In this study,
tangential cSOS was determined by the DT method using blocked bone
specimens, which cannot be applied in clinical settings. The develop-
ment of a small probe that fits the transverse width of bones allows
noninvasive measurement of both axial and tangential ¢SOSs, which
strongly reflect apatite orientation and vBMD, respectively.

With regard to biomechanics, the axial direction is mechanically
important for long bones because the in vivo mechanical stress is prin-
cipally applied in this direction [24]. It is well known that long bones
are mechanically strengthened in the axial direction [25,26]; this is at
least in part due to preferential orientation of both apatite and collagen
in this direction [15,27]. Moreover, in some pathological long bones,
the apatite orientation in the axial direction changes significantly. For
example, in long bones affected by osteopetrosis [28], cancer metastasis
[29,30], weightlessness by sciatic neurectomy [31], and stress shielding
due to use of high-modulus metallic implants [32], remarkable dete-
rioration of the apatite orientation and Young's modulus in the axial
direction have been observed. This deterioration of material properties
in the tangential and radial directions is not necessarily detectable,
because the apatite orientation in the tangential and radial directions is
inevitably close to random. Therefore, assessment of axial properties is
more effective for evaluation of the mechanical integrity of the long-
bone cortex and screen bone disorders.

Anisotropy in the long-bone cortex has been revealed to have an
impact on cSOS measurement as a function of cortical thickness [21].
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Fig. 8. Correlations between (a) axial cSOS and vBMD and (b) axial cSOS and degree of apatite orientation in axial direction. The straight line represents significant

correlations between the parameters.
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The cortical thickness is a very important factor in AT measurement
because the cSOS decreases independently of the material property
when the thickness is below a certain threshold (i.e., the threshold
thickness) [14,21]. To assess the intrinsic material properties, the
cortex must be adequately thick. According to numerical simulations
based on a three-dimensional finite difference method, anisotropy in
bone reduces the threshold thickness by half in comparison to that
obtained when the bone is assumed to be isotropic. In anisotropic bone,
the thickness dependence of the cSOS arises for a cortex thinner than
half the wavelength; however, when isotropic bone is assumed, this
dependence appears for any cortex thinner than the wavelength [21].
For the present study involving 3-MHz ultrasound with 1.33-mm wa-
velength (when the cSOS is approx. 4000 m/s), in theory, a cortex
thicker than approx. 0.7 mm can be properly measured. In this work,
the tibial cortical thicknesses at the measurement points were in the
range of approx. 1.7-4.6 mm; therefore, the obtained cSOS data should
appropriately reflect the bone material properties. In general, as the
typical cortical thickness is reported to range between 1 and 7 mm [21],
ultrasound procedures with higher frequencies than approx. 3 MHz are
highly recommended. Use of 1-MHz ultrasound (for which the
threshold thickness should be 2mm) can potentially generate guide
waves, with ¢SOS values reduced by the thickness effect possibly being
obtained from a portion of the subjects.

In this study, we used the human tibia and femur, allowing com-
parison of the material properties of these two bones. The tibia and
femur specimens were derived from different donors, but the age dis-
tributions were similar (83 *= 7years for tibia donors and
86 + 7years for femur donors, P > 0.05). Either the axial cSOS
measured by the DT setup or the degree of apatite orientation in the
axial direction was significantly higher for the tibia. The axial cSOS and
degree of apatite orientation for the femur and tibia were
3870 = 66 m/s and 4042 = 77m/s (P < 0.001), and 7.74 + 1.16
and 10.35 = 1.74 (P < 0.001), respectively. According to the litera-
ture, the anisotropy ratio in the Young's modulus (calculated as the
ratio of the axial modulus to the vertical modulus) is in the range of
1.35-1.58 for the human tibia [25,26,33] and of 1.16-1.41 for the
femur [34,35]; the tibia exhibits higher anisotropy with regard to the
axial direction. Our findings agree well with these reports. Thus, the
criteria for screening bone disorders should be individually determined
for each bone type.

The human bone specimens employed in this study were preserved
with formalin to prevent degradation and infection. Because rectan-
gular specimens were required, living subjects could not be used.
However, it is difficult to acquire a sufficient number of fresh or frozen
cadavers in Japan. Further, the potential influence of the formalin
fixation on the ¢SOS measurements cannot be excluded, which is a
limitation of this study. The effect of fixation on sound velocity in the
cortex has been noted for absolute values only [36], and not for relative
magnitudes, including correlations [37]. Analyses of fresh-frozen bones
or patients' bones are expected to be able to detect not only the apatite
orientation but also compositional changes in the bone [38] that might
relate to aging and diseases, which would expand the applicability of
this method. Since its methodological validity has been guaranteed, it
would be desirable to apply our instrument to fresh-frozen or patients'
bones in future research.

To test the potential of our instrument for screening osteoporotic
bone degradation, future studies must clarify the osteoporotic changes
in the c¢SOS on the basis of its relationship with the changes in the bone
material properties, not only via vBMD but also via apatite orientation
(bone quality parameter based on the material anisotropy). It is possible
that osteoporotic bone exhibits changes in the material anisotropy in-
dependent of the vBMD. One such example is the reported increase in
the preferential apatite orientation along the craniocaudal direction in
an ovariectomized rat vertebral cortex, despite decreasing vBMD
[39-41]. Ultrasonic and material investigation of both cadavers and
living patients with osteoporosis should be targeted as the next research
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challenge. Moreover, as QUS is limited to peripheral bone sites only, the
correlations between QUS results and the fracture risk of bone sites in
which fractures frequently occur, such as the femoral neck, proximal
femur, and vertebrae, should be established.

5. Conclusions

We developed a QUS-AT instrument with a cortical bone surface-
morphology detection/correction system and ultrasound with a rela-
tively high frequency of 3 MHz. The cSOS was demonstrated to strongly
reflect the anisotropy in the bone material, which is characterized by
preferential orientation of the apatite c-axis as a bone quality para-
meter. The developed AT instrument yielded comparable results to
those obtained using the well-established DT method, indicating the
validity of our methodology for evaluating the material integrity of the
human long-bone cortex.
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