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In vivo characterization of cortical bone using
guided waves measured by axial transmission

Quentin Vallet, Nicolas Bochud, Christine Chappard, Pascal Laugier, and Jean-Gabriel Minonzio

Abstract—Cortical bone loss is not fully assessed by current X-
ray methods, and there is an unmet need in identifying women at
risk of osteoporotic fracture who should receive a treatment. The
last decade has seen the emergence of ultrasound axial transmis-
sion techniques to assess cortical bone. Recent axial transmission
techniques exploit the multimode waveguide response of long
bones such as the radius. A recent ex vivo study by our group
evidenced that a multimode axial transmission approach can yield
simultaneous estimates of cortical thickness and stiffness. The aim
of the present work is to move one step forward to evaluate the
feasibility of measuring multimode guided waves in vivo and to
infer from it cortical thickness. Measurements were taken on the
forearm of 14 healthy subjects with the goal to test the accuracy of
the estimated thickness using the bidirectional axial transmission
method implemented on a dedicated 1-MHz linear ultrasound
array. This setup allows determining in vivo the dispersion curves
of guided waves transmitted in the cortical layer of the radius. An
inverse procedure based on the comparison between measured
and modeled dispersion curves predicted by a two-dimensional
transverse isotropic free plate waveguide model allowed an
estimation of cortical thickness, despite the presence of soft
tissue. The cortical thickness values were validated by comparison
with site-matched estimates derived from X-ray high-resolution
peripheral quantitative computed tomography. Results showed a
significant correlation between both measurements (r? = 0.7,
p < 0.05, RMSE = 0.21 mm) . This pilot study demonstrates
the potential of bidirectional axial transmission for the in vivo
assessment of cortical thickness, a bone strength-related factor.

Index Terms—Quantitative ultrasound (QUS), cortical bone,
axial transmission, guided waves, cortical thickness.

I. INTRODUCTION

STEOPOROSIS is a medical threat with a consequent

increase in bone fragility and susceptibility to fracture.
There is an increasing awareness about osteoporosis, because
of the consequences of fractures on morbidity, quality of life
and mortality [1]. Fracture risk is currently estimated in vivo
by bone mineral density (BMD), measured by dual energy X-
ray absorptiometry (DXA). However, BMD does not identify
all individuals at risk of fracture [2], [3].

Cortical bone plays an important role on the skeletal
biomechanical stability [4]-[6]. Cortical loss, which results in
cortical thinning and porosity increase, is a key factor in non-
vertebral fracture risk [7]. The determination of the structural
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and material properties of cortical bone is thus essential to
understand the impact of bone loss on the skeleton [8], [9].

Such observations have triggered studies for alternative
diagnostic modalities showing capacity to reach a quantitative
assessment of cortical bone quality beyond BMD. Among
others, quantitative ultrasound (QUS) techniques have been
proposed as an alternative to DXA. Transverse transmission
techniques, in which ultrasound is transmitted transversally to
the long axis of the bone, have been applied to the forearm to
clinically estimate BMD at the 1/3 radius [10] or the cortical
thickness (Ct.Th) at the distal radius on the basis of the
principle of the Biot fast and slow waves phenomenon [11],
[12]. Altenatively, a pulse echo technique has been reported
enabling the in vivo assessment of Ct.Th of the tibia based on
power spectra of ultrasonic echoes containing reflections from
front and back surfaces [13], [14].

Ultrasound (US) axial transmission (AT) techniques exploit
the propagation of guided waves (GW) in the cortical layer
along the main axis of the bone [15]. Several implementations
of AT have been reported based on the measurement of the
velocity of the first arriving signal (FAS) [16]-[19], of the
fundamental flexural guided mode (equivalent to the Lamb Aq-
mode for a plate) [20], [21] or of the dispersion spectrum of
multiple GW [22]-[27]. While multimode AT techniques have
been extensively tested in laboratory conditions on phantoms
or ex vivo [22], [23], only the methods based on FAS or on
the fundamental flexural guided mode have been tested in
vivo [28]. FAS was found to be a relevant factor in fracture
discrimination in several clinical studies [29]-[35].

An interesting feature of GW-based AT approaches is their
potential to yield estimates of waveguide properties such
as thickness and stiffness by fitting a physical model of
the waveguide to the measured dispersion curves. Numerous
phantom and ex vivo studies focused on such GW model-
based approaches. Among these, authors reported estimates
of Ct.Th using a fixed elasticity [25], [36], elastic properties
(e.g., Young modulus) assuming a fixed thickness [37] or si-
multaneous estimates of both geometric and elastic properties
of the cortical bone [27].

The latter study [27] was based on a dedicated 1-MHz
linear ultrasound array, consisting of one group of receivers
surrounded by two groups of emitters, allowing the deter-
mination of the frequency-dependent wave numbers (i.e., the
dispersion curves) of multiple guided modes [38], [39]. The
inverse procedure was based on the comparison between the
experimental dispersion curves and a two-dimensional (2-D)
transverse isotropic free plate waveguide model using a least-
square optimization criterion and a gradient-based method (i.e.
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built-in trust reflective region algorithm). The main limitation
of this study was the prior heuristic assignment of the theo-
retical branches to each experimental trajectory.

Extending the AT technique to in vivo measurements faces
two main challenges. The first challenge is related to the pres-
ence of overlying soft tissue on the top of the inspected bone.
The second one is to avoid the intervention of the operator in
the data processing and achieve automated dispersion curves
extraction. There are a few studies in the literature that re-
ported measurements of individual dispersion curves in soft
tissue-bone assemblies. Among these, authors have evidenced
that the overlying soft tissue layer increases the number of
guided modes [40]-[44]. Studies undertaken by Chen et al.
[41] and Tran et al. [43] have addressed various ways of mod-
eling guided waves propagation in the soft tissue/bone bilayer,
but none of these studies were conclusive with regard to the
utility of these models to solve the inverse problem, that is, in-
ferring the properties of the cortical bone waveguide from the
dispersion curves. Nevertheless, Chen et al. [41] observed that
the bilayer behaves as two uncoupled waveguides. Thus, they
suggested that by properly measuring the soft tissue properties,
the modes propagating in the solid layer could be extracted and
identified using a free plate model. Moreover, according to
the results displayed in [41], the soft tissue-mimicking guided
modes were mainly associated to low phase velocities modes.
Thus, the modes propagating in the solid layer associated to
high phase velocities are only slightly influenced by the over-
lying soft tissue. We thus hypothesize that, despite the pres-
ence of the overlying soft tissue layer, a model-based approach
that only considers higher-order guided modes (ie., cy > 3
mm.us ', where ¢, denotes the phase velocity) issued from
a transverse isotropic free plate waveguide model can deliver
reliable estimates from in vivo data.

The aim of the present study is to extend and enhance our
laboratory proposed AT technique to recover the properties of
the waveguide from in vivo data acquired on bone [27], namely
() to evaluate in vivo the feasibility of the measurement of
multiple guided modes at the forearm of healthy subjects using
the AT technique, (i7) to develop a fully automatic framework
for the extraction of the experimental dispersion curves and for
solving the inverse procedure, and (iii) to infer from it cortical
thickness. Prior to the in vivo evaluation on bone, we provide
data acquired on soft tissue/bone-mimicking assemblies to
support our choice of a transverse isotropic free plate waveg-
uide model to solve the inverse problem. /n vivo ultrasound
estimates of Ct. Th are confronted to reference values derived
from site-matched high resolution X-ray peripheral computed
tomography (HR-pQCT). To the authors best knowledge, this
is the first time that AT technique provides in vivo Ct.Th
estimates of the radius.

The remaining of the paper is organized as follows. The
experimental set-up and the signal processing are introduced
in Section II. The theoretical model, along with the estimation
procedure of the Ct.Th, are described in Section III. Then,
the results and discussion are exposed in section IV and V,
respectively.

II. MATERIAL AND METHODS
A. Samples and cohort

Laboratory-controlled measurements were first performed
on a composite plate and tube. The composite material, given
as transverse isotropic, is a bone-mimicking material made of
short glass fibers embedded in an epoxy matrix (Sawbones®,
Pacific Research Laboratories Inc., Vashon Island, WA). Both
phantoms were measured with and without a 5-mm thick soft
tissue-mimicking layer made of a solid water-based polymer
(CIRS, Norfolk, Virginia, USA), whose ultrasonic properties
(crp = 1540 m.s™ !, pr = 1.03 g.cm 3, ap = 0.52 dB/cm at 1
MHz) are close to those of soft tissue [45]. For the purpose of
testing our approach for estimating in vivo the cortical thick-
ness, such phantoms provide an appropriate way to generate
experimental data in waveguides with well controlled proper-
ties, and to compare the data acquired in the bone-mimicking
waveguide with and without soft tissue-mimicking layer.

Fourteen healthy subjects were involved in this study, twelve
men and two women, aged from 23 to 58 years old (33 £ 10
years old). They were all volunteers recruited from the labo-
ratory staff. Note that informed consent was obtained from all
subjects in accordance with regulations. The measurements
were performed on a predefined region of interest (ROI)
approximately located 7 cm away from the radial styloid with
respect to the center of the probe. The length of the ROI was
2 cm on the postero-lateral face of the forearm as depicted in
Figure 1.

8 mm 8 mm
D — R —
Emitters Receivers  Emitters
array array array

Fig. 1. Measurement configuration with the multi-channel probe aligned along
the main direction of bone, along with a schematic diagram of the arrays
arrangement

B. Experimental set-up

The custom-made probe (Vermon, Tours, France) consists
of one array of 24 receivers (N) surrounded by two arrays
of 5 emitters (2 x N¥). The three arrays of piezocomposite
elements are aligned along the main axis of bone as depicted
in Figure 1. The array pitch is 0.8 mm and the dimensions
of the rectangular shape of each element are 0.8 mm by 8
mm. A distance of 8 mm separates the receiving array from
each emitting array as depicted in Figure 1. The configuration
of the probe allows the propagation of GW in two opposite
directions and enables the correction of the bias induced by
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(f) Statistical denoising over the 10 measurement repeti-

tions
Fig. 2. Signal processing steps (dilation and statistical denoising) for the extraction of the (f,k)-pairs from the Norm function and the two directions of

propagation.

the inclination angle between the probe and the bone, which
could result from the presence of overlying soft tissue.

A wideband pulse with a central frequency of 1 MHz (-
6dB power spectrum spanning the frequency range from 0.2
to 1.8 MHz) is used to excite every emitters. A sampling
frequency of 20 MHz (1024 time samples, 12 bits) is chosen to
record temporal signals after 16 averages by hardware (Althais
Technologies, Tours, France). For in vivo measurements, a
particular attention has been given to the alignment between
the probe and the main axis of the radius using a custom-made
Human Machine Interface (HMI), which provides a real-time
feedback on the experimental dispersion curves to guide the
alignment.

Note that the measurement protocol consists of 4 acquisi-
tions with intermediate repositioning, whereas each acquisition

results from 10 measurement repetitions without moving the
probe. For each single measurement, the signals are recorded
for both directions, i.e., by firing sequentially each group of
emitters on both side of the group of receivers. In that way,
the resulting number of measurements on each subject was 2
directions x 10 measurements X 4 acquisitions.

C. Signal processing

In order to extract the experimental dispersion curves, repre-
sented by the frequency-dependent wave numbers (i.e., k(f)),
a SVD was applied to the multidimensional 2 x N¥ x N
radio-frequency signals corresponding to all possible pairs of
emitter-receiver. The signal processing to obtain the dispersion
curves has been extensively described previously in [38]: (1)
the radio-frequency signals were Fourier transformed with
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respect to time; (2) a SVD was applied to the N¥ x N
response matrix at each frequency; (3) denoising was achieved
by removing the singular vectors associated with the lowest
singular values; (4) the projection of a testing vector (an
attenuated spatial plane wave with a complex wave number
[39]) onto the singular vector basis yielded the so-called Norm
Junction, whose maxima correspond to the wave numbers of
the guided modes; (5) the bidirectional correction, combin-
ing the data acquired from the two transmitting arrays, was
applied to the measurements following [46]. The attenuation
coefficient @ was empirically set to a constant value of 0.05
Np/mm found to provide a reasonable enhancement of the
Norm function. The reader is referred to our previous reports
[38], [39] for further details.

The next step consisted of extracting the measured disper-
sion curves, i.e., the maxima of the Norm function represented
in Figure 2a. Typically, the magnitude of the guided modes is
close to 1, while noise contribution is close to 0. To extract
the (f,k)-pairs belonging to the physical trajectories, one has
to obtain the right ridge line with the right amplitude. But, it
was observed that the maxima values of the Norm function
varie from one subject to another. To avoid any kind of
operator induced threshold on the extraction of the highest
amplitudes ridge line, a dilation operator was applied to the
Norm function. This consisted of setting the maximum of the
Norm function amplitudes to 1 and the minimum to O for all
the frequencies as follows:

an _ { S(k) — min(8)
SUk) = (max(s) — min(S))lfi, €8]

where S(k) represents the amplitudes of the Norm function
considering a fixed frequency f; (Figure 2b) and S%(k) stands
for the dilated Norm function amplitudes (Figure 2c¢). In this
way, the amplitudes of the Norm function that decreased after
the dilation operation were associated to noise and set to
0 (Figure 2d). Thus, the remaining maxima were assumed
to belong to physical trajectories and could be automatically
extracted as depicted in Figures 2e and 2f.

Then, the next step consisted of a statistical denoising
over the 10 measurement repetitions for each acquisition and
each direction. The 10 sets of extracted (f,k)-pairs were
superimposed on the same f — k plane. The density of points
was calculated on a predefined window along the plane. The
size of this window was set to twice the experimental sampling
in order to allow a cross checking of windows along the plane.
If the density of points on a specific window is lower than 20%
of the maximal density value, then the corresponding pairs are
defined as noise and discarded from the experimental data.
Figure 2f presents an example of the experimental data before
and after applying statistical denoising. As expected, the less
repeatable parts of the dispersion curves are excluded, thus
promoting the stable data over the 10 measurement repetitions.
The procedure was applied on the data acquired from the two
transmitting arrays.

Then, the two data sets, corresponding to both directions of
propagation, were superimposed on the same f-k plane. Like
so, a single data set was processed from each acquisition. In

that way, four Ct.Th estimates were obtained on each subject
corresponding to four acquisitions.

D. Reference measurements

The reference thickness of the bone-mimicking samples was
measured with a caliper in the location of AT measurements.

Q

0 mm

5 mm
—
(@)

5 mm

(©) (d)

Fig. 3. Example of transverse bone cross-sections obtained from HR-pQCT
measurements of four in vive forearms. The white area indicates the ROI for
determining Ct.Thxgr. The latter (a,b,c,d) correspond to a Ct.Thxgr of 2.5, 3.3,
3.5 and 3.7 mm, respectively.

The in vivo US-based estimates of Ct.Th were validated
by a reference measurement (Ct.Thxr) derived from site-
matched HR-pQCT (XtremCT, Scanco Medical, Bruttisellen,
Switzerland). This system used a 2-D detector array in com-
bination with a 0.08 mm point-focus X-ray tube, enabling the
simultaneous acquisition of a stack of parallel CT slices with
a voxel size of 82 um (128 pum spatial resolution [47]). The
system was set with its usual parameters: 60 kVp, X-ray tube
current of 95 mA. The imaging acquired 750 projections over
180° with a 100 msec integration time; the matrix size was
1536 x 1536. The HR-pQCT measurement was done 7 cm
away from the radial styloid in a 9-mm-long volume sampled
by 110 adjacent transversal cross-sections. The site-matched
Ct.Thxg was evaluated on a postero-lateral region predefined
by the operator (thick lines on Figure 3), using a constant
threshold corresponding to half of the maximum value on the
gray scale image depicted in Figure 3. The reference value of
the Ct.Thxg was obtained by computing the average over the
110 cross-sections.

III. ESTIMATE OF THE THICKNESS
A. Theoretical waveguide model

A 2-D transverse isotropic free plate waveguide model [27],
[48] was used to fit the experimental dispersion curves. The
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variables of the model included the thickness of the waveguide,
the mass density and four stiffness coefficients. In this paper,
the material stiffness and mass density were assumed constant,
as in [24], [49]. Their values were taken from the literature
for the bone-mimicking samples [50] and cortical bone [51].
The properties are summarized in Table 1.

TABLE 1
PROPERTIES OF THE BONE-MIMICKING PLATE/TUBE AND CORTICAL BONE

Stiffness (GPa) Density (g/cm?)

€11 €33 €13 C55 P
Bone-mimicking
material [50] 150 231 84 43 1.64
Cortical bone [51] 215 296 115 6.0 1.85

The disadvantage of a transverse isotropic free plate waveg-
uide model is that it only approximates true characteristics
of long bone waveguides, neglecting bone curvature, the
overlying soft tissue layer and absorption. However, such a
model has previously demonstrated a high level of consistency
with the propagation of GW ex vivo in bone specimens [27]
and in bone-mimicking phantoms: (i) it has been shown that
the propagation of GW into a tubular-shaped sample could be
explained by a 2-D free plate model [44], (ii) the overlying soft
tissue layer introduces additional guided modes but its impact
mainly affects low phase velocities [41]. Thus, it is reasonable
to employ a 2-D free plate model to fit the experimental data
associated to phase velocities higher than 3 mm.pus™1.

Figure 4 shows the modeled dispersion curves for two
different thicknesses (2.5 mm and 3.5 mm). A thickness
variation yields a translation of the modes except for Ag
mode, which reached its asymptotic regime for the frequency-
thickness product investigated here. In other words, an increase
of the Ct.Th leads to an increase of the Lamb modes number.

B. Inverse procedure

The comparison between the experimental dispersion curves
and Lamb modes is usually the most important part of the
cost function, in which the inverse procedure can be regarded
as curve fitting (i.e., euclidean distance in a least-square
sense). However, for in vivo multimode dispersion curves, it
is challenging to a priori determine to which Lamb mode
each data point of the experimental dispersion curves belongs
[27], particularly when considering (i) a wide thickness range
(see Figure 4) and (ii) noisy and incomplete data, where
experimental trajectories can be discontinuous, overlapp or
even miss (see Figure 2f).

Consequently, a typical approach based on curve fitting [52]
does not provide a correct Ct.Th estimate, as a criterion based
on the minimal distance is likely to favour a model with a high
number of branches (i.e., large thickness) to fit a maximum
of experimental data. An accurate fit should therefore result
from the balance between a minimal distance and data that
are coherent with the model (i.e., enough data must lay on a
Lamb mode to be considered as a trajectory).

6
— S-modes

Wave number, k [rad/mm)|
w

04 06 08 1 12 14 16
Frequency, f [MHz]

(a) Ct.Th = 2.5 mm

:
— S-modes

Wave number, k [rad/mm)]
w

Ay Sy
[

0.4 0.6 0.8 1 1.2 1.4 1.6
Frequency, f [MHz]

(b) Ct.Th = 3.5 mm

Fig. 4. Example of 2-D free plate models for 2.5 mm (a) and 3.5 mm (b)
plate thickness. A, and S, denote the n*" anti-symmetric and symmetric
Lamb modes, respectively.

To avoid any user-dependent process, an additional model
parameter is introduced in terms of a pairing vector M
that represents the combination (i.e., number and position) of
Lamb modes that are needed to explain the experimental data.
The discret bank of pairing vectors M is built following a
combinatorial analysis based on three conditions: (1) there is
at most M ™ Lamb modes; (2) at most three modes can miss
between two consecutive modes; and (3) within each pairing
vector, the modes are sorted in ascending order according to
the value of their cut-off frequency.

An inverse procedure was developed to automatically es-
timate the model parameters & = [Ct.Thys M], where
Ct.Thys denotes the US-based cortical thickness estimate. This
estimation is based on the joint optimization of two functions.

The first function, F}, is based on a distance criterion
defined as the sum of the 2-D euclidean distances in the f-k
plane between each experimental data and the Lamb modes. To
solve the inversion in terms of a maximization, Fj is defined
as the inverse of the distances sum as follows:

1
F1(0) = )]

N 2 L 2
3 (fi = fO)" | (K — k(6))

fm.ar kmam

where N is the total number of experimental data.
The second function, Fb, consists of maximizing the occu-
pancy rate of the Lamb modes:

Amax

1 NE®
F2(0) = N ; W7 (oinf <0< osup)» (3)
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Fig. 5. Comparison of the experimental dispersion curves (dots) and the optimal models (continuous lines) for bone-mimicking plate and tube without (a,b)
and with (c,d) a 5-mm thick soft tissue-mimicking layer. Inliers and outliers are dispalyed in black and gray dots, respectively. The removed experimental data
(light gray points, ¢y < 3 mm.us 1) are represented for illustration. Modes that are missing in the optimal pairing vector M are displayed in discontinuous
lines and in light gray in the subcaptions. The reference thicknesses were 2.34 and 2.44 mm for the plate and the tube, respectively.

resticted to:
NP if NP > 0.1 Now
NP = @)
0  otherwise,

where N;¥ and N!"(6) denote the number of experimental
and theoretical data of a mode i, respectively; NP s the
mean of the N;¥; and NI is the number of inliers of a
mode i. Basically, Equations (3)-(4) mean that experimental
data can only form an experimental trajectory if a sufficiently
large amount of them belong to a Lamb mode. Note that an
experimental data is considered as an inlier of a mode ¢ if
its euclidean distance d to that mode satisfies the following
condition:

i <f—f(9)>2+<k—k(6’)>2§d0’ )

fma:v kmaw

where dy = 0.025 is a user-defined dimensionless threshold,
which approximately corresponds to the resolution in % divided
by kmaz (equal to (7/L)/kma. with L being the length of the
receivers array) [38], [39].

Finally, the optimal solution 0 is the one that maximizes
the cost function, F', defined as the harmonic mean between
F; and F5. Hence,

_ Fi(8)-F»(0)
F6) = 76y + m0)

(ainf <0< asup)a (6)

where 6;yr and Oy, denote the lower and upper bounds of the
model parameters 6.

The first step of the procedure consists of computing an
exhaustive databank of models. The Ct.Th ranges from 0.5
to 4 mm with a 0.1 mm step and M™* is set to 10. To
the authors’ best knowledge, the selected parameter range
corresponds to those found in the literature for human cortical
bone of appendicular skeletal sites such as the radius and tibia
[14]. For each subject, four inverse problem solutions 0 were
obtained, corresponding to the four acquisitions. The optimal
solution among the four acquisitions was then considered as
the one that provides a maximal cost function value.

IV. RESULTS
A. Bone-mimicking samples

Figure 5 presents the optimal matching between measured
and modeled dispersion curves for the bone-mimicking plate
and tube, with and without the soft tissue-mimicking layer.
The reference thicknesses were 2.34 and 2.44 mm for the
plate and the tube, respectively. For the plate, the Ct.Thyg
estimates were 2.30 mm with and without the soft tissue-
mimicking layer. For the tube, the Ct.Thys estimates were
2.50 and 2.40 mm with and without the soft tissue-mimicking
layer, respectively. The agreement between the experimental
dispersion curves and the model output is good for both the
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examples depicted in Figure 3.

plate and the tube, even in the presence of the soft tissue-
mimicking layer. In addition, the estimated thickness, using the
free plate model, is in excellent agreement with the reference
values. Tests on additional bilayer phantoms (not displayed
here) with different thickness ratios between the solid phase
and the coating confirmed that the plate model was accurate
enough to provide reliable thickness estimates of the bone-
mimicking waveguide in all cases.

B. In vivo forearms

The Ct.Th was estimated on thirteen subjects among the
fourteen. Figure 6 presents examples of typical experimental
dispersion curves along with the optimal model for four sub-
jects. A good agreement was found between the experimental
data and the model output. Reference Ct.Thxgr values were
2.5, 3.3, 3.5 and 3.7 mm, while the Ct.Thys estimates were
2.6, 3.2, 3.7 and 3.9 mm, respectively (see Figures 3 and 6).

Results of Ct.Th estimates on the whole cohort are depicted
in Figure 7. There was a significant correlation (r? = 0.7,
p < 0.05, RMSFE = 0.21 mm) between Ct.Thyxg and Ct.Thys,
as depicted in Figure 7a. Nonetheless, for one subject, the
inverse procedure failed to estimate the correct Ct.Th, as
the inverse problem solution reached the upper bound of the
allowed thickness range (i.e., 4 mm). This case will be further
discussed in Section V.

The Bland & Altman plot represents the difference between
Ct.Thxg and Ct.Thys as a function of the mean of the two
values (see Figure 7b). The parameter d = 0 mm, defined
as the mean of the differences between Ct.Thxg and Ct.Thys,
shows that there is no bias between both methods, considering
that a maximum difference around 0.4 mm between the two
estimates could be expected given the precision of X-ray (£0.2
mm) and AT technique (£0.2 mm). The limits of agreement
([—0.43 : 0.43] mm), defined as d £1.96 x sdd (i.e., standard
deviation of the differences), are close to the precision range
(£0.4 mm).

V. DISCUSSION

The present study is the first, to our knowledge, to measure
an in vivo multimode GW response on human radius and to
perform a consistent estimation of the Ct.Th using the AT
technique. The entire procedure allowing the extraction of the
dispersion curves and the estimation of the cortical thickness
is fully automatic unlike our former studies [27], [44], where
strong prior knowledge was necessary to fit the experimental
trajectories to the Lamb modes. Full automation of data pro-
cessing markers represents a significant step towards routine
in vivo application. An additional parameter was introduced
as a pairing vector in the inverse procedure. This parameter
allowed avoiding any prior heuristic assignment of the Lamb



P OO~NOUILAWNPE

Page 8 of 10

JOURNAL OF IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL 8

/’/
=07 - .
p<0.05 . //".//
= 3.5 RMSE =0.21 mm 7 7
= - - (]
Bah e Ve
175} 7 ° e
2 e 4 o
i 3 P 7 7
O P e ./ 7
e 7
7 e
sz () e
25 e
-
2.5 3 3.5 4
Ct.Thy R [mm]
(a) Linear regression
0.8
B d+1.96 x sdd
R & - A
5
= ° °
E ® °
3 0 d ° °
5 °
1 ° ° °
o] ° °
o
& _04F _ _ _ _ _ _ _ _ _ _ _ ___ _ ____4
5 d~1.96 x sdd i
-0.8 - -
25 3 3.5 4

mean(CtAThXR,CtAThU.S) [mm]
(b) Bland & Altman plot
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modes to the experimental data. Because the experimental
dispersion curves are incomplete (i.e., several experimental
modes are missing), this parameter allowed the conditionning
of the cost function, providing a balance to a simple distance-
based criterion.

In this study, we show that correct thickness estimates can
be recovered in vivo using a 2-D transverse isotropic free plate
model by taking into account only experimental higher-order
modes to solve the inverse procedure. This hypothesis was
first tested on laboratory-controlled measurements performed
on bone-mimicking plate and tube, coated with a soft-tissue
mimicking layer. These phantoms allowed investigating the
impact of soft tissue on the thickness estimates. It resulted
that the presence of the soft tissue layer did not introduce any
significant bias in the thickness estimates, at least over the
range of frequency-thickness product tested here. As observed
in earlier studies [40], [41], [43], [44], the present work shows
that the presence of the overlying soft tissue-mimicking layer
increases the number of modes. It is worth to notice that these
additional modes are mainly associated to phase velocities
lower than 3 mm.us™!, as it has been observed in [41] for
different kind of soft tissue phantoms. This result suggests
that experimental data, associated to phase velocities higher
than 3 mm.us~!, are only slightly affected by the soft tissue
layer. Nevertheless, further studies are warranted to determine
if the whole spectrum could be exploited to recover additional
waveguide properties (e.g., stiffness). A study is currently
ongoing to this goal.

Furthermore, the inverse procedure was successfully applied
on in vivo measurements, as a good agreement was found
between X-ray and US-based estimates of Ct.Th, except for
one subject, for which the Ct.Thyg estimate reached the upper
bound of the allowed thickness domain. For this subject,
rather than a misidentification of the inverse procedure, the
failure was due to the poor quality of the measurements (i.e.,
almost no information above 3 mm.us™'). It was expected,
given the soft tissue thickness of the subject (BMI = 30).
Indeed, the difficulty of measuring biomarkers in vivo using
the AT technique on subjects with high body mass index was
previously reported in [32] for the FAS measurements and in
[40] for the mesasurement of Ay mode.

As a limitation, the technique was only tested on a cohort
mainly composed of young healthy men. The thickness of their
cortical bone, ranging from 2.5 to 3.7 mm, likely differs from
that of an elderly population, in which cortical thickness values
of about 1 mm have been reported [14], [33]. Furthermore,
the cortical loss, associated with aging and disease, is pre-
dominant in the inner cortex adjacent to the medullary canal
[53]. Such an erosion sometimes results in cavities that may
coalesce locally producing giant irregular canals and irregular
inner cortical boundaries. The phenomenon could affect the
waveguide behavior of thin cortical shell. Further studies are
warranted to assess the reliability of thickness estimate by
including more categories of subjects, such as perimenopausal
or postmenopausal women and fractured patients.

As a further limitation, it should be noted that stiffness and
mass density were considered as constant in the waveguide
model. Consequently, by estimating only the cortical thickness,
we do not surpass current works that shown that the cortical
thickness at the radius can be estimated using simple pulse-
echo measurements [14]. Nonetheless, in contrast to this
technique, multimode AT measurements have the potential to
provide further cortical bone properties (e.g., stiffness and
porosity). To this end, more sophisticated multiparametric
inverse problems must be implemented to account for the
interindividual variations in elasticity and mass density [54],
[55]. Reference measurements of bone stiffness, such as reso-
nant ultrasound spectroscopy or micro-computed tomography,
cannot be achieved in vivo. An ex vivo study is currently
ongoing to validate such multiparametric inverse problems.

VI. CONCLUSION

Healthy subjects underwent ultrasound AT measurements.
In the present study, in vivo multimode GW response of human
radius has been measured for the first time using AT technique
and a consistent estimation of Ct.Th has been performed
by making use of a fully automatic inverse procedure. A
significant correlation has been found between Ct.Thxg and
Ct.Thys (r> = 0.7, p < 0.05, RMSE = 0.21 mm) and no
significant bias has been noticed between US-based estimates
and reference values derived from site-matched HR-pQCT.
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