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Abstract—The aim of this study was to estimate cortical porosity (Ct.Po) and cortical thickness (Ct.Th) using
500-kHz bi-directional axial transmission (AT). Ct.ThAT and Ct.PoAT were obtained at the tibia in 15 patients
from a 2-D transverse isotropic free plate model fitted to measured guided wave dispersion curves. The velocities
of the first arriving signal (yFAS) and A0 mode (yA0) were also determined. Site-matched peripheral quantitative
computed tomography (pQCT) provided volumetric cortical bone mineral density (Ct.vBMDpQCT) and Ct.
ThpQCT. Good agreement was found between Ct.ThAT and Ct.ThpQCT (R2 = 0.62, root mean square error
[RMSE] = 0.39 mm). Ct.vBMDpQCT correlated with Ct.PoAT (R2 = 0.57), yFAS (R

2 = 0.43) and yA0 (R
2 = 0.28). Fur-

thermore, a significant correlation was found between AT and distal high-resolution pQCT. The measurement
of cortical parameters at the tibia using guided waves might improve the prediction of bone fractures in a cost-
effective and radiation-free manner. (E-mail: kay.raum@charite.de) © 2019 The Author(s). Published by
Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology. This is an open access article
under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Key Words: Axial transmission ultrasound, Cortical bone porosity, Guided waves, Peripheral quantitative
computed tomography, Dual-energy X-ray absorptiometry.
INTRODUCTION

The diagnosis of osteoporosis is currently based on areal

bone mineral density (aBMD) measured by dual-energy

X-ray absorptiometry (DXA), the current gold standard

technique. However, a majority of bone fractures occur in

patients who are not classified osteoporotic according to the

current aBMD criteria (T-score< �2.5) (Schuit et al. 2004;

Wainwright et al. 2005). This might be due to the techni-

que’s limited capacity to capture bone microstructure and

differentiate between trabecular and cortical compartments.

High-resolution peripheral quantitative computed tomogra-

phy (HR-pQCT) is an advanced in vivo imaging technology
ddress correspondence to: Kay Raum, Berlin-Brandenburg
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that provides 3-D characterization of trabecular and cortical

bone at the distal radius and tibia (Boyd 2008). Recent clini-

cal studies using HR-pQCT have reported that bone micro-

structure and volumetric bone mineral density (vBMD) are

associated with genetic disorder (Neto et al. 2017), effect of

treatment (Lespessailles et al. 2016) and fracture (Sundh et

al. 2017). However, HR-pQCT cannot easily be used for

population-based screening because it is expensive, volumi-

nous, non-portable and based on ionizing radiation. Cost-

effective and radiation-free systems for the measurement of

bone microstructure are needed to improve the prevention

of fragility fractures in our society.

Ultrasound-based solutions are attractive because

they are low cost, portable and non-ionizing. The heel

(calcaneus) scanner was among the first devices using

the transverse transmission configuration (emitter and

receiver placed on opposite sites) to measure ultrasound
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propagation through trabecular bone (Langton and Njeh

2008). Recent research has focused on the measurement

of guided waves in cortical bone using the axial trans-

mission (AT) configuration (emitter and receiver placed

on the same site). Guided waves depend both on the

geometry and on the material properties of the propaga-

tion medium. Accordingly, an ex vivo study revealed

that the phase velocity of the A0 mode (yA0), measured

at 200 kHz, was significantly correlated with cortical

thickness (Ct.Th) (R2 = 0.52, p < 0.001) and vBMD

(R2 = 0.45, p < 0.001) (Muller et al. 2005). Furthermore,

it is also possible to extract the dispersion curves of mul-

tiple guided wave modes (Minonzio et al. 2010) and to

predict them analytically using a 2-D transverse isotro-

pic free plate model (Foiret et al. 2014). If constant stiff-

ness of the bone matrix is then assumed, cortical

porosity (Ct.Po) and Ct.Th can be obtained from the fit-

ted theoretical dispersion curves (Bochud et al. 2016).

Recently, this approach was validated ex vivo on 31 radii

and 15 tibiae from human cadavers with site-matched

micro-CT (Minonzio et al. 2018).

To date, guided wave measurements were per-

formed in our group using a 1-MHz probe optimized for

the radius. Recent ex vivo (Kroker et al. 2017) and in

vivo (Sundh et al. 2017) studies suggest that cortical

bone parameters measured at the tibia are strong predic-

tors of hip fracture. These findings motivated us to

develop a novel AT probe for ultrasound measurements

at the tibia that exhibits a larger Ct.Th range (2�6 mm)

compared with the radius (1�4 mm) (Karjalainen et al.

2008). To optimize the excitation of guided waves, we

decreased the central frequency to 500 kHz and slightly

increased the probe dimensions. The novel probe was

used previously ex vivo on 17 tibiae and could success-

fully predict Ct.Po (R2 = 0.83, root mean square error

[RMSE] = 2.2%) and Ct.Th (R2 = 0.57, RMSE 0.37 mm)

measured by site-matched micro-CT (Schneider et al.,

2019). The aim of this study was to test the 500-kHz

probe for the first time in vivo at the tibia in a small

group of patients. We compared the results obtained

from the ultrasound measurements with those for site-

matched pQCT and ultradistal HR-pQCT.
METHODS

Patients

Twenty patients (mean age: 51 § 14 y, mean body

mass index: 25.5 § 3.0 kg/m2) participated in this study.

The study cohort represented a subgroup of 8 women and

12 men participating in two different ongoing studies.

The first study was a population-based cross-sectional

study approved by the local ethics committee (EA4/095/

05), as well as by the German Radiation Protection Ordi-

nance (Z5-22462/2-2005-063). The second study was a
randomized controlled trial, Preventing the Impairment of

Primary Osteoarthritis by High Impact Long-Term Physi-

cal Exercise Regimen, approved by the local ethics com-

mittee (EA4/027/15), as well as by the German Radiation

Protection Ordinance (Z5-22462/2-2015-027). Written

informed consent was obtained from all participants

before recruitment.

Peripheral quantitative computed tomography

The proximal third of the tibia (66% of the lower-

limb length up from the lateral malleolus of the fibula)

of all patients was imaged using a clinical pQCT scanner

(XCT2000, Stratec Medizintechnik GmbH, Pforzheim,

Germany) according to our previously described proce-

dure (Rittweger et al. 2000). The voxel size was

0.5£ 0.5£ 2.3 mm. The cortical volumetric bone min-

eral density (Ct.vBMDpQCT) was determined as the aver-

age across a single cross-sectional scan using the

manufacturer’s software package (threshold: 711 mg/

cm3). A custom MATLAB (The MathWorks, Natick,

MA, USA) program was used to calculate the cortical

thickness (Ct.ThpQCT) based on the only available cross-

sectional slice (Fig. 1b) downloaded from the scanner

per patient. The tibia cross section was cropped manu-

ally before the image was binarized using Otsu’s (1979)

method. Subsequently, Ct.ThpQCT was defined as the

minimum distance between the endosteal and periosteal

surfaces (Chappard et al. 2013) at the medial portion of

the tibia and above the medullary canal, according to the

location of the ultrasound measurement.

High-resolution peripheral quantitative computed

tomography

The ultradistal tibia (standard protocol, starting at

22.5 mm from the tibial endplate) of 8 patients was

imaged using a clinical HR-pQCT scanner (XtremeCT I,

Scanco Medical AG, Brüttisellen, Switzerland) accord-

ing to our previously described procedure (Armbrecht

et al. 2011). Each scan consisted of 110 slices with a

nominal isotropic resolution of 82 mm. The total volu-

metric bone mineral density (Tt.vBMDXCT) was

obtained from the standard morphologic analysis (Bout-

roy et al. 2005). Then, the cortical bone compartment

was segmented according to the morphologic analysis

described by Burghardt et al. (2010). The following

parameters were calculated based on these cortical bone

volumes: Ct.vBMDXCT, Ct.ThXCT, cortical pore diame-

ter (Po.DmXCT) and cortical porosity (Ct.PoXCT). The

scripts provided by the manufacturer were used.

Dual-energy X-ray absorptiometry

Dual-energy X-ray absorptiometry (DXA, iDXA,

GE Medical Systems, WI, USA, software EnCore v13)

was used to measure aBMD at the whole body



Fig. 1. (a) Overview of measurements. Five hundred-kilohertz axial transmission (AT) was performed site-matched with
pQCT (voxel size: 500 mm) at the proximal third of the tibia (66%). The distal site of the same limb was scanned with
HR-pQCT (voxel size: 82 mm). (b) Cross-sectional pQCT image illustrating the tangential position of the ultrasound
probe, which was slowly tilted in both circumferential directions (arrow) during the acquisition of 400 individual meas-
urements. The side view of the lower limb was generated with the BodyParts3D/Anatomography service (DBCLS,

Japan). HR-pQCT = high-resolution peripheral quantitative computed tomography.
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(aBMDWB), lumbar spine (aBMDLS, L1�L4 in the pos-

terior�anterior projection) and total femur (aBMDTF).

All scans and analyses were performed by the same

operator to ensure consistency and standard quality con-

trol procedures. Patients were classified as normal or

osteopenic based on their total femur T-score in accor-

dance with World Health Organization criteria (Kanis

1994).

Axial transmission

An ultrasound bi-directional AT system (Azal�ee,
Paris, France) consisting of a custom-made probe (Ver-

mon, Tours, France), driving electronics (Althais, Tours,

France) and a human machine interface (HMI, Bleu-

Solid, Paris, France) was used. The multichannel probe

had a central 24-receiver array (pitch = 1.2 mm) and two

lateral five-emitter arrays (pitch = 1.5 mm). The dimen-

sions of each rectangular receiver and emitter were

1.2£ 13 and 1.5£ 13 mm2, respectively. A distance of

8 mm separated the receiver array from each emitter

array. This configuration enabled the propagation of

ultrasound in two opposite directions, a technique that is

used to correct errors induced by small inclination angles

between the probe and the bone surface (Moreau et al.

2014). A wideband pulse with a center frequency of

500 kHz (�6-dB frequency bandwidth from 0.3 to 0.7

MHz) was used to excite the five multi-element transmit-

ters successively with time delays ranging from 0 to 0.8
ms. One hundred twenty radiofrequency (RF) signals,

corresponding to all possible receiver�transmission

pairs, were digitized (12 bits, 20 MHz, 1024 samples)

for each propagation direction after 16 averages per-

formed by the hardware.

The ultrasound measurements were performed at

the proximal third of the tibia (66%) according to the

pQCT scan location (Fig. 1a). The probe was placed at

the anteromedial surface of the tibia (facies medialis)

aligned with the long axis of the bone. Acoustic coupling

gel was used to ensure sound transmission to and from

the body. The circumferential position of the probe is

illustrated in Figure 1b. One measurement cycle con-

sisted of 400 subsequent measurements. The reproduc-

ibility was assessed by repeating the acquisition of a

cycle at least three times with intermediate probe reposi-

tioning. During each cycle the probe was slowly tilted in

both circumferential directions to scan a wide region

above the medullary cavity. During every measurement

120 RF signals (5£ 24) were acquired from each propa-

gation direction. The scan time per cycle was about

3 min.

Ct.ThAT and Ct.PoAT were estimated by fitting a 2-

D transverse isotropic free plate model to the measured

dispersion curves as described in detail elsewhere (Min-

onzio et al. 2018). Briefly, the recorded time signals

were transformed to the frequency�wavenumber (f�k)

space using a 2-D spatiotemporal Fourier transform



New probe for cortical measurements at tibia � J. SCHNEIDER et al. 1237
enhanced with singular value decomposition. This pro-

vided the so-called Norm function, of which each pixel

(f, k) reflected the presence rate of a wave mode on a 0

to 1 scale (Minonzio et al. 2010). Then, a database of

dispersion curves from a 2-D transverse isotropic free

plate model was projected onto the singular vector basis

to obtain the objective function (Minonzio et al. 2018).

The dispersion curves of the plate model were generated

from a set of effective stiffness tensors which were pre-

dicted for different thickness�porosity combinations

(Bochud et al. 2016; Parnell et al. 2012). We thereby

assumed that the transverse isotropic elastic coefficients

(c11 = 26.8 GPa, c13 = 15.3 GPa, c33 = 35.1 GPa and

c55 = 7. 3 GPa) and mass density (r = 1.91 g/cm3) for the

tissue matrix are invariant (Granke et al. 2011).

The objective function of the projection was

obtained and optimized to find the best fit between the

theoretical and experimental dispersion curves (Fig. 2a).

Often, we obtained more than one local maximum

mainly because of incomplete experimental dispersion

curves. Such model ambiguities were removed by com-

paring the two highest local maxima for each of the 400

measurements of a cycle. When the highest local maxi-

mum exceeded the secondary maximum of at least 10%,

this was considered to be a valid solution to the problem.

Otherwise, the single measurement was rejected. If at

least 10 of the 400 measurements produced a valid

parameter pair, the medians of Ct.Po/Ct.Th were calcu-

lated. Otherwise, the entire measurement cycle was

rejected. Finally, if at least two cycles were valid, the

medians of the corresponding cycles were averaged for
Fig. 2. (a) Contour plot depiction of the objective function. Th
to the best fit (b) between the transverse isotropic free plate mo
persion curves (red and blue dots). The red and blue colors of

bi-directional guided wa
every specimen. Otherwise, the entire measurement

series for that sample was rejected.

The velocity of the first arriving signal (yFAS) was

calculated based on a bi-directional measurement princi-

ple (Bossy et al. 2004). Briefly, the time of flight was

determined for each emitter�receiver distance using the

first extremum of the signal in the time domain. The

sound velocity was then derived from the inverse slope

of a linear fit through the measured times of flight plotted

versus the known emitter�receiver distances. This pro-

cedure was performed for each of the five emissions and

from both directions to account for small inclination

angles between the probe and the bone surface. Unstable

measurements for which the absolute difference between

two opposite velocities was larger than 50 m/s (Talmant

et al. 2009) were eliminated. Ideally, a single measure-

ment provided five corrected velocities, which were then

averaged. Velocity histograms were obtained for each

cycle, and yFAS was calculated as the average of the his-

togram peaks.

The A0 mode phase velocity (yA0) was calculated in

the frequency range 0.4 to 0.5 MHz (Fig. 2b). First, the

Norm function was expressed in the frequency-phase

velocity domain (cphase = 2pf/k) (Minonzio et al. 2010).

Then, its amplitudes were averaged over frequency in

the phase velocity cphase range 1400 to 1900 m/s, and

yA0 was defined as the maximum position of the aver-

aged Norm function. The harmonic mean of the veloci-

ties from the two opposite emissions was calculated to

correct for inclination angles between the probe and the

bone surface (Bossy et al. 2004). Similarly to yFAS,
e red cross indicates the global maximum, corresponding
del (continuous and dashed lines) and the measured dis-
the dots correspond to the two opposite directions of the
ve measurements.



Table 1. Descriptive statistics

Mean § SD Range N

Axial transmission
Ct.ThAT (mm) 4.0 § 0.7 3.1�5.1 15
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measurements for which the absolute difference between

two opposite velocities was larger than 50 m/s were con-

sidered unstable and eliminated. The subject’s final yA0
was calculated by averaging the peak values of the

velocity histograms obtained for each cycle.

Ct.PoAT (%) 12.7 § 4.2 5.3�20 15
yA0 (m/s) 1626 § 67 1491�1711 15
yFAS (m/s) 3918 § 40 3838�3965 15

pQCT
Ct.vBMDpQCT (mg/cm3) 1176 § 26 1134�1208 15
Ct.ThpQCT (mm) 3.7 § 0.8 2.7�5.1 15

HR-pQCT
Ct.ThXCT (mm) 1.3 § 0.4 0.7�1.7 8
Ct.PoXCT (%) 5.5 § 1.6 2.8�7.5 8
Po.DmXCT (mm) 123 § 11 102�136 8
Ct.vBMDXCT (mg/cm3) 842 § 56 769�928 8
Tt.vBMDXCT (mg/cm3) 296 § 77 176�381 8

DXA
aBMDLS (mg/cm2) 1.19 § 0.16 0.98�1.50 13
aBMDTF (mg/cm2) 1.04 § 0.19 0.76�1.29 13
aBMDWB (mg/cm2) 1.32 § 0.14 1.07�1.50 15

DXA = dual-energy X-ray absorptiometry; HR-pQCT = high-resolu-
tion peripheral quantitative computed tomography; SD = standard
deviation.

Table 2. R2 of the linear regression between parameters from
site-matched axial transmission and peripheral quantitative

computed tomography (N = 15)

Ct.ThpQCT Ct.vBMDpQCT
Statistical analysis

Linear regression analysis and Pearson’s correlation

coefficients were used to quantify the degree of associa-

tion between site-matched parameters obtained with AT

and pQCT. Associations between AT and HR-pQCT

were assessed using Spearman’s rank-correlation coeffi-

cient. AT (N = 15), pQCT (N = 15) and HR-pQCT

(N = 8) parameters were normally distributed as deter-

mined by Shapiro�Wilk tests. The Bland�Altman plot

was used to reveal biases in the prediction of Ct.ThpQCT.

Differences between the means were tested with paired

t-tests. Correlations were considered statistically signifi-

cant for p values < 0.05. The AT in vivo single-cycle

repeatability (Ct.ThAT, Ct.PoAT, yFAS and yA0) was esti-

mated using the root-mean-square average of the stan-

dard deviation of repeated cycles for each measured

patient (Glüer et al. 1995). Unless stated otherwise, all

image processing and statistical analysis were performed

using MATLAB (R2017a).
Ct.ThAT 0.62x ns
Ct.PoAT ns (�) 0.57x

yA0 0.31y 0.28y

yFAS ns 0.43z

ns = not significant.
*The associations are positive unless otherwise indicated by a nega-

tive sign.
y p < 0.05.
z p < 0.01.
x p < 0.001.
RESULTS

The ultrasound measurements from 15 of 20

patients were used for statistical analysis. Five patients

were excluded after evaluating the pQCT scans because

Ct.ThpQCT was below 2.5 mm. In such thin cortical

layers, our ultrasound transducer does not excite suffi-

cient guided wave modes (in particular those existing at

higher frequencies) because of its limited frequency

bandwidth. Thirteen of the 15 patients received DXA

scans at the proximal femur. The total femur T-score

was used to classify the patients into two groups: osteo-

penic (�2.5 < T-score < �1.0, N = 4) and normal (T-

score > �1.0, N = 9). Note that no osteoporotic patients

(T-score < �2.5) were included. Between both groups,

no statistically significant differences were found for the

AT, pQCT and HR-pQCT parameters. The single-cycle

repeatability of the ultrasound measurements was

0.13 mm for Ct.ThAT, 1.6% for Ct.PoAT, 25.8 m/s for

yFAS and 17.2 m/s for yA0. The measurement data

obtained in the study sample are summarized in Table 1.

The R2 values of the linear regression between AT

and site-matched pQCT parameters are listed in Table 2.

Ct.vBMDpQCT was best correlated with Ct.PoAT
(R2 = 0.57, p < 0.001, Fig. 3a) followed by yFAS
(R2 = 0.43, p < 0.01) and yA0 (R2 = 0.28, p < 0.05).

Good agreement was found between Ct.ThAT and Ct.

ThpQCT (R2 = 0.62, p < 0.001, RMSE = 0.39). When one
outlier was excluded, the correlation improved signifi-

cantly (R2 = 0.90, p < 0.001, RMSE = 0.19, Fig. 3b) and

decreased the mean difference between both methods

from 0.39 to 0.23 mm in the Bland�Altman plot

(Fig. 3c). There was a statistically significant difference

between the values of both methods with (p = 0.013) and

without (p = 0.009) the outlier.

We compared the AT parameters with those of dis-

tal HR-pQCT and found a strong correlation between

yFAS and Tt.vBMDXCT (Spearman’s r = 0.98,

p = 0.0004, Fig. 4). The negative correlation between Ct.

PoAT and Tt.vBMDXCT was the second strongest but did

not reach the significance level (Spearman’s r =�0.64,

p = 0.096).
DISCUSSION

In this in vivo pilot study, we used a novel 500-kHz

tibia probe to measure guided waves successfully in 15



Fig. 3. Axial transmission versus site-matched peripheral quantitative computed tomography parameters measured at the
proximal third of the tibia (N = 15). Linear regressions between (a) Ct.PoAT and Ct.vBMDpQCT and (b) Ct.ThAT and Ct.
ThpQCT after exclusion of red outlier marked with circle. The correlation including the outlier was R2 = 0.62, p < 0.001,
root mean square error = 0.39 mm. The dotted lines in (b) indicate the root mean square error. (c) Bland�Altman plot of
Ct.ThAT and Ct.ThpQCT. Mean difference and lines were calculated without outlier. Mean difference with outlier was

0.33 mm. Dashed lines indicate 95% confidence intervals at § 1.96 standard deviation.
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patients. Excellent agreement was obtained between Ct.

ThAT and site-matched Ct.ThpQCT when one outlier was

removed. Moreover, Ct.PoAT correlated moderately with

site-matched Ct.vBMDpQCT. We adapted the ultrasound

signal processing from a previously reported ex vivo

study using a 1-MHz AT probe designed for measure-

ments at the radius (Minonzio et al. 2018). In that way,

Ct.ThAT and Ct.PoAT were obtained automatically from a

2-D transverse isotropic free plate model, which was fitted
Fig. 4. Correlation between yFAS at the midshaft and distal Tt.
vBMDXCT with strong Spearman’s rank-correlation coefficient
(r = 0.98, p < 0.001, N = 8). Vertical error bars represent stan-

dard deviations (within at least three repeated cycles).
to the extracted dispersion curves. We also modified the

former in vivo measurement protocol (Vallet et al. 2016):

The number of measurements per cycle was increased

from 10 to 400, and the probe was slowly tilted in both

circumferential directions during the acquisitions, instead

of performing static measurements. Thus, we maintained

a similar single cycle repeatability in vivo (Ct.Po: 1.6%,

Ct.Th: 0.13 mm) as previously reported ex vivo using the

1-MHz probe (Ct.Po = 1.9%, Ct.Th = 0.11 mm) (Minon-

zio et al. 2018).

A moderate correlation between site-matched Ct.

PoAT and Ct.vBMDpQCT was found (R2 = 0.57,

p < 0.001). Because vBMD is a strong predictor of Ct.

Po (R =�0.88, p < 0.001) (Ostertag et al. 2016), a stron-

ger correlation could have been expected. Several factors

could have contributed to it. First, the AT and pQCT

scan regions were not exactly site-matched. The pQCT

device scanned only a 2.3-mm-thick section, whereas

the region scanned by AT was much larger (i.e., approxi-

mately 29 mm, according to the length of the receiver

array). Second, Ct.vBMDpQCT was calculated from the

entire cortical compartment, whereas AT scanned only

the facies medialis (Fig. 1b). A more precise Ct.

vBMDpQCT evaluation, that is, smaller region of interest,

would have caused unreliable estimates because of the

limited number of available cortical bone voxels (pQCT

is a single-slice method with in-plane spatial resolution

of 0.5 mm). In a recent ex vivo study using the same

probe and site-matched mCT (with a 39-mm isotropic

voxel size), we found a stronger correlation between

Ct.PoAT and Ct.vBMDmCT (R2 = 0.80, p < 0.001)

(Schneider et al., under revision). To achieve this, we

had the means to adequately segment the cortical
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compartment (Burghardt et al. 2010) and considered

only the volume below the receiver array. Moreover,

these ex vivo measurements were conducted without

overlaying soft tissue, which might have improved the

correlation.

It is possible that soft tissue negatively affected the

quality of our signals, reducing the accuracy of the fit

between the plate model and the experimental dispersion

curves. The accurate estimation of waveguide properties

was previously reported despite the presence of soft tis-

sue modes, but only in 4 patients and using a 1-MHz AT

probe (Bochud et al. 2017). In that study, a bilayer model

was proposed to account for additional soft tissue modes.

However, the authors finally suggested using the plate

model, because it was able to predict the experimental

modes of the cortical waveguide equally well as the

bilayer model, but with less complexity and computa-

tional cost. On the basis of this finding, we used the sim-

pler plate model to predict the dispersion curves

measured in this study at the tibia.

Five of 20 patients had to be excluded because they

had thin cortical bone layers at the ultrasound measure-

ment site (Ct.ThpQCT < 2.5 mm). Interestingly, 3 of

these 5 excluded cases were significantly older (73 §
6 y) than the mean age of the 15 patients analyzed (47 §
10 y). The decreased Ct.Th of these elderly patients

might have been caused by endosteal trabecularization,

which their pQCT scans also indicated. However, the

two other excluded patients were relatively young (35

and 43 y), indicating that thin cortical bone at the tibia is

present in patients of different ages. As a solution, the 1-

MHz probe, originally designed for measurements at the

thinner radius, could be used at the tibia when guided

waves are not sufficiently excited using the 500-kHz

probe. In the future, capacitive micromachined ultra-

sonic transducers (CMUTs) might allow the design of a

probe with a larger frequency bandwidth. CMUTs in

combination with a smaller pitch, although keeping a

similar receiver array length, could significantly enhance

the detection of guided wave modes over a larger Ct.Th

range.

It is a limitation that the distal tibiae of only 8

patients were scanned with HR-pQCT. Thus, the linear

regression analysis between the AT and distal HR-pQCT

measurement parameters needs to be considered with cau-

tion because of the small sample size. However, we found

a statistically significant correlation (yFAS vs. Tt.

vBMDXCT, Fig. 4) that underlines the sensitivity of this

parameter to systemic microstructural changes. This find-

ing suggests that guided wave measurements conducted

at the midshaft tibia may also reflect microstructural

changes at relevant fracture sites, such as the proximal

femur. However, tibial yFAS at 250 kHz has previously

been found to correlate only weakly with femoral strength
(Bouxsein et al. 1999) and to be a poor discriminant of

osteoporotic fracture (Stegman et al. 1995). To date, only

one study investigated the direct association between Ct.

Po at the tibia midshaft and femoral neck fracture strength

(R =�0.50, p < 0.001, N = 56) (Abraham

et al. 2015). A strength of our ultrasound system is that it

measures four cortical bone parameters at the same time

(Ct.ThAT, Ct.PoAT, yFAS and yA0), which may provide

improved fracture prediction combined using multivariate

models. The scope of forthcoming studies will be to relate

these four ultrasound parameters to hip fracture, alone or

in conjunction with other measurements.

In this study, we used a first-generation HR-pQCT

system (XCT-I, isotropic voxel size: 82 mm), which

allows scanning of only the distal tibia (Boyd 2008). At

this site, we could not conduct site-matched guided

wave measurements because the cortex is too thin

(Ct.Th < 2 mm) and the facies medialis is not flat

enough. We did not find any statistically significant cor-

relation between the AT and cortical HR-pQCT parame-

ters (Ct.ThXCT, Ct.PoXCT, Po.DmXCT, Ct.vBMDXCT).

Only yFAS against Tt.vBMDXCT reached the significance

level (Fig. 4). However, this correlation needs to be con-

sidered with caution because of the small sample size.

One reason for the absence of significant correlations

between the cortical AT and HR-pQCT parameters may

be the distinct characteristic pattern of trabecular and

cortical bone mass distributions across the tibia. For

example, toward the epiphyses, cortical bone exhibits

significantly lower vBMD values compared with more

proximal sites (Kamer et al. 2016). Furthermore, little

cortical bone is present at the standard HR-pQCT ultra-

distal measurement site. Therefore, cortical parameters

should be assessed more proximally (Ostertag et al.

2014; Sundh et al. 2017). This is possible with the sec-

ond-generation HR-pQCT (XCT-II, isotropic voxel size:

61 mm), which allows scanning of the tibia midshaft at

even higher resolution (Ensrud et al. 2018). Conse-

quently, future guided wave studies should be conducted

with the site-matched XCT-II to improve the accuracy

of reference thickness estimates. Moreover, it would be

of great interest to observe the correlation between Ct.

PoAT and site-matched Ct.PoXCT, although the HR-

pQCT scanner cannot accurately measure small pores

with diameters less than 100 mm (Cooper et al. 2016;

Ostertag et al. 2014, 2016).

We found a moderate correlation between yFAS and

Ct.vBMDpQCT (R2 = 0.43, p < 0.01, Table 1). This find-

ing is in agreement with previously reported in vivo

measurements of tibial yFAS at different frequencies:

200 kHz (Moilanen et al. 2003), 400 kHz (Kilappa et al.

2010) and 1.25 MHz (Siev€anen et al. 2001). We did not

find a statistically significant correlation between yFAS
and Ct.ThpQCT similarly to the studies at 400 kHz
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(Kilappa et al. 2010) and 1.25 MHz (Siev€anen et al.

2001). Only the study at 200 kHz (Moilanen et al. 2003)

found a weak but statistically significant correlation

(R = 0.24, p < 0.05), indicating that larger wavelengths,

reaching deeper into the cortex, are needed to obtain a

dependency between yFAS and Ct.Th at the tibia (Bossy

et al. 2005). The reproducibility of yFAS (0.7 %) obtained

in this study is in line with other in vivo studies, as, for

example, the 1.8% obtained by Moilanen et al. (2003).

Compared with that of yFAS, the measurement of yA0
has been less studied in vivo. Here, we found that yA0 corre-

lated moderately with Ct.ThpQCT and Ct.vBMDpQCT. This

was expected because the velocities of guided waves

depend on both thickness and material properties, that is,

represented here by Ct.vBMDpQCT. Furthermore, these

results agree with a clinical study using 200-kHz AT at the

tibia of pubertal girls to measure yA0 (Moilanen et al.

2003). However, in that study the wave packages of the A0
mode were extracted in the time domain, whereas we iso-

lated the A0 dispersion in the frequency-phase velocity

domain. The authors report that 22% of their yA0 measure-

ments were judged unreliable because of interference with

soft tissue, in which ultrasound propagates at velocities

(»1500 m/s) similar to those of the A0 mode in cortical

bone (Moilanen et al. 2008). In our study, we observed a

regular disappearance of the A0 mode at higher frequencies

(0.5�1.0 MHz), particularly in patients with thick soft tis-

sue layers. Thus, to improve robustness, we chose to esti-

mate yA0 in a lower and narrower frequency range

(0.4�0.5 MHz, Fig. 2b) compared with what we used ex

vivo (0.5�0.8 MHz) (Schneider et al. 2019). Consequently,

we did not observe any yA0 failure case and our in vivo

reproducibility (1.1%) was superior to that of Moilanen et

al. (2008), 2.3%.

CONCLUSIONS

It is possible to estimate Ct.Po and Ct.Th at the tibia

using a novel 500-kHz AT probe. Good agreement was

found between Ct.ThAT and site-matched Ct.ThpQCT.

We found a moderate correlation between Ct.PoAT and

site-matched Ct.vBMDpQCT which was used as a surro-

gate for Ct.Po. The second-generation HR-pQCT (XCT-

II), which allows measurements at the tibia midshaft

with significantly enhanced resolution compared with

pQCT, is now on the market. Further in vivo studies

should be conducted site-matched with XCT-II to

improve the accuracy of reference estimates. The mea-

surement of guided waves at the tibia might improve the

prediction of bone fractures in a cost-effective and radia-

tion-free manner.
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