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Abstract: Photoacoustic (PA) techniques provide optical absorption contrast and spatial information
at an ultrasound resolution in deep biological tissues. Among the greatest challenges encountered in
the PA examination of bone is the analysis of trabecular bone, which holds key chemical and physical
information required for bone health assessments. Ultrasound detection is naturally registered with
PA detection; therefore, in this study, we propose ultrasound guidance for the PA detection of trabec-
ular bone. We perform both numerical simulations and an in vivo experiment on a human subject
to investigate the possibility of ultrasound-guided detection and segmentation of photoacoustic
signals from bone tissue in vivo in a non-invasive manner. The results obtained from the simulation
and in vivo experiment suggest that the ultrasound-guided PA method can distinguish PA signals
from trabecular and cortical bones as well as from the overlying soft tissue. Considering that the PA
technique is non-ionizing and non-invasive, it holds potential for clinical bone health assessment.

Keywords: photoacoustic; ultrasound; segmentation; trabecular bone; bone assessment

1. Introduction

Osteoporosis is a highly prevalent disease, affecting approximately 40% of women
and 20% of men older than 50 years [1,2]. A failure to detect osteoporosis and delayed
treatment may result in irreversible bone loss, particularly in trabecular bone, which is
strongly related to the process of osteoporosis. The detection of changes in the quality and
quantity of trabecular bone is crucial for predicting and diagnosing osteoporosis. Currently,
the standard diagnosis of osteoporosis is primarily based on the bone quantity assessed
using dual-energy X-ray absorptiometry (DEXA), which is a radiography-based technique.
However, DEXA has limited sensitivity for monitoring chemical or molecular changes in
the bone. Further, the bone mineral density provided by DEXA, bone microarchitecture,
and material compositional characteristics, which cannot be assessed by radiographic
imaging techniques, are significant for bone health [3]. Magnetic resonance imaging (MRI)
may distinguish the changes in marrow lipid content and microarchitecture in osteoporotic
bones [2,4,5]. However, the high cost and complexity of MRI have prevented its standard-
ization as the primary diagnostic procedure. In contrast, quantitative ultrasound (QUS)
techniques provide a practical and low-cost substitute for DEXA, and they have already
been used in clinical instrumentation [6-9]. QUS assessments of the bone structure and
strength are mainly based on two parameters: the speed of sound (SOS) and broadband
ultrasound attenuation through the bone [10-13]. However, the specificity of QUS is lim-
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ited for detecting bone diseases with pathogenesis involving both microarchitectural and
chemical changes.

Optical techniques are more sensitive than ultrasound (US)-based methods to molec-
ular and functional changes in the bone [14-17]. However, conventional optical-based
techniques are affected by limited spatial information owing to the overwhelming optical
scattering in biological tissues, particularly in bone tissue. The emerging biomedical pho-
toacoustic (PA) techniques can be used to determine the highly sensitive optical absorption
contrast of deep biological tissues [18-20]. Therefore, PA techniques, utilizing both light
and acoustics, may be combined with US to address the aforementioned limitation.

Laser-induced PA sensing is based on the detection of light-induced ultrasonic signals
that are less scattered in biological tissues than light [18,21-24]. Therefore, PA signal detec-
tion is naturally registered with the US method. PA sensing, while utilizing the acoustic
resolution, can assess more spatial information in deep tissues than conventional optical-
based techniques. PA signals also provide chemical information, similar to the optical
method. To the best of our knowledge, the PA technique, as an adjunct to the established
US system, has already demonstrated its potential in several preclinical and clinical appli-
cations [18,19,22,25-29]. Recent studies have indicated that the PA signal from the bone can
provide critical chemical information, in addition to physical information [25-28,30-32],
which is important for predicting and diagnosing osteoporosis. However, most of all the
previous studies that focused on the assessment of trabecular bone using PA techniques
are based on ex vivo bone specimens or small animal models. The possible challenges
of in vivo applications for human bone assessment, including PA signal generation and
propagation modes in trabecular bone, were not considered. For example, cancellous bone,
which has a high percentage of trabecular bone, consists of a mineralized, porous trabecular
network embedded in the bone marrow with filament-like trabeculae. The specific struc-
ture of the bone makes the generation and propagation of the PA signal more complicated
than in soft tissue. The PA wave propagation in the bone and segmentation of the PA
signal from the bone are not fully understood, because of the structural complexity and
inhomogeneity of the bone. Previous studies reported that the bone can support two kinds
of longitudinal waves that travel at different velocities, including fast wave and slow wave.
The fast wave is associated with the movement of fluid (blood and marrow) in phase with
the solid (mineralized trabeculae), and the slow wave is associated with the movement of
fluid out of phase with the solid [10]. Apart from the longitudinal wave, there is a Lamb
wave, which travels across the cortical bone at high speed. Therefore, isolating the PA
signal of the trabecular portion from the complicated PA signal is a key challenge that must
be addressed for the PA bone assessment technique adopted in clinical research.

In this study, we propose a US-guided PA bone assessment method for locating and
segmenting the PA signal spatial information of the human calcaneus bone, which can be
used to distinguish the trabecular bone signal from other signals (soft tissue, cortical bone
and their echoes). Two aspects have been demonstrated in this study. First, we studied the
feasibility of the detection and segmentation of the PA signal generated from different bone
tissues using the US-guided PA bone assessment method based on a two-dimensional (2D)
numerical simulation. Second, by conducting an experiment on a volunteer, we investi-
gated the feasibility of detecting and distinguishing the PA signal of the trabecular bone
in vivo using the US-guided method.

2. Materials and Methods
2.1. 2D Numerical US and PA Simulation Models

To investigate the feasibility of ultrasonic guidance for PA transmission-mode bone
detection, we performed a 2D numerical simulation for US and PA signal propagation in
the bone. The flow chart of the US and PA simulations is presented in Figure 1a.

In this study, both the US and PA simulations used the binarized micro-CT image
of the calcaneus bone specimens from cadaver donors as the bone model. The bone spec-
imens were degassed and immersed in distilled water, and micro-CT scanner (Skyscan
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1076, Skyscan, Antwerp, Belgium) imaging was used for the microstructure measurement.
In the simulations, we also added 8-mm-thick soft tissue at each side to cover the bone
entirely, as shown in Figure 1b,c. In the 2D US numerical simulation models, it had both
a transmission mode and reflection mode, as shown in Figure 1b. The reflection mode is
used to calculate the thickness of the overlying soft tissue, whereas the transmission mode
is used to find the first arrival signal (FAS) as the guidance signal. In the US transmission
mode, the transmitting and receiving transducers were placed at different sides of the
bone tissue. While in the US reflection mode, the transmission transducer also receives the
ultrasound signal after the ultrasound source was excited. For the simulation of the PA
signal measurements, it was in the transmission mode only, as shown in Figure 1c. For the
2D simulation of the PA mode, the light source and transducer were on opposite sides of
the bone. The PML represents the perfectly matched layer. The parameters and properties
of the related materials used in the simulation are listed in Table 1.
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Figure 1. The ultrasound (US) and photoacoustic (PA) 2D simulation system. (a) Flow chart of the
US and PA 2D simulation process. (b) Schematic diagram of the US mode. (c) Schematic diagram of
the PA mode.

Table 1. Properties of the related materials.

Bone Mineral Bone Marrow
Density (kg/m?) 1960 1000
First Lamé coefficient (GPa) 14.8 2
Second Lamé coefficient (GPa) 8.3 0
Longitudinal wave SOS (m/s) 4002.6 1500
Shear wave SOS (m/s) 2057.8 N/A

2.2. 2D Simulations of US Signal Propagation

A 2D simulation model of an elastic wave was developed based on the finite-difference
time-domain (FDTD) method [33,34]. For the excitation condition, the Gaussian-modulated
sine pulse defined in Equation (1) was used as the ultrasound pressure source.

2
-9
plt) = Arexp(———)sin(2rft) M
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where A is the amplitude, d is the delay of the pulse, s is the steepness of the function, and f
is the central frequency. In our simulation, the parameters were defined as follows: A =1,
d=1us, and s = 1 ps, and the center frequency f was set at 0.5 MHz. Figure 1b shows
the geometry of the FDTD simulation model for ultrasound transmission measurement.
The total area of the simulation region was approximately 50 x 100 mm?, with the bone
model placed at x = 25 mm. Both the transmitting and receiving transducers were flat
lines with a length of 25.4 mm. The transmitting transducer was placed at x = 17 mm,
which is near the surface of bone tissue, and the ultrasonic pressure source was given at
the corresponding points on the transmitting surface. The simulated ultrasonic waves
propagate through the whole bone in the x direction. The transmission wave propagation
through the whole bone was received by another ultrasonic transducer at another side
of the bone tissue. The transmission signal that propagated through the entire bone was
obtained by averaging the pressures at the corresponding points on the entire surface of
the receiver transducer placed at x = 75 mm. The signal propagation lasted for 100 ps in
the simulation, which allowed it to travel through and beyond the specified domain.

2.3. 2D Simulations of PA Signal Generation and Propagation

In the PA mode, the laser illuminated the bone and was absorbed by the bone tissue;
it was converted into heat and thermal expansion to generate the PA pressure. In response
to a heat source, H(r, t), the pressure, p(r, ) at position r and time ¢ in an acoustically
homogeneous medium obeys the following wave equation (ignoring the thermal diffusion
and kinematic viscosity) [21,35]:

2
V2p(r, 1) — o p(r ) = -gp;mm %)
where H(r,t) is a heating function defined as the thermal energy converted at spatial
position r and time ¢ by the electromagnetic (EM) radiation per unit volume per unit time.
B is the isobaric volume expansion coefficient in K™, and C,, is the isobaric specific heat
in J (K kg)~!, and c is the acoustic speed. Under both thermal and stress confinement
conditions, the heating time can be treated as a delta function, i.e.,

H(r,t) = pa(r)@(r)(t), ®)

and the initial pressure pg of the absorber at location r after absorbing the light energy can
be calculated by

2
po(r) = Ccfua(r)<1>(f)- @

Here, y, and @ are the absorption coefficient and the optical radiation fluence rate, re-
spectively. We assume that biological tissue can be regarded as “macro-homogeneous” [36].
The @(r) can be expressed as [36,37]

1
@(1") = mexp<_ﬂgff|r—r]|) (5)

where pi,rr = /3pia(pa + pf) is the effective attenuation coefficient, y, is the optical ab-
sorption coefficient, p/ is the reduced scattering coefficient, parameter D is the diffusion
coefficient given as D = 1/(3pu.), and ¥ is the spatial position of the source.

In the simulation, the optical radiation fluence @ in bone was simulated by using
the NIRFAST-MATLAB 9.1 toolbox (Dartmouth College, University of Birmingham and
Kitware Inc., Hanover, NH, USA) based on the finite element method (FEM) [38,39].
The p, and y) were set as 0.08 cm™~! and 14.00 cm~! for bone tissue [14], and 0.12 cm ™!
and 14.8 cm ™! for soft tissue [40] in this study. In the simulation of PA signal generation
and propagation, since none of  and C, affected the profile of the PA signal waveform,
they were set at 1 in the simulation. In addition, the Gaussian-modulated sine pulse
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defined in Equation (1) was used as the PA pressure source for each light absorber in the
simulation. Then, the excitation condition of the PA source p.(ry,t) as a function of time
can be expressed as

2
—(t— %
pelro,t) = ﬂa(fo)-@(fo)A-exP((Sz>)sin(2ﬂft) ©)
The simulation of PA propagation in the bone is the same as that of US propagation in
the bone based on the FDTD method [33,34]. The signal propagation lasted for 100 ps in
the simulation, which allowed it to travel through the whole bone and beyond the specified
domain.

2.4. Experimental Setup

For this in vivo study, the experiments were conducted on a volunteer. The writ-
ten informed consent was received from the participant prior to inclusion in the study.
The US and PA bone measurement systems used in this study are presented in Figure 2a,b.
The US measurements can work in both the transmission and reflection mode, while the PA
measurements operate in the transmission mode only. For the US measurement, the trans-
mitting transducer and the receiving transducer were on the opposite sides of the heel.
Both the transmitting transducer and the receiving transducer (V301 Olympus, 1 inch
diameter) were unfocused and operated at a low central frequency of 0.5 MHz, which
facilitated ultrasonic penetration of the bone. The transmitting transducer was driven
by a pulse and receiver (5072PR, Olympus, Tokyo, Japan) with US pulses. The US waves
penetrated the whole bone and were received by the receiving transducer. Those two
transducers were coaxially aligned, which makes the US waves propagate along the same
pathway in the bone as the PA signals of the bone. To measure the overlying soft tissue
thickness and FAS, the US measurement was switched between the reflection and trans-
mission mode, respectively. The US signals passed through the signal acquisition system
and were recorded after averaging 150 pulses by the oscilloscope (Tektronix MSO54), as
shown in Figure 2a.

For the transmission-mode PA measurement, the transmitting transducer is replaced
by an optical fiber bundle for light illumination. Hence, as shown in Figure 2b, the light
illumination and the US detection are performed on opposite sides of the heel, with the
transducer and the laser beam coaxially aligned. The light was guided by the fiber bundle
received by an Nd:YAG laser-pumped OPO laser (Phocus MOBILE, OPOTEK Inc., Carlsbad,
CA, USA). This laser system has a repetition rate of 10 Hz and a pulse width of 5ns at a
wavelength of 690 nm. The pulse energy of the laser was maintained at less than 60 m]
and illuminated a circular area on the skin surface, with a diameter of 2 cm. Consequently,
the light fluence was less than 19.1 mJ/cm?, which was less than the American National
Standards Institute (ANSI, Washington, DC, USA) safety limit of 20 m]J/ cm? [29]. The PA
signals were received by the transducer and passed through to the signal acquisition
system. The PA signals were pre-amplified by 46 dB (sa-220f5, NF Inc., Wheaton, IL, USA)
and amplified by 40 dB with a pulser and receiver (5072PR, Olympus). The PA signals,
after a total amplification of 86 dB, were averaged over 150 laser pulses before recording by
the oscilloscope (Tektronix MSO54).
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Figure 2. Experimental setup. (a) US and (b) PA measurement system for calcaneus bone in vivo.

3. Results and Discussion

The results of the US and PA wave propagation simulations are presented in
Figures 3 and 4, respectively. Figure 3a—c provide overviews of the wave propagated in the
bone in the US mode at 1 ps, 10 ps, and 20 ps, respectively. In the US mode, as shown in
Figure 3, the acoustic source was from the US transducer at the left side of the bone, which
generated US wave propagation through the bone with attenuation and reflection. The
reflection US wave was received by the transducer placed at the left side of bone, which can
be used to measure the distance between the bone and transducer. The attenuated US wave
that penetrated the whole bone was received by another transducer placed contralaterally
at another side of the bone tissue. For the PA mode, the simulation results of the light
distribution are shown in Figure 4a. The light distribution employed in this study was
then normalized and converted into the PA initial pressure using Equations (3) and (4).
Figure 4b,c provide overviews of the waves propagated in the bone in the PA mode at 1 us
and 10 ps, respectively. The PA signal from the trabecular bone (TB) and the soft tissue (ST)
are marked in red and cyan, respectively.

t=1pus b t=10 us c t=20pus
e N
us us us
5 5 5 ™ Lamb wave
/ \ £ 3
TT&RT g RT %74 Compression
s { D wave
f'
-5 g/ -5 -5 ™ Lamb wave
J J J

Figure 3. Ultrasound simulation results. (a) Simulation results at t = 1 ps in the US mode. (b) Simulation results at t = 10 us

in the US mode. (c) Simulation results at t = 20 pus in the US mode. TT, transmitting transducer; RT, receiving transducer.

The following can be observed from the PA simulation results presented in Figures
3 and 4: (1) for the high optical attenuation in the bone, the overlying soft tissue and the
cortical bone on the right side (near the transducer) had a very low PA signal; (2) the TB
signal arrived at the transducer first because it was the closest to the transducer; and (3) the
overlying soft tissue and the cortical bone signals near the laser side were propagated along
two paths. One group of signals, the Lamb waves, propagated along the cortical bone
surface. The 2D numerical simulation results are provided in the Supplementary Materials.
The other signal had free-space propagation, which accounted for a large proportion of
the signals. The Lamb waves constituted a small proportion; however, they propagated
along the cortical bone, where the SOS was approximately 4000 m /s, which was higher



Appl. Sci. 2021, 11,19

7 of 12

than that of the trabecular portion. From the simulation, we confirmed that the Lamb
wave generated by the cortical bone arrived after the compression wave generated by the
TB. This was due to the propagation path of the Lamb waves; their propagation along
the bone surface is longer than that of the compression waves, which propagate inside
the bone. The whole PA signal could be segmented into two parts from the time domain.
The first comprises the TB, which is the range of interesting (ROI), whereas the other part
comprises the mixed PA signal from the overlying soft tissue, cortical bone, and their
echoes. However, the distinctions of the PA signals from the TB and other parts are not
ascertained owing to the complicated propagation modes of the laser-induced US signal in
the bone. This causes an overlap of the PA signals from different parts in the time domain.
The US transmission mode can help distinguish the PA signal of the trabecular portions
from the others.

b t=1ps c t=10us
Light propagation direction e N [ ™
PA PA Compression
PA  PA (TB)(ST) wave
(TB)(ST) —
-50 1y 100 N 1 100
100 ) RT
150 o o . 4 \ O:. of o
Laser
-200
-1% 100
250 -10 100
10 20 30 40 50 \ Y, \

X (mm)

Figure 4. Photoacoustic simulation results. (a) Simulation results of light distribution in bone. (b) Simulation results at

t =1 us in the PA mode. The red and cyan colors indicate the signals from TB and ST, respectively, which represent the

initial pressures. (c) Simulation results at t = 10 ps in the PA mode. The compression wave and Lamb wave are marked by

the arrows. TB, trabecular bone; ST, soft tissue; RT, receiving transducer.

The setups and typical US signal profiles are shown in Figure 5, where the left column
shows the setups for the US reflection mode, US transmission mode, and PA transmission
mode, respectively. The three setups in Figure 5a,c,e are similar, whereas the differences
are the excitation source and the receiver. The corresponding signals are shown in Figure
5b,d,f, respectively. In Figure 5b, the dashed line indicates the time of the first received
reflection signal from the bone surface; d is the thickness of the overlying soft tissue.
This time multiplied by the speed of sound, c also represents twice the distance between
the transducer and the bone surface, as marked by 2d in Figure 5b. In Figure 5d, the dashed
line indicates the time #; of onset of the FAS of the US signal, which is also the demarcation
point that we would define in this case. The typical PA signals received by the transducer
are shown in Figure 5f.

To segment the signal in Figure 5f, we reasonably assume that the PA signal of
the cortical bone and the transmitted ultrasonic signal have the same propagation path.
Our objective is to exclude the cortical bone signals and all the signals arriving after them,
so that we could distinguish the PA signal of the trabecular portions from the others. First,
by using the US reflection mode, we can get the thickness d of the overlying soft tissue and
get the FAS of the skin. Second, in the US transmission mode, the US transducer in the left
side was closed to the skin, so that the time-of-flight ¢; of the FAS is equal to the FAS of
skin in the PA transmission mode, as shown in Figure 5f. With the known FAS (1) from
the skin and the thickness of the overlying soft tissue d, the FAS from the cortical bone can
be calculated as ¢, = t; — d/c. Since the cortical bone of calcaneus bone is very thin, the
thickness of the cortical bone is ignored. Then, the signal in the region of interest (ROI),
which is generated by the trabecular bone, can be segmented by the time-of-flight f,. As a
result, we successfully localized the ROI of the PA signal to ensure that it only came from
the trabecular bone.
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Figure 5. Simulation results of the US and PA signals generated by bone. The bone in the figure is aligned at the position

where the signal originated. (a) Setup of the US reflection mode simulation; d is the distance between the transducer and

bone surface, which can be considered as the thickness of the overlying soft tissue. The transducer placed at the left side of

the bone is used as both the US transmitter and receiver. (b) Simulation results of the US reflection signal received by the

ultrasound transducer in the reflection mode. (c) Setup of the 2D numerical simulation for the US transmission mode. (d)

Simulation results of US signal received by the ultrasound transducer in the transmission mode. t; is the time of the FAS of

the US signal, which is the US guidance signal. (e) Setup of the 2D numerical simulation for the PA transmission mode. (f)

Simulation results of PA signal received by the ultrasound transducer in the transmission mode. t; =t; — d/c. The dashed

box indicates the region of interest (ROI). FAS: first arriving signal.

To validate the simulation results, we conducted an in vivo study on a female volun-
teer. The PA and US signals were acquired using the three setups illustrated in Figure 6a,c,e
and the signal profiles are presented in Figure 6b,d.f, respectively. Figure 6f shows a typical
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PA signal obtained from the heel of the volunteer. Here, the PA signal mainly originated
from two portions: first is the TB, and second is the overlying soft tissue layer and the
cortical bone. This was similar in the simulation, as we had done some processing to
segment the PA signal. The US signal in Figure 6b provided the distance d to calculate the
skin thickness near the laser side. The US signal in Figure 6d still provided the t; time to
locate the skin position near the laser side. Then we can exclude the overlying soft tissue
layer and the cortical bone signals: the distance that the sound traveled in the skin had to
be subtracted so we have t, = t; — d/c. Therefore, we marked the ROI with the red dashed
box in Figure 6f, indicating the signal from the trabecular bone.

. . N
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b fl |
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;./ 1.2
[}
5 08
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Figure 6. Results of the PA and US in vivo experiments from a human volunteer. (a) Schematic diagram of the US-guided

system in the reflection mode. (b) US signal from bone obtained in vivo using the US transmission mode. (¢) Schematic

diagram of the US system in the transmission mode. (d) US signal from bone obtained in vivo using the US transmission

mode. (e) Schematic diagram of the PA system in the transmission mode. (f) PA signal from bone obtained in vivo using the

PA transmission mode. The markers had a similar meaning in Figure 5.
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4. Discussion and Conclusions

We highlighted a PA-based method, which is naturally co-registered with the transmis-
sion/reflection US methods, for segmenting the PA signal acquired from human calcaneus
bone. This method is more accurate for determining the signal generated by the trabecular
bone from other parts (overlying soft tissue and cortical bone), which is critical in PA signal
analysis. Based on the US signal, the PA signal can be divided into two parts: (a) signals
from the trabecular bone and (b) signals from the overlying soft tissue and cortical bone,
which is more important for bone assessments. The obtained results indicate that US can
provide structural information at a minimal additional cost. The setup used in this study
may serve as a practical prototype for future trials on humans.

The presented study also had some limitations. First, in this study, we only tested one
subject. In the future, additional in vivo data should be collected and analyzed on large
group of subjects. Second, the numerical simulation was conducted on 2D models, which
would be improved to 3D models in future work. Third, this work did not provide the
quantified assessment based on the PA signal of trabecular bone. Since it contains rich
information with bone health, we will compare the PA signal of trabecular bone at different
wavelengths and frequencies for the bone with different bone mineral densities (BMDs)
in future work. Despite these limitations, this study successfully proved the feasibility of
using the US-guided PA techniques to segment the PA signal acquired from bone tissue
in vivo.

For a clinical study, photoacoustic imaging is a potential way to implement the US-
guided photoacoustic bone assessment method. For the photoacoustic imaging of bone,
two of the most important problems are (1) the segmentation of the PA signal from the
different layers and (2) the compensation for the large attenuation of the PA signal in the
bone. We have proved the segmentation information can be obtained by the US method.
Meanwhile, it can also provide the ultrasound parameters, such as the speed of sound
and broadband ultrasound attenuation, which can be used for the compensation of the PA
signal. Besides photoacoustic imaging, photoacoustic sensing has a greater potential to
be a quicker way for clinical application and translation, as shown in our published work
recently [32]. However, in the published work, we did not take the different sizes of bone
into account for each subject in the PA signal segmentation. By using the segmentation
based on the US-guided method proposed in this study, the segmentation can be done
automatically.

Unlike the established osteoporosis detection technologies based on X-ray or QUS,
which focus mainly on the minerals in the bone, the PA technique described in this study
has the potential to provide both physical and chemical bone information. However,
segmentation of the PA signal, which is critical in PA signal analysis based on the time
of flight without any guidance information, is not sufficiently accurate because of the
structural complexity of the bone. Hence, the localization of the PA signal may require
another modality. US measurement is usually performed in the transmission/reflection
modes, targeting the human heel. US has unique advantages: it is non-ionizing and
non-invasive, and it exhibits good penetration in the bone. Besides, it can provide many
parameters that can be used for PA compensation. Furthermore, it is also highly compatible
with the PA technique, and it can be used for its guidance. In the future, a PA-based
bone assessment platform, in combination with QUS, must be developed to provide
both microstructural and metabolic information of the bone, which is highly valuable for
diagnosis and grading as well as treatment monitoring of osteoporosis and other bone
diseases.
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