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Background: This study examines the backscattered ultrasound (US) and back-propagating photoacoustic
(PA) signals from trabecular bones, and their variations with reduction in bone minerals and collagen
content. While the collagen status is directly related to the strength of the bone, diagnosis of its condition
using US remains a challenge.

Methods: For both PA and US methods, coded-excitation signals and matched filtering were utilized to
provide high sensitivity of the detected signal. The optical source was a 805-nm CW laser and signals were
detected employing a 2.2-MHz ultrasonic transducer. Bone decalcification and decollagenization were
induced with mild ethylenediaminetetraacetic acid (EDTA) and sodium hypochlorite solutions, respectively.
Results: The PA and US signals were measured on cattle bones, and apparent integrated backscatter/back-
propagating (AIB) parameters were compared before and after demineralization and decollagenization.
Conclusions: The results show that both PA and US are sensitive to mineral changes. In addition, PA is
also sensitive to changes in the collagen content of the bone, but US is not significantly sensitive to these

changes.
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Introduction

The complex architecture of bones and contribution of
both organic and inorganic phases give rise to a very strong
bio-structure. Traditionally, the fracture risk of bone has
been mainly pursued as a result of decrease in bone mineral
density (BMD). Clinical osteoporosis diagnostic modalities
such as dual X-ray absorptiometry (DXA) can evaluate the
BMD (1). Although BMD is definitely a major factor in the
strength of bones, new studies suggest the chance of bone
fracture even without BMD deficit (2-4). Bone minerals
are responsible for compression strength of the bone and
a vital factor for bone integrity. On the other hand, the
organic phase of bones which is mainly collagen type I
provides the bone with tensile strength and ductility due
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to its viscoelastic properties. The reduction of collagen
content with aging (5-7) could be an important factor
increasing fracture risk without decrease in bone minerals.
The changes of collagen cross-links during osteoporosis
have been the subject of several studies (4,8-10). There are
still many unclear issues and more research is needed on
the variation of the organic phase of bones with aging and
as a result of diseases such as osteoporosis and diabetes.
Therefore, any method or modality that can assess either
the collagen content, or collagen cross-linking, or both,
may assist in better understanding of bone diseases, their
diagnosis and even the selection of therapeutic strategies.
Some studies have proposed the assessment of collagen
cross-linking by analyzing the urine or serum (7,8).
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Responsive to mechanical properties and geometry of
hard tissues, ultrasonic waves are proper candidates for
delivering and revealing bone strength and microstructure.
Ultrasonic evaluation of bones is not only useful for
diagnosing osteoporosis, but can also yield a better
understanding of biomechanical changes in the bone during
the disease. The use of ultrasound (US) for diagnosis of
osteoporosis started in the 1980s and essentially depends
on the measurement of the speed of sound (SOS) and on
normalized broadband ultrasonic attenuation (nBUA)
(11-15). New approaches such as fast and slow wave
detection and backscattered US were also introduced
recently (15-17) and clinical instruments based on these
parameters were proposed (16,18). Although they did not
reduce the dominance of SOS and nBUA measurements in
quantitative ultrasound (QUSYS), these alternative approaches
introduce parameters that may reveal more information
about the state of health of trabecular bones. The large
number of mechanical parameters affecting the ultrasonic
response, as well as the substantial variation of human
bone tissue and complexity of its structure, are the major
challenges of QUS in offering a reliable diagnostic method
for osteoporosis. Nevertheless, the backscatter method has
the advantage of facilitating measurements at crucial sites
like hip or spine where the risk of fracture is high. Several
parameters have been introduced and applied to quantify
bone backscattered US. Some typical parameters are the
frequency dependent backscatter coefficient [BSC or n(f)]
(19-26), the apparent integrated backscatter (AIB) (27-31)
and the broadband ultrasound backscatter (BUB) (32-35).

In this study, we measured both the US backscattering
and also the photoacoustic (PA) back-propagating signal.
The dependence of the PA signal on optical properties of
the tissue provides more specific information about bone
composition and structure. In our previous studies (36-39),
it was shown that laser light can penetrate at least as deep as
1.5 mm in cortical bone and 3 mm in cancellous bone and
can generate a detectable PA signal from those depths. It
was shown that the PA back-propagating signal is sensitive
to controlled changes of bone minerals. The PA signals also
indicate the sensitivity to variation in bone composition. We
could also detect a PA “coherent structure backscattering”
in a way very similar to US in frequencies above 1 MHz. PA
was also used to generate guided US waves in long bones
for bone assessment (40,41).

The use of frequency-domain (FD) or CW US and
PA is valuable for the spectral analysis of the signal which
is essential in this study. The FD method is based on
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transmitting a broadband coded signal and using a matched
filter at the receiving end to convert it to a time-domain
depth-dependent signal trace. The use of coded-excitation
in bone QUS has been investigated before in measurements
of the BUA (42,43), slow and fast waves (44) and guided
wave detection in long bones (45). FD-PA has been
developed by our group (46-48) and has been used mainly
for soft tissue imaging.

Materials and methods

The experimental set-up used for US and PA tests with two
different laser wavelengths is depicted in Figure 1A. A pair
of focused US transducers was employed for transmission
and reception of continuous waves (3.5-MHz, model V382,
and 2.2 MHz, model V305, Panametrics, Olympus NDT
Inc., Waltham, MA, USA). Both transducers were wideband
and had a focal length of 1. The transducers were chosen
to have similar beam widths at half maximum which were
estimated to be 0.87 and 0.9 mm for transmission and
reception, respectively (49). Using the CW method, there
was no need for RF power amplifier in the transmission line
and the 2-V
adequate signal to noise ratio (SNR). However, for
reception, a preAmp with 40 dB amplification was employed
(5676 Panametrics, Olympus NDT Inc., Waltham, MA,

USA). The bone sample and the transducers were immersed

voltage of the function generator produced

in a water container for acoustic coupling. To prevent the
overlapping of regions of interest (ROIs) of A-scans used
to calculate the ensemble average of the signal, 2-mm step
sizes were used. Less than 50% of cross-sectional overlap is
required to ensure independent signals (21).

Data acquisition and signal processing were performed
in a PC using LabView software. Data acquisition was
performed by an analog-to-digital convertor (ADC, PXIe-
5122) and NI-SCOPE software (National Instruments,
Austin, TX, USA). Waveform generation was performed by
a digital-to-analog converter (DAC, NI PXI-5421) and NI-
FGEN software (National Instruments, Austin, TX, USA).
The two cards were synchronized using the internal clock
of the instrument. The maximum sampling frequency of
both cards was 100 MHz, which was used in all reported
experiments.

The PA experiments were performed with the same
system described above, except for the signal source which
was a 805-nm CW diode-laser (Laser Light Solutions,
Somerset, NJ, USA), with a driver which was controlled
by a software function generator to modulate the laser
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Figure 1 (A) Combined US and PA experimental set-up; (B) the first four trabecular bone samples cut from larger parts. US, ultrasound; PA,

photoacoustic.

intensity. A collimator was used to generate a collimated
laser beam with 2-mm spot size on the sample. There was
a ~27° angle between the laser beam and each transducer
center line. The direction of incidence of the laser beam was
perpendicular to the water surface. The laser beam was used
to adjust the focal point of both transducers on the same
spot on the sample. The employed laser power was 2 W
and the total laser exposure for each point measurement
consisted of 10 exposures of 8 ms each with ~1 s interval
between exposures.

Measurements on four samples were also performed
with a CW Ytterbium laser (IPG Photonics, Oxford,
MA, USA) emitting at 1,064 nm. This was done to
assess the relative sensitivity of the two laser excitation
wavelengths to demineralization and decollagenization of
bones. To modulate the intensity of this laser, an acousto-
optic modulator (Neos Technologies, Melbourn, FL,
USA) was employed which was driven by signals from a
function generator (AOM in Figure 1A4). The laser power
on the sample was set to 1 W, with 1-mm beam spotsize.
Sample exposure was similar to the other laser. These two
wavelengths were selected to maximize the penetration
depth (50). Despite the large fluences, the powers of both
lasers were below the maximum permissible exposure
(MPE) ceiling due to the very short radiation time (51,52).
Linear frequency modulation chirps and a matched filtering
method were employed to generate A-scans. The chirp
duration was 1 ms and A-scans were generated by averaging
over 80 signal sequences. The chirp bandwidth was adjusted
to maximize the PA and US SNRs. Frequency ranges used
were 300 kHz to 2.6 MHz for PA, and 300 kHz to 4 MHz
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for US (53).

Three cattle femurs (Angus, Canadian) were purchased
from a local butcher. Ten trabecular bone samples were cut
from the femurs. Samples were cut with a saw to produce flat
measurement areas without any cortical overlayer (Figure 1B).
The samples were washed and kept in saline solution for up
to 2 days to dissolve the blood inside the pores. The samples
were treated either with ethylenediaminetetraacetic acid
(EDTA) or with hypochlorite solution (NaOCI). The first
group was demineralized with 50% solution of EDTA in
distilled water (pH=7.7) for decalcification simulating the
osteoporosis disease. This solution produces a very slow
and gentle demineralization (54,55). The extent of the
demineralization depends on solution concentration and
exposure duration as well as on the exposed area and bone
compactness. The second group was treated with sodium
hypochlorite solution to decollagenize the sample (56,57).
For ease of reference to the samples, those demineralized
with EDTA are identified with odd numbers and the ones
which were decollagenized with hypochlorite solution are
classified with even numbers. The exposure duration for
samples treated with EDTA was 5 hours except for sample
1 which was demineralized for 10 hours; and the samples
treated with hypochlorite solution which was demineralized
for 3 hours except for sample 2 which was decollegenized for
6 hours.

In one set of experiments four samples were tested
with both laser wavelengths as well as with US (samples
1 to 4). These four samples were basically cut from two
parts of the bone; therefore each pair had very similar
properties and microstructure (Figure 1B). During the tests
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Figure 2 Spectra of US and PA reference signals. US, ultrasound,;
PA, photoacoustic.

the samples were fixed on a holder in the experimental
set-up. Employing two micro-stages facilitated holder
movement for surface scanning. The first set of US and
PA experiments was performed on a ROI which included
a 6x8-mm’ rectangle on the bone sample. The evaluations
consisted of 12 measurements of 3x4 points with each
point 2 mm apart from the adjacent points. The samples
were treated with either solution without being removed
from the stage. This allowed repeating the measurements
at identical locations. Afterwards, each treated sample was
washed and left to dry at its location while gripped by the
holder. Two hours before repeating the measurement, the
tank was filled with saline solution to allow the bone to
degas. This procedure helped with signal reproducibility.
Comparison of PA results with both lasers showed that
for the four samples under different treatment situations
the 805-nm excitation exhibited slightly better depth
detectability and SNR. Thus, for the remaining tests only
this laser was employed. However, a complete assessment of
benefits when using 1,064-nm wavelength for bone tissue
characterization requires more investigation.

In the next set of experiments six bone samples were
tested (samples 5 to 10). On the surface of each sample two
landmarks were drilled. Also a stopper was set on the holder.
The samples were screwed to a matching part that could
be fixed on the holder while pushing at the stopper which
controlled the height of the sample. Using the landmarks
and micro-stages helped ensure the measurements could
be performed at the same exact point after removing the
sample for treatment and fixing it back on the holder.
During the treatment, the samples were immersed in the
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solution and were lowered into it in a way that the two
landmarks were flush with the interface, so that on one side
of the bone the tissue remained intact while on the other
side it was demineralized or decollagenized. US backscatter
and PA back-propagating signal measurements were
performed at least on 8 points at each part of the samples.
These points were selected on a ROI on the surface of the
bone samples and measured before and after treatments.
Only the 805-nm laser was used for these samples.

All the samples were also analyzed with micro-computed
tomography (pCT) as a “gold standard” for validation of
our PA and US results. This process was followed before
and after treatment for the first set of samples and only after
treatment for the second set using pCT 40 (Scanco Medical
AG, Brittisellen, Switzerland). The pCT parameters were
40 kVp and 177 pA. To evaluate the bone volume fraction
(BV/TV), the pCT analyzing software (Scano Medical) was
used. Here the active volume was the aforementioned ROI
on the bone with 4-mm depth/thickness.

Results

A reference signal was measured for each method to eliminate
the transducer transfer function and other instrumentation
components from the spectral analysis. The reference US signal
was generated using a shiny metallic surface (a perfect reflector).
A thick plastisol absorber with a known high absorption
coefficient (9 ecm™ at 805 nm and ~11 em™ at 1,064 nm)
was employed as the PA reference sample. The cross-
correlation spectra of these reference samples are shown in
Figure 2. The frequency spectra of PA and US signals were
normalized by these spectra. In this study we used the AIB
parameter defined as:

US or PA AIB=A]fAj;‘2010g10(;;:;JJf [1]
where S; is the amplitude spectrum of the time-gated
reflected signal, S, is the amplitude spectrum from a
reference sample and Af'is the frequency bandwidth of the
chirp. To evaluate the US backscatter spectrum, the signal
was time-gated to eliminate reflection contributions (31).
However, time-gating of PA signals is not supposed to
eliminate the first peak as all the signal is due to back-
propagation. It should be mentioned that using a time-gating
window for US that includes the reflected and backscattered
US, didn’t generate large variation in the results reported in
Table 1.

The ensemble averaged US and PA cross-correlation
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US AIB changes (dB)

SD PA AIB changes (dB) SD BV/TV

NaOCl 1.0

-1.2
3.92
117

5.36

o o o B~ N

2.2 -13.0 2.8 0.211
2.8 6.5 4.1 0.152
2.5 -9.61 5.7 0.227
2.6 -3.59 2.3 0.163
3.5 -5.98 7.5 0.179

US, ultrasound; PA, photoacoustic; AIB, apparent integrated backscatter/back—propagating; SD, standard deviation; ROI, regions
of interest; BV/TV, bone volume fraction; EDTA, ethylenediaminetetraacetic acid; NaOCI, sodium hypochlorite solution.

signals of 12 points on sample 3 (demineralized with
EDTA) are shown in Figure 34-C. These signal traces
demonstrate that both PA and US signals decrease after
decalcification of the bone. The ensemble averaged US and
PA cross-correlation signals of sample 4 (decollagenized
using the sodium hypochlorite solution) are shown in
Figure 44-C. These signal traces demonstrate the variation
of PA and US signals with decollagenization. It can be
observed that the US signal shows very small variation with
decollagenization, whereas PA signals at both wavelengths
decreased significantly with reduction of collagen content.
To examine the consistency of the typical signals
presented in Figures 3,4 with measurements made on the
other samples, the changes of the AIB values of all samples
after treatments are reported in Tiable 1. Here, negative
signs indicate reduction of AIB with treatment. The treated
and intact parts of the samples 5-10 were also pooled
together in 7uble 1. This table shows the changes in US and
PA (805 nm wavelength) AIB due to different treatments;
5 demineralized samples, 5 decollagenized samples and 6
intact samples which were the intact part of samples 5 to
10. The AIB values averaged over 8 to 12 measurements
on each sample and standard deviation (SD) of the changes
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shows value variations in each sample. The table also
reports the BV/TV of the selected ROI in all cases as
measured after the treatment. The small changes (compared
with SD) in the AIB of the intact parts of the bones support
the reproducibility of the results and define the deviation
baseline of the measurement due to factors other than the
treatment.

The changes in the PA AIB for the first four samples
with both wavelengths are presented in Table 2. The BV/
TV of the ROI of these four samples estimated from pCT
before and after each treatment is reported in this table as
well.

Table 3 shows the averaged PA (805 nm) and US AIB
changes of all samples presented individually in Table 1.
Using paired-samples Student #-test in an Excel program
(Microsoft, USA) the statistical significance of the results
was assessed and reported in the table.

US and PA AIB (A,=805 nm) vs. BV/TV were plotted
in Figure 5. The linear least-squares fit has been used for
each group separately to show trends. The linear regression
(LR) of the group treated with EDTA is shown with solid
lines, while the group treated with sodium hypochlorite
is identified by dashed lines. The associated data points

Quant Imaging Med Surg 2015;5(1):46-56



Quantitative Imaging in Medicine and Surgery, Vol 5, No 1 February 2015 51

400

A '; ~——US CC pre-demin.
S, - = - -US CC post-demin.
O 320
O
3
o 240
(0]
(@]
o
o 160
©
o
o)
% 80 TR
» 1 \ AV
c ! A N
i 0 oAl 3 ~ - N

¥ T T T T T v T X T L
32 34 36 38 40 42 44
Delay time [ps]
B 0.12
~———PA CC pre-demin.
0.0 = = = *PA CC post-demin.

(805 nm)

Ensemble averaged PA CC [a.u.]

RSy 1
000~
12 14 16 18 20 22 24 26 28 30 82 34

Delay time [us]

C 0.12
| ——PA CC pre-demin.
0.104 = = = *PA CC post-demin.
(1,064 nm)

Ensemble averaged PA CC [a.u.]

B B NN JR N S SN B SN AN SN
12 14 16 18 20 22 24 26 28 30 32 34
Delay time [us]
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© AME Publishing Company. All rights reserved. Www.amepc.org/qims Quant Imaging Med Surg 2015;5(1):46-56



52

Lashkari et al. Ultrasound and photoacoustic assessment of bone

Table 2 Comparison between the changes of PA AIB due to demineralization and decollagenization of bone samples with two different

laser wavelengths (AIB and SD are calculated based on between 12 point measurements on each sample in ROI). Also, BV/TV of samples

before and after treatment.

Treatment Sample PA AIB change (805 nm) (dB) SD PA AIB change (1,064 nm) (dB) SD BV/TV before BV/TV after

1 -0.8 2.8 +1.0 2.4 0.229 0.172
EDTA

& -7.0 2.9 —6.3 &Ll 0.117 0.106

2 -13.0 2.8 -13.9 1.7 0.234 0.211
NaOCI

4 -5.5 41 -3.4 4.5 0.159 0.152

PA, photoacoustic; AIB, apparent integrated backscatter/back-propagating; SD, standard deviation; ROI, regions of interest; BV/
TV, bone volume fraction; EDTA, ethylenediaminetetraacetic acid; NaOCI, sodium hypochlorite solution.

Table 3 Averaged changes of US and PA (A,=805 nm) AIB of
sample bones demineralized, decollagenized, or intact
No.of US AIB change PA AIB change

Treatment

samples (dB) (dB)
EDTA 5 —5.94** -5.07*
NaOCI 5) 2.05 —7.53*
No treatment 6 0.62 -1.60

**, statistically significant with 99% confidence (P<0.01); *,
statistically significant with 97.5% confidence (P<0.025).
US, ultrasound; PA, photoacoustic; AIB, apparent
integrated backscatter/back-propagating; EDTA,
ethylenediaminetetraacetic acid; NaOClI, sodium hypochlorite
solution.

are also shown with solid symbols and half-filled symbols,
respectively.

Discussion

The use of combined US and PA probes in parallel is
expected to enhance the detection of bone degradation.
While for the most part both methods use common
instrumentation, they are sensitive to different tissue
properties. The key goal of this study was to explore the
PA and US responses before and after decalcification and
decollagenization of the bone samples at identical points.
The measurement methodology used helps to reduce the
effect of the large disparity and inhomogeneity of the bone
tissue on experimental results. Different regions of the
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Figure 5 (A) US and (B) PA (A,=805 nm) apparent integrated
backscatter/back-propagating (AIB) versus bone volume fraction
(BV/TV). US, ultrasound; PA, photoacoustic.
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samples were treated with EDTA and sodium hypochlorite
solutions. The former dissolves the minerals and the latter
reduces the collagen content. These experiments were
designed to evaluate the relative sensitivity of the two
modalities to trabecular bone degradation. The cross-
correlation signal traces shown in Figure 34-C as well as
Figure 44-C are averaged from 12 point measurements
which did not demonstrate large signal fluctuations.
Comparison between the FWHM of US and PA signals
demonstrates the higher axial resolution of US compared
with PA, although both modalities used the same detector.
The chirp frequency ranges of the two methods were
somewhat different: 0.3-2.6 MHz for PA vs. 0.3-4 MHz
for US. Nevertheless, this difference has little to do with
resolution differences, as it is mostly the effect of PA
energy conversion which acts as a low-pass filter (53,58).
Figure 2 shows the PA and US reference spectra and
clearly demonstrates a much broader US frequency range
compared to PA. It also clarifies the rationale for choosing a
shorter frequency range for PA compared with US.

The cross-correlation signals of both methods (PA and
US) show decrease with decalcification of the bone samples.
US AIB as well as PA AIB with 805-nm laser show decrease
for all five samples. However, PA measurements with the
1,064-nm laser have one exception to the trend: sample 1. It
should be noticed that in this case the change with respect
to SD was small. This discrepancy can be explained by
considering that minerals absorb and scatter the laser light.
The decalcification process reduces these absorbers (PA
sources) and at the same time reduces scattering, thereby
facilitating the penetration of light into deeper subsurface
regions which might have higher absorption coefficients.
The reason that this only happened for one sample can be
related to normal variation in biological samples. It should
be noticed that the change of PA AIB at 805 nm in this case
has a negative value and it is small compared with its SD,
therefore insignificant.

Table 1 shows that the reduction of collagen content
increases the US AIB. Here the acoustic-wave-attenuating
collagen is reduced and the US signal is consequently
increased. Sample 4 is an exception in the sense that its US
AIB decreased with decollagenization. On the other hand,
it can be observed that the average change of the US AIB is
smaller than the SD, and therefore insignificant. This can
also be observed in Figure 44 where the ensemble averaged
cross-correlation of US measurements on sample 4 is shown.

Table 1 further shows that the PA AIB decreased for all
decollagenized samples. This is also the case for the other
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wavelength (1,064 nm) in Table 2. Therefore, as discussed
in relation to Figure 4, we consistently observed PA-signal
and consequently PA AIB decrease with reduction of bone
collagen content.

The variation of AIB with BV/TV in the demineralized
cases (Figure 5A,B solid lines) demonstrates the sensitivity
of both US and PA to changes in the mineral content in the
ROL In Figure 5B, however, it can be seen that in the case
of treatment with sodium hypochlorite (dashed line), the
trend of PA AIB does not follow the reduction in BV/TV
(negative slope). This is not surprising as this group has lost
the collagen content without significant variation of the BV/
TV. Thus, the changes in PA AIB were completely affected
by decollagenization. In contrast, Figure 54 (dashed line)
shows that for the same group (decollagenized samples),
the US AIB follows the trend of BV/TV change but with
a slope change compared to demineralized samples. This
indicates that US AIB has a strong correlation with BV/
TV and decollagenization induces a minor variation in this
correlation, which is consistent with the results discussed
in relation with Table 1. We observed a slight (compared
with SD) increase of US AIB with decollagenization
which was attributed to reduction in acoustic attenuation
and, therefore, we should expect higher correlation of
backscattering with BV/TV. This is the case in Figure 54
where the correlation coefficient between US AIB and
BV/TYV, increased from 0.7 to 0.74 for decollagenized
samples. It should be noted that despite strong correlation
of US with BV/TYV, the QUS parameters, especially the
backscatter parameters, are affected by other factors such
as the random structure and anisotropy of cancellous bone.
Although one may use a very large number of samples to
minimize the influence of those other factors in the study,
our approach was to perform the measurements exactly at
the same points before and after all treatments. Thus, other
parameters generate a fixed baseline and treatment-induced
changes to this baseline can be easily monitored.

The results of this study are summarized in Table 3,
which shows the average change of US and PA AIB, before
and after the measurements from three groups of samples:
demineralized samples (identified with EDTA treatment),
decollagenized samples (identified with NaOCI) and intact
samples (identified with “no treatment”). The number of
samples for the first two groups was 5 and for the intact
group was 6. As mentioned before, the data for the intact
samples were from the untreated part of samples 5 to 10.
Using the paired 7-test the statistical significance of the
changes was analyzed. Considering the samples treated with
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sodium hypochlorite, while the US AIB was not significantly
sensitive to the changes, the PA AIB is sensitive and could
detect the variation in collagen content. These conclusions
are consistent with the ensemble averaged cross-correlation
signals of samples 3 and 4 shown in Figure 3 and Figure 4,
respectively. On the contrary, for samples treated with
EDTA, both US and PA are statistically significant and
could detect the changes in BV/TV. However, the US AIB
seems to be more reliable than PA as indicated by the P
values reported in Table 3.

In conclusion, in this study we examined the variation
of US backscatter and PA back-propagation with reduction
of bone minerals and collagen content in trabecular bones.
The results show that both PA and US are sensitive to
reduction of the mineral content of bone. Moreover, PA is
also sensitive to changes in the collagen content of bone,
but US is not significantly sensitive to these changes.
The PA response depends on the optical properties of
tissue, thus it is expected to provide QUS (the US clinical
embodiment) with complementary information about bone
health and integrity. In addition, it requires minimum
effort for co-registration with US. This can elevate the
combined method to a collagen specific diagnostic, capable
of analyzing the optical and mechanical properties of bone
tissue. While the collagen status is directly related to the
strength of the bone (3,4,59) diagnosis of its condition with
QUS is a challenge (27,33,56). Here it has been shown
that the back-propagating PA has a great advantage over
US backscattering measurements with respect to collagen
variation sensitivity. The combined method can yield
information about changes to trabecular bone density with
respect to both mineral and collagen content, which is not

possible with US probing alone.
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