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Abstract— To date, spinal problems are not rare, and
relevant therapies are always required. Although the
combination of photoacoustic imaging (PAI) and spinal fusion
surgery, a widely applied operation for spinal cures, is
unprecedented, we assume that such combination might
improve the accuracy and safety of the surgery. This paper aims
to testify that PAI is effective in monitoring and navigating
during spinal fusion surgery. Specifically, we examined the
optical absorption spectrum of bones to determine the optimal
laser wavelength as 532nm. Afterwards, we measured the
photoacoustic signals of this bone samples, discovering that the
signals of two kinds of samples, cortical bone and cancellous
bone, differ considerably in frequency domain. It demonstrated
the feasibility that PAI is effective enough to distinguish
different bone tissues during the spinal fusion surgery.

I. INTRODUCTION

Nowadays, spinal diseases like scoliosis and fracture are
common clinical issues, most of which originate from physical
accidents or genetic inheritance [1]. Once the spine is hurt, the
specific vertebrac may not function properly, bearing the
potential of more severe injury. Therefore, orthopedic
surgeries play an important role in avoiding disability and
providing health to many patients. One of the most commonly
conducted therapy is spinal fusion surgery [2, 3], with more

than 400000 cases performed annually in the United States [4].

Spinal fusion fuses two or more vertebrae together with
screws for recovery, which is also widely applied in
degenerative diseases and tumors. This surgery should be
operated with high accuracy due to the delicate structure of
backbones [5]. The screws should go through the pedicle
without damaging other tissue. According to the anatomical
structure of the spine shown in Fig. 1, the size of pediculus is
only of several millimeters, leaving the operation with quite
small room for error. Besides, the dense nerves and blood
vessels surrounding the vertebrae play an irreplaceable role in
the movement and perception of human body, damage of
which could result in paralysis or disability of senses [4, 6-8].
Therefore, precise prognosis and monitoring of the surgery is
of great importance.

Photoacoustic imaging (PAI) is an emerging medical
imaging modality that seems to have the potential to solve the
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above-mentioned problem [9]. Based on photoacoustic (PA)
effect, the target tissue would emit ultrasound waves once it
was exposed to pulsed laser beams. Then, the ultrasound
transducer receives the signals for subsequent image
reconstruction and analysis [10]. It is quite safe for clinical
application, since it is free of ionizing radiation and poisoning
contrast agent. There are several types of PAI according to the
difference in excitation source and reconstruction method [11].
Photoacoustic tomography (PAT) is one of them, which has
developed quickly in recent years [12]. As a hybrid imaging
method, PAT possesses both high spatial resolution and
molecular contrast, combining the merits of optical imaging
and ultrasound imaging [10]. Another worth noting category is
photoacoustic microscopy (PAM). While PAT is always
applied in imaging large organs, PAM has more advantages in
the case of cells and subcellular fractions at superficial of the
tissue [13]. It can provide anatomical and molecular
information on micrometer scale in vivo. Therefore, PAM
usually functions well in invasive surgical operations, where
the imaging tissue is at superficial with sub-millimeter depth.

During the spinal fusion surgery, the screw needs to go
through cortical bone on the surface and reach cancellous bone
deeper inside [14]. The direction and depth of the screw must
be monitored in real time to guarantee safety. On one hand, the
distance between cortical and cancellous bones should be
avoided of being too close in case that the drill may break the
vertebra. On the other hand, the advance path of the drill
should avoid the plentiful blood vessels and nerves
surrounding the vertebrae, damage of which would bring
irreversible consequence to the body. Therefore, during the
development of medical operation, minimally invasive
surgery has become popular, since it always leads to less
severe operative wound and nerve injury [15-17]. However, it
still suffers from the non-negligible disadvantage of
insufficient view, hence requiring efficient guidance and
monitoring during the operation, especially for tissues as
delicate as the vertebrae [18]. We thought PAI could be a
potential candidate for operative guidance here since it
performs well in differentiating different tissues and can be
miniaturized to fit into invasive operation devices. We
conducted several experiments to testify our idea in this work.
We ground our sample bone into powder for the test of
absorption spectrum, so that we could decide the most
appropriate wavelength of the laser used to trigger PA signals.
Afterwards, we collected and analyzed the PA signals of
bones samples, aiming to confirm that PAI can effectively
distinguish between cortical and cancellous bones.
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II. METHODS AND RESULTS

A. Absorption spectrum of cancellous bone

Structurally, bones are composed of periosteum, sclerotin
and marrow. Being the outermost layer, periosteum is full of
nerves and blood vessels, which are important for sensing and
regeneration of bones. Our focus goes to the interlayer,
sclerotin, when the fusion surgery is concerned. The sclerotin
can be divided into cortical and cancellous parts according to
their density and position [14]. Cortical bone is always rigid
and compact, spreading over the surface of bones, while
cancellous bone is spongier with poor anti-pressure ability. As
discussed in introduction part, it is of great importance to
efficiently distinguish cortical bone from cancellous bone in
real time, otherwise there remains the risk of causing bruise or
even more dangerous damages.

To start with, we need to set the system up and determine
the detailed parameters of devices, the most important of
which is the wavelength of the excitation laser source. It is
well known that absorption spectrum refers to the spectrum
generated by absorption of photons from lower energy levels
to higher energy levels, which is usually applied in
distinguishing matters according to their characteristic
absorption peak. While in our experiment, we expect the
sample would absorb the laser energy with possibly maximum
efficiency, so that it would produce the PA signals with
sufficient intensity for detection. Therefore, we tested the
optical absorption characteristics of the targets. Experiment
for cancellous bone is set as an example. The vertebrae of a
sheep were chosen as experimental subjects, whose cancellous
bone was carefully separated from cortical ones, and was
ground for easier measurement of absorption spectrum.
Around 2 grams of the sample was ready for the test. The test
equipment is UV spectrophotometer (UV-2600, Shimadzu
(Shanghai) Global Laboratory Consumables Co., Ltd) with a
wavelength coverage of 340 nm-960 nm. From the result in
Fig. 2, it is clear that there are three characteristic peaks. The
highest peak is at the wavelength of 413 nm, while the other
two being at 541 nm and 576 nm, respectively. Obviously, the
sample performs best in light absorption at the wavelength of
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413 nm. However, at this wavelength, the laser beam would
bear great energy, which means the potential of being unsafe
to the operator. As for wavelength of 576 nm, the absorption
here is similar to that at 541 nm. Considering that it would cost
much less since we already have the laser equipment of 532
nm, which is a standard output wavelength of high-power
pulsed laser. More importantly, the absorption at this
wavelength is high enough for imaging, so we chose 532 nm
as the wavelength of the pulse laser source for excitation.
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Figure 2. The absorption spectrum of cancellous bone

B. Acquisition and analysis of PA signals

As discussed above, the pulsed laser with the wavelength
of 532 nm was chosen to be the most appropriate excitation
source. To testify whether PAI can efficiently distinguish
cortical bones from cancellous ones, we need to collect the PA
signals of these two kinds of bone components for comparison.
As shown in Fig. 3, we set up a photoacoustic sensing system
with a laser device of 532 nm wavelength and other necessary
optical elements. The combination of two convex lens aims to
produce laser beam with great collimation. The pinhole
functions to filter noise waves and purify the light, so that the
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beam is of better focus after the special filtering. After
reflection by a plane mirror, the laser beam goes through an
aspherical lens instead of a common convex lens for better
phase configuration. The bone sample was completely
submerged in water for signal coupling. Once the sample was
exposed to the focused laser beam, the excited PA signals
were collected by the ultrasound transducer, which is also
immersed in water. The detected PA signals go through the
amplifier and demonstrated by the oscilloscope. We possessed
the data with MATLAB, including both time-domain and

frequency-domain demonstration after Fourier transformation.

The results are shown in Fig. 4.
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Figure 3. The photoacoustic imaging system. (CL: convex lens, PH:
pinhole, MR: mirror, AL: aspherical lens, WT: water, UT: ultrasound
transducer, AMP: amplifier, OSC: oscilloscope)
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Figure 4. The PA signals and the corresponding Fourier transfomation
results. The left column being the graphes showing the original PA signals of
cortical and cancellous bones, the right column being the frequency domain
demonstration respectively.

III. DISCUSSION

We may conclude from the amplitude graphs in Fig. 4 that
signals of cancellous bone are more compact, while cortical
bone produces sparse signals. This conclusion is also vividly
reflected in the frequency domain, where cortical bone signals
mostly take up the low-frequency range and the peak signal
lies at the frequency of 0.88 MHz. Comparatively speaking,
cancellous bone signals reach its peak at 2.4 MHz with lower
amplitude. The difference mainly results from the
microstructure of these two types of bones. For cortical bones,
the bone mineral density is relatively high and the porous
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feature is less obvious than cancellous bones. Therefore, the
PA signals of cortical bone have higher amplitude but lower
frequency, while for cancellous bone is the other way round.
To conclude, the difference between cortical bone and
cancellous bone can be greatly distinguished by PAI. In other
words, applying PAI in spinal fusion surgery for guidance and
monitoring is feasible in principle.

It requires more explanation for the choice of laser
wavelength. Photoacoustic imaging experiments usually adopt
the lasers of medium wavelength out of safety concern,
especially for in vivo experiments, where there are strict rules
towards the maximum laser energy on the experimental
sample (American National Standards Institute safety standard
being 30mJ/cm?)[19]. Therefore, we did not adopt the laser
with the wavelength of 413nm, despite the high absorption
there. The absorption at 532nm is only slightly less than that at
541nm, so it is safer and more economical to image at this
wavelength, at no sacrifice of signal quality.

Another worth noting point is that we ground our sample
for the test of absorption spectrum. This is because that
spectrophotometers usually functions better when the sample
is in fluid state, so it is more reasonable to test for powder
specimens than solid ones. However, the process of griding
has unavoidably transformed the appearance of our sample,
and it remains a question whether its absorption spectrum truly
reflects the optical characteristics of the non-broken bones as
in real surgery. We should further conduct experiments to
confirm that idea.

IV. CONCLUSION

To conclude, our intention to testify whether PAI is a good
candidate for the guidance in endoscopic operations like spinal
fusion surgery is successfully conducted. Judging from the PA
signals of samples in both time domain and frequency domain,
photoacoustic technology performs well in distinguishing
different components of bones, which means the opportunity
of it been successfully applied in spinal fusion quite a great
one. Based on this discovery, we shall promote further
research in mechanical and circuit part for the construction of
the whole operative system, and it would undoubtedly
enhance the safety and accuracy of existed systems.

REFERENCES

J. R. Chapman, "Editorial. Spinal infections: a growing problem,
which deserves our urgent attention," Neurosurg Focus, vol. 46,
no. 1, p. E3, Jan 1 2019.

T. J. Germon and J. C. Hobart, "Definitions, diagnosis, and
decompression in spinal surgery: problems and solution," Spine J,
vol. 15, no. 3 Suppl, pp. S5-S8, Mar 2 2015.

S. Maria et al., "Spinal Fusion Surgery and Local Antibiotic
Administration: A Systematic Review on Key Points From
Preclinical and Clinical Data," Spine, vol. 45, no. 5, 2020.

H. J. Kim et al., "Patients with abnormal microarchitecture have
an increased risk of early complications after spinal fusion
surgery," Bone, vol. 143, p. 115731, Feb 2021.

Y. Nakahata and R. Yasuda, "Plasticity of Spine Structure: Local
Signaling, Translation and Cytoskeletal Reorganization," Front
Synaptic Neurosci, vol. 10, p. 29, 2018.

T. C. Edwards et al., "Problem areas identified as important to
older adults with lumbar spinal stenosis," Spine J, vol. 15, no. 7,
pp. 1636-44, Jul 1 2015.

S.Li, C. Z. Du, S. H. Mao, B. L. Shi, Z. Z. Zhu, and Y. Qiu, "Both
structural damage and inflaimmation of the lumbar spine
contribute to the sagittal imbalance in ankylosing spondylitis

(1

(2]

(3]

(4]

(3]

(6]

(7]



patients with thoracolumbar kyphosis," Quant Imaging Med Surg,
vol. 11, no. 1, pp. 362-370, Jan 2021.

[8] T. Brown, C. A. Reitman, L. Nguyen, and J. A. Hipp,
"Intervertebral Motion After Incremental Damage to the Posterior
Structures of the Cervical Spine," Spine, vol. 30, no. 17, 2005.

[9] M. Xu and L. V. Wang, "Photoacoustic imaging in biomedicine,"
Review of Scientific Instruments, vol. 77, no. 4, 2006.
[10] I. Steinberg, D. M. Huland, O. Vermesh, H. E. Frostig, W. S.

Tummers, and S. S. Gambhir, "Photoacoustic clinical imaging,"
Photoacoustics, vol. 14, pp. 77-98, Jun 2019.

[11] P. Beard, "Biomedical photoacoustic imaging," Interface Focus,
vol. 1, no. 4, pp. 602-31, Aug 6 2011.
[12] C. Tian, M. Pei, K. Shen, S. Liu, Z. Hu, and T. Feng, "Impact of

System Factors on the Performance of Photoacoustic
Tomography Scanners," Physical Review Applied, vol. 13, no. 1,

2020.

[13] J. Yao and L. V. Wang, "Photoacoustic Microscopy," Laser
Photon Rev, vol. 7,n0. 5, Sep 1 2013.

[14] S. H. Wang et al., "Relationship between Cortical Bone

Thickness and Cancellous Bone Density at Dental Implant Sites
in the Jawbone," Diagnostics (Basel), vol. 10, n0. 9, Sep 17 2020.
[15] T. Zhao, A. E. Desjardins, S. Ourselin, T. Vercauteren, and W.
Xia, "Minimally invasive photoacoustic imaging: Current status
and future perspectives," Photoacoustics, vol. 16, p. 100146,

2019/12/01/ 2019.

[16] A. Meinzer et al., "Advances and Trends in Pediatric Minimally
Invasive Surgery," J Clin Med, vol. 9, no. 12, Dec 10 2020.

[17] J. Kwak and K. E. Lee, "Minimally Invasive Adrenal Surgery,"
Endocrinol Metab (Seoul), vol. 35, no. 4, pp. 774-783, Dec 2020.

[18] L. A. Devane, J. P. Burke, J. J. Kelly, and M. R. Albert,

"Transanal minimally invasive surgery for rectal cancer," Ann
Gastroenterol Surg, vol. 5, no. 1, pp. 39-45, Jan 2021.

[19] Y. Zhao et al., "A Light-Adjustable Hand-Held Probe for
Photoacoustic Tomography in vivo," IEEE Journal of Selected
Topics in Quantum Electronics, vol. 27, no. 4, pp. 1-11, 2021.

297



