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Abstract: Throughout the central nervous system, the spinal cord plays a very important role, namely,
transmitting sensory and motor information inwardly so that it can be processed by the brain. There
are many different ways this structure can be damaged, such as through traumatic injury or surgery,
such as scoliosis correction, for instance. Consequently, damage may be caused to the nervous system
as a result of this. There is no doubt that optical devices such as microscopes and cameras can have
a significant impact on research, diagnosis, and treatment planning for patients with spinal cord
injuries (SCIs). Additionally, these technologies contribute a great deal to our understanding of these
injuries, and they are also essential in enhancing the quality of life of individuals with spinal cord
injuries. Through increasingly powerful, accurate, and minimally invasive technologies that have
been developed over the last decade or so, several new optical devices have been introduced that are
capable of improving the accuracy of SCI diagnosis and treatment and promoting a better quality of
life after surgery. We aim in this paper to present a timely overview of the various research fields that
have been conducted on optical devices that can be used to diagnose spinal cord injuries as well as to
manage the associated health complications that affected individuals may experience.

Keywords: spinal cord; spinal cord injury; optical coherence tomography; fluorescence imaging;
photoacoustic imaging; plasmonic nanoparticles; wearable optical technology; neuroimaging; fiber
Bragg grating

1. Introduction

The spine’s health is of utmost importance for the proper function of the human body.
The spine protects the spinal cord, a column of nerves connecting the brain with the rest of
the body. The spine is made up of vertebrae, which enclose the spinal cord. The spinal cord
is a tubular structure running from the base of the brain down to the lower back, encased
within the vertebral column. Comprising many nerve fibers, it features ascending tracts
that transmit sensory information from the body to the brain and descending tracts that
relay motor commands to muscles. The spinal cord comprises grey and white matter, and
the share of each case in spinal cord composition is 40 and 60%, respectively. Grey matter
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consists of nerve cells responsible for muscle movement, sensory information, vibrations,
and more. The surrounding white matter consists of nerve fibers that transmit signals
between the brain and the rest of the body and hence are fundamental for coordination
and movement. Cerebrospinal fluid (CSF) is a jelly-like substance that surrounds the spinal
cord and protects the nerve fibers and nerve cells. Having mentioned the functioning of
all spinal cord constituents, it is straightforward to understand why spinal health is vital
for healthy human life [1]. Based on the source of injury, spinal cord injuries (SCIs) can
be divided into traumatic and non-traumatic. Traumatic SCI often stems from external
physical accidents like car crashes, falls, sports-related incidents, or acts of violence. These
events may lead to fractures, dislocations, or spinal cord compressions. On the other hand,
non-traumatic SCI occurs due to the progression of existing acute or chronic illnesses such
as tumors, infections, spinal cord ischemia (resulting from insufficient blood flow), or
degenerative diseases like multiple sclerosis [2].

After a spinal cord injury, individuals often face a multitude of underlying problems
that extend beyond the immediate physical impairments. These issues encompass sec-
ondary complications like muscle atrophy, pressure ulcers, urinary tract infections, and
respiratory problems. Additionally, there are profound emotional and psychological chal-
lenges, including depression, anxiety, and adjustment disorders, as affected individuals
adapt to their changed circumstances [3,4]. Spinal cord injuries impose severe physical,
social, and occupational burdens on patients and their families. These injuries lead to a loss
of independence and a persistent increase in mortality rates throughout the affected indi-
viduals’ lives. Individuals who have suffered a spinal cord injury face a significantly higher
risk of premature mortality, ranging from two to five times greater than those without such
damage. This discrepancy in survival rates is more pronounced in low- and middle-income
countries [5]. Direct costs associated with caring for SCI patients range from USD 1.2 to
5.1 million per patient over their lifetime [6], underscoring prevention’s importance as the
primary intervention strategy for SCls. However, in cases where prevention is not possi-
ble, developing effective treatments becomes critically important. Annually, an estimated
250,000 to 500,000 individuals suffer from spinal cord injuries globally. The incidence of
SCI varies globally, with notable differences among developed regions. In 2019, there were
0.9 million incident cases of SCI globally. In North America, the incidences of traumatic
SCI were higher, with 0.11 million cases compared with 0.107 and 0.047 million patients in
Europe and Southeast Asia, respectively. This discrepancy is attributed to higher rates of
violent crime and self-harm in North America [7].

No cure exists for SCI, but research endeavors are making significant strides in multi-
ple domains. Ongoing research is exploring promising avenues such as stem cell the-rapy,
neuroprotective drugs, and electrical stimulation to improve the functional outcomes for
individuals with SCI. Stem cell therapy holds potential for tissue regeneration [8,9], while
neuroprotective agents aim to minimize secondary damage [10]. Electrical stimulation
techniques are also being developed to enhance motor function and improve the quality
of life for those with SCI [11-13]. Cellular therapies, molecular therapies, and therapies
addressing myelin inhibitors and extracellular matrix modifiers show potential, with some
advancing toward clinical trials [14,15]. While some of these interventions are experimental,
others, such as nerve growth factor administration for Alzheimer’s disease, have entered
clinical trials [16]. While these advancements are promising, it is essential to understand
that comprehensive rehabilitation and supportive care remain crucial for managing the
consequences of SCI and improving the overall well-being of affected individuals. Rehabili-
tation is pivotal in enhancing locomotor function after SCI, harnessing the spinal circuitry’s
inherent plasticity and functionality below the lesion site. However, challenges persist in
determining the safety and efficacy of these therapies for human SCI [17].



Biosensors 2024, 14, 296

30f25

Based on the severity and the extent of sensory and motor function impairment, spinal
cord injuries can be classified into complete SCI and incomplete SCI. In cases of complete
SCI, there is a total loss of sensory and motor function below the injury site, resulting in
a complete disconnection between the brain and the affected body parts. Incomplete SCI
occurs when some sensory or motor function remains below the injury site; it encompasses
a range of conditions where partial communication between the brain and the body persists.
The specific deficits can vary significantly [18].

The precise diagnosis of these spinal cord injuries is crucial, and for this purpose,
imaging technologies play a significant part. Through imaging techniques, aid for correctly
navigating surgical tools, including inspecting needle probes, can be achieved, which is a
critical aspect of such sophisticated surgical procedures [19]. In spinal surgery, complex
anatomy, the deformation of the outer layers of the spinal cord, or after-effects of the injury
may block the advancement of the inspecting probe, which can complicate the surgical
procedure and enhance the risk of fatal consequences. Traditionally, to address such a prob-
lem, a spinal endoscopy (epiduroscopy) approach involved the intensive use of continuous
X-rays for scanning, exposing the patient to harmful radiation [20-22]. The well-established
radiation-less in vivo imaging techniques for spinal cord imaging in living beings (i.e.,
animals and humans) are magnetic resonance imaging (MRI), ultrasound, and diffusion
tensor imaging (DTI) [23-26]. These commonly used imaging techniques provide in vivo
serial imaging of the spinal cord in the preclinical stage but suffer from substandard image
resolution, which hinders the effective visualization of requisite microscale anatomical
structures such as the circulatory system and neural pathways. Not only this, but these
imaging techniques also struggle with poor tissue specificity, hence requiring an extrinsic
dye to distinguish between the circulatory system and solid tissue structures. Furthermore,
CT and MRI imaging are expensive and cumbersome and require compatibility adjustment
of the surgical tools with an imaging procedure. However, the complex anatomy of the
spinal cord and surrounding structures causes a hindrance in accessibility to the spinal
cord for human research as the critical aspect in such a sophisticated surgical procedure is
to achieve the correct navigation of the surgical tools [27].

Various optical imaging techniques contribute to the guidance imaging of spinal in-
terventional procedures [28]. They are extensively used for the precision investigation of
irregularities in spine structure due to traumatic injuries, with fewer complications [29].
Traditionally, fluoroscopy, computed tomography, and reflectance spectroscopy techniques
have been used for guided imaging. Despite their extensive use, these techniques come
with individual shortcomings. Despite its low cost and ease of use, fluoroscopy is unable
to detect soft tissues like blood vessels and nerves, which can lead to surgical errors [30].
Anatomical resolution and needle placement accuracy are improved through CT fluo-
roscopy. It cannot, however, identify the positioning of a needle in a tiny radicular or
medullary vein and unfortunately, because of its low spatial resolution (~1 mm), it cannot
identify the needle’s insertion into smaller radicular or medullary arteries. This method is
not only laborious, but it is not appropriate for everyday tasks [31,32]. Further use of re-
flectance spectroscopy resolves the issue regarding image resolution in the abovementioned
techniques but provides only 1-D analysis, which lacks intuitive information for guidance.

This context makes optical imaging techniques more advantageous than conventional
imaging techniques. Through improving image resolution, monitoring in real time, and
avoiding invasive procedures, optical imaging can reduce the risk of harmful radiation. The
purpose of this review is to provide a detailed overview of various optical imaging methods
that can be used for precise imaging of spinal cord injuries and their treatment. Various
optical imaging techniques, including optical coherence tomography (OCT), fluorescence
imaging, wearable optical technology, and neuroimaging using optical techniques, were
reviewed. With OCT, surgical invasiveness is reduced and inhomogeneous structures can
be captured at micrometer-level depth. Deep tissue can be imaged using fluorescence
imaging. The use of wearable optical technology offers a high level of flexibility, ease of
use, and precision. Using optical technologies for neuroimaging offers the comfort of being
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able to provide information on the structure and function of the brain simultaneously after
spinal cord injury. Conventional methods, such as MRI, are not able to image precisely the
spinal cord region due to the inhomogeneity in magnetic fields resulting from the highly
complex anatomy of the spinal cord; however, optical technologies can accomplish this via
avoiding the difficulty involved in performing imaging with high penetration depth and
resolution. In addition to the above advantages, optical fiber-based techniques allow the
imaging of the spinal cord to be targeted in more depth with negligible loss of light energy
affecting the fiber, which ensures a high level of imaging resolution. It should also be noted
that fiber Bragg gratings have also been considered to be effective devices for assessing the
level of stress imposed on the spine after injury. The purpose of this review is to present
recent advances and future perspectives in the field of optical devices for the diagnosis of
spinal cord injuries (SCIs) and the management of the related health complications that
affected individuals may experience in the future.

2. Optical Coherence Tomography (OCT)

Navigation methods must be chosen carefully so as not to adversely affect the neurons’
functions during surgical procedures. Even though optical coherence tomography (OCT)
is a relatively new imaging technique, it still provides advantages in decreasing surgical
invasiveness and interference with surrounding structures. Using an interferometer, this
technique of noninvasive imaging creates an image that does not require any invasive
methods. Using this technology, high-resolution, cross-sectional images of inhomogeneous
structures like soft biological tissues are provided on a microscopic level, as well as in 3-D.
Through analyzing backscattered light reflected from tissue structures, OCT can capture
structures in the deep field of view. As a result of the scattering of near-infrared (NIR)
radiation, instead of its absorbtion, biological tissues can be imaged at more depth in
the body than they can with other wavelengths of light. Optical coherence tomography
(OCT) is a technique for creating 3-D images from backscattered NIR light emitted from a
sample of interest. Since images are formed due to natural scattering, OCT is considered
a noninvasive and non-disturbing technique. The biological tissues in the body possess
varying optical indices and interact differently with incident light, reflecting different
amplitudes. Figure 1 demonstrates the working principle of OCT. Light from a broadband
optical source is incident on a beam splitter and directed towards a reference arm with a
reflecting mirror and towards a sample arm mirror and a sample arm, reflected from the
various tissue layers within the sample. Later, these reflected light beams recombine and
interfere with each other. There is no interference between reflected optical fields when
the path lengths of the reflected optical fields are shorter than the coherence length of light,
provided that the path lengths of the reflected optical fields do not exceed each other, which
means that interference between reflected optical fields does not occur. Compared with
other optical imaging technologies, optical coherence tomography (OCT) provides several
advantages, including the ability to obtain a spatial resolution of ten to fifteen meters as
well as a penetration depth of three millimeters [33]. It is thought that OCT penetrates
inhomogeneous tissue structures more deeply due to the use of a longer wavelength of
coherent light (i.e., in the near-infrared region of the electromagnetic spectrum). In addition
to high-resolution imaging capability, OCT offers numerous benefits such as fast imaging
speed in the order of milliseconds, label-free imaging, cost-effectiveness, and additional
information about blood flow and arrangement of tissue structures, which can be achieved
using specific kinds of OCT such as Doppler OCT and birefringence OCT.
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Figure 1. The primary working mechanism of the OCT imaging technique. Reproduced with
permission from [34] (Copyright 2008, MDPI).

In contrast to CT and MRI imaging techniques, optical coherence tomography does
not require a great deal of computation to reconstruct an image [35]. As a result of the
collaboration between MIT and Harvard Medical School, the first report on in vitro OCT
imaging was published. In 1991, an article was published in the journal Science on the use
of OCT to examine the peripapillary region of the retina and the coronary arteries [33].
A study published in March 2021 by Pasarikovski et al. [36], taking advantage of the
advantages offered by OCT, demonstrated for the first time, to the authors’ knowledge, the
use of OCT in intrathecal spinal canal imaging. The minimally invasive imaging procedure
that was described in that article offers the highest spatial resolution that is currently
available. A preclinical imaging study was conducted on swine and rabbits in vivo at the
time of the experiment. Through the design of an OCT imaging catheter and its navigation
throughout the thecal sac to visualize the spinal region, they attempted to incorporate OCT
imaging with intravascular procedures. For all five animals examined, it was possible to
insert an OCT catheter with a diameter of around 0.9 mm to capture cross-sectional images.
To eliminate artifacts from the surrounding bone structure, the researchers investigated
the possibility of obtaining images from within the thecal sac. At the same time, OCT’s
high-resolution capability of 10 m can overcome the limitations in resolution that occur
with CT and MRI. To facilitate the OCT catheter navigation in the spinal canal, the 16-gauge
Tuohy needle was extended into the spinal canal. A contrast agent was inserted to confirm
the subarachnoid positioning of the catheter (Figure 2a). In addition, Figure 2b illustrates
how the OCT catheter was inserted into the spinal canal; whereas Figure 2c illustrates the
arrangement of the setup components necessary for the whole OCT imaging process. Using
the OCT catheter, the imaging of the cervical spine and the sacrum was performed after the
catheter was advanced into the cervical spine (see Figure 3).

The various complications caused by SCI have been the subject of numerous studies
conducted by multiple groups worldwide. Surgical procedures involving invasive surgery,
which are often adopted, can result in a variety of health-related conditions, owing to their
invasive nature. The proposed method eliminates the need for open surgery that involves
using an OCT catheter to intervene directly in the thecal sac, with its obvious risks. Instead,
a 16 gauge Tuohy needle is applied directly to the thecal sac. Through using this technique
instead of putting catheters inside the body for several days, the chances of an infection
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are minimized compared with older techniques. In terms of neurological conditions of the
subject, the presented approach with an OCT catheter of 0.9 mm diameter is considered to
be safe.

@M (iii)

Figure 2. (a) The internal view of the lumber cistern after inserting a 16-gauge Tuohy needle into it,
with yellow arrows indicating the position of the subarachnoid space visualized using a contrast
agent; (b) the external view of inserting the OCT catheter (indicated with the red arrow) through
the RHV and Tuohy needle into the lumbar cistern; (c) (i) the mobile unit to display captured OCT
images; (ii) the OCT catheter with a large port that allows its connection to the docking system
connected to the mobile unit (the blue arrow indicates the docking system and green arrow indicates
the 5 mL syringe connected to catheter); and (iii) cross-sectional image of OCT probe performing a
circumferential scan. Reproduced with permission from [36] (Copyright 2021, Spie. digitallibrary).

(b) (c) (d)

Figure 3. The OCT catheter’s progression into the lumber cistern through the L2/3 level (a,b). The
yellow arrow indicates the Tuohy needle, blue arrow indicates the distal marker, the green arrow
represents one lens marker, and the purple arrow indicates one proximal marker. The red pointer
indicates the optical fiber catheter. (c) The catheter was seen to be advanced into the cervical spine,
and (d) the catheter was navigated toward the sacrum (a large, triangular bone at the base of the spine)
without difficulty. Reproduced with permission from [36] (Copyright 2021, Spie. digitallibrary).

Anatomically standard spinal cords of swine and rabbits are used for this procedure as
they are anatomically standard. Figure 4 provides an image of the intrathecal cervical spine
showing a clear visualization of the dura, the subarachnoid space, the epidural vessels, the
dentate ligaments, the nerve roots, and the rootlets of the spinal cord.
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(b)

Figure 4. Intrathecal cervical spine canal OCT imaging: (a,b) a white asterisk represents the location

within the subarachnoid space, blue arrows represent the pile lining of the spinal cord, green arrows
represent the arachnoid bands, and a lateral dentate ligament, yellow arrows represent the epidural
veins and red arrow indicates the dura. White bars = 1 mm. Reproduced with permission from [36]
(Copyright 2021, Spie. digitallibrary).

With the use of OCT, these images can be visualized in real time, which can help
the clinician to see the places where there is spinal cord injury, such as tumors, cysts,
vascular malformations, and so on. OCT is a very useful tool for obtaining a detailed
image of the whole spinal cord; however, it may have limitations due to its capability to
penetrate to a depth of 3 mm. Ding Z. et al. [37] in 2016 investigated the practicability
of polarization-sensitive (PS) OCT for imaging different spinal structures for smooth in-
terventional procedures, because conventional intensity-based OCT was found unable to
provide tissue-specific contrast, making it difficult to distinguish between tissues [38,39].
As a functional extension of optical coherence tomography (OCT), polarization-sensitive
optical coherence tomography (PS-OCT) exploits light polarization to enhance the contrast
provided in images created through polarization-sensitive OCT [40,41]. As a result of the
ability of various tissues to alter their polarization of reflected or scattered light, PS-OCT can
be used to provide morphological information via adding contrast to reflected or scattered
light [42]. Phase retardation and optic axis orientation are two polarization parameters that
can modify the polarization state of reflected or scattered light at the time of reflection or
scattering. Light’s polarization property can be used to organize biological tissues on a
nanoscale with a high degree of distinguishability.

Reseachers investigated paraspinal structures including subcutaneous fat, supraspinous
ligament, interspinous ligament, dura, and spinal cord in both ex vivo porcine models and
in vivo piglet models using a PS-OCT system (PSOCT1300, Thorlabs Inc.). A commercially
available PS-OCT system was used as the imaging instrument. It was possible to repre-
sent both intensity contrast images and polarization contrast images simultaneously in
both approaches.

3. Fluorescence Imaging

The use of fluorescent microscopy has been developed for observing deep tissues. A
confocal microscope gives images that are in focus all the time and eliminates out-of-focus
details in thick samples [43]. A multiphoton excitation technique was first demonstrated in
2014 [44] and is the most recent innovation in this field. With the help of two-photon stimu-
lated fluorescence imaging and Hoechst 33,258 stain, researchers produced an optical slice
of live, cultured pig kidney cells. Instead of using visible light to activate chromophores, it
may be possible to use infrared lasers to activate chromophores with two photons instead
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of visible light. This avoids typical photodynamic disturbance and enables prolonged fluo-
rescence investigations of living cells. Victria et al. discussed the benefits of multiphoton
excitation techniques for observing deeper tissue through confocal microscopy imaging [45],
such as (i) adopting a longer wavelength of light to allow deeper penetration; (ii) compared
with confocal microscopy, multiphoton imaging employs longer wavelengths of light, such
as infrared light (700-1000 nm), which has significantly less energy and hence produces
much less photodamage or phototoxicity to cells and tissues; (iii) long-term studies of
cells and molecules located deep within live tissues are made possible by multiphoton
microscopy; (iv) unlike single-photon confocal microscopy, multiphoton microscopy mini-
mizes photobleaching outside of the focal plane since excitation and emission occur only at
the focal plane. A multiphoton microscope produces fluorescence of the same intensity as
single-photon microscopy when it uses low-energy photons. There is a need to maintain the
development of therapeutic modules to treat spinal cord injuries caused by degeneration
processes. There is a tendency for spinal cord tissue to degenerate in the aftermath of
traumatic injury, as a result of central damage such as hemorrhaging and axonal shredding.
It has been suggested that secondary degeneration can be caused by ischemia, tissue edema,
glutamate-induced excitotoxicity, or a rise in intracellular calcium levels. Degeneration of
these cells is also influenced by apoptosis, which is a process of cell death. There are two
main parts that make up the structure of the spinal cord: gray matter, which contains the
neuronal cell bodies, and white matter, which primarily contains the axons and myelin.
One of the most important organs implicated in the initiation of paresis is the pyramidal
pathway that connects the central motor neurons in the cerebral cortex with the spinal
motor neurons. Due to this, it is crucial to monitor the axon degeneration processes in
the dorsal funiculi in the wake of spinal cord injury. In an earlier study, Horiuchi et al.
pioneered the use of a multiphoton-stimulated fluorescence microscope using an Ytterbium
(Yb)-fiber laser at 1045 nm for in vivo imaging of axon fibers in the dorsal funiculi. Fur-
thermore, recent studies have shown that multi-colored fluorescent proteins can easily be
expressed after genome editing in nerve cells to analyze their structure, metabolism, and
intercellular connections in real time [46].

Fluorescent peptide was produced by Nguyen et al. to highlight peripheral nerves
during surgery on mice. Because of the blood—-brain barrier (BBB), these fluorescent probes
cannot penetrate the central nervous system (CNS), including the brain and spinal cord.
Furthermore, Gibbs-Strauss et al. reported imaging of the trigeminal ganglia, dorsal root
ganglia, and intervertebral disk. In this context, these fluorescent agents could not highlight
the central nervous system because of their size [47]. Nevertheless, fluorescence-guided
surgery (FGS) has been identified as a potential means of improving surgical accuracy
and visibility [48]. (E, E)-1,4-bis(p-aminoethyl)-2-methoxy benzene (BMB), an efficient
and rapid nerve-highlighting fluorophore, was administered epidurally in rabbits by Liu
et al. [49]. Stokes et al. examined the movement of tracers from mice’s spinal cords through
quantum dots (QdotR 605 ITKTM amino (PEG)) using cryo-fluorescence tomography (CFT)
(Figure 5) [50].
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4. Wearable Optical Technology

A wearable optical device that measures a variety of changes, such as chemical,
physical, and biological variations, can be utilized to assess a variety of changes using
wavelength, phase, and intensity variations. Modern medicine has had a significant impact
on how light and optical techniques are applied in clinical practice to treat disease. These
techniques have proven to be very effective [51]. Many different wavelengths of light can
be used in light therapy. It is frequently used for metabolic disorders, tendon injuries, pain
relief, healing of tissues, etc. A variety of fiber optics with superior optical and thermal
properties for light therapy, developed in conjunction with textile materials and worn
near the skin, have been combined. In this context, choosing a wavelength of light that
penetrates human tissues at a certain depth is one of the most important factors when
it comes to light treatment because these wavelengths have different therapeutic effects
depending on the depth at which they penetrate. The ability of near-infrared light to
affect chromatophores and to increase the synthesis of ATP (adenosine triphosphate) in
mitochondria can accelerate wound healing. Wearable devices that can be worn on the
body and can be used for various purposes have recently been equipped with optics made
from optical fibers. In response to the requirement for distinctive clothing in vibrant colors,
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optical fibers have been successfully incorporated into fabrics for illumination to achieve
this objective [52]. In contrast to conventional optical fibers used for signal transmission,
whereby light is reflected inside the fiber and released at its end, as shown in Figure 6a,
optical fibers designed for wearable illuminated clothing feature micro-perforations on
the lateral side that allow light to pass through the cladding and into the core (Figure 6b).
When the light scatters at the holes in the fiber, this causes light to leak through the fiber
surface as a result of light emission on the surface of the fiber [53]. An alternate method of
achieving light emission is to bend the optical fiber macroscopically (Figure 6¢) until the
light propagation angle («) exceeds the critical angle (xC), causing a portion of the light to
be emitted from the optic [52].

Claddin
Lights e ing
(a) \ ; 9<E ;x —* Core
Micro perforation Light emitting

(b)

Light emitting
\“é\.‘.
o LF
Ve

Figure 6. Principles of light emission for wearable optical technology: (a) conventional optical fiber;
(b) cladding perforation; (c) a macro-bent optical fiber.

It is of utmost importance for physicians to evaluate the patient’s postoperative
outcome regularly after spinal surgery to guide their decision making. There is no doubt
that this is crucial for the patient’s health and for assessing how effective the surgical
intervention has been on their health. There are several types of patient-reported outcome
measures (PROMs) that for many years have been used to assess long-term outcomes
following surgery. These include the 36-item Short-Form Health Questionnaire (SF-36),
the Oswestry Disability Index (ODI), and the EuroQol (Eq-5d) [54]. Despite the benefits of
PROM:s in terms of providing direct information from the patient, one significant drawback
is the fact that the responses are subject to bias as a result of the subjective nature of
the questionnaire [55]. A study was conducted by Pryce and associates who evaluated
patients who had undergone surgery for lumbar spinal stenosis (LSS). To determine patients’
functional status, the ODI, SF-36, and levels of physical activity were used to track their
exercise intensity and duration. The SF-36’s physical function subscale was the best outcome
measure, but its average correlation coefficient (r = 0.53) did not predict patients’ levels of
physical activity. There is some evidence that subjective pain assessments and physical
activity assessments are not always correlated with actual physical activity, as reported in
that study [56].

An important use of wearable devices for spinal surgery is to accurately measure a
patient’s daily step count, which is one of the most promising uses of wearables available on
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the market today [57]. In the past, pedometers have been used to keep track of how many
steps are taken each day. Early models of pedometers used mechanical switches as the
means of counting steps. In the past ten to fifteen years, accelerometer-based pedometers
have gained popularity due to their ability to measure additional step metrics, like cadence,
as well as providing a more accurate step count. It has been suggested that accelerometer-
based movement tracking may be helpful in clinical practice since walking ability and
physical activity are significant indicators of overall health and outcome measures [58]. As
part of preventative healthcare, wearable systems have also been created to monitor the
lumbar spine’s motion, curvature, and alighment, emphasizing the prospect of preventative
care. We need to bend our spine forward or flex our spine when performing daily chores,
but this may be highly stressful on the lumbar spine and result in disc distortion (Figure 7).

Flexion/Extension
~—— Left/Right Rotation
Left/Right Lateral Flexion

51 54 57 60 63 66

Time (seconds)

Figure 7. Application of wearable sensors in the lumbar spine. Reproducing software and recorded
kinematic data. Reproduced with permission from [59] (Copyright 2022, MDPI).

According to Tsuchiya et al., [60] a wearable sensor system has been developed that is
capable of detecting postures that are associated with an increased risk of back pain. Using
the device, one can estimate daily lumbar load as well as lumbosacral alignment. As part
of the system, accelerators and flex sensors are integrated with compression sportswear,
making up a complete system. With the help of X-ray imaging of the lumbosacral spine, the
best sensor combinations for the suit were identified. There is still a need to carry out more
work to increase the precision of the lumbosacral alignment estimates, and the researchers
acknowledged that different methods of correction were responsible for estimation error.
In addition, estimations of lumbar loading will have to be made with more accuracy [60].

5. Neuroimaging with Optical Techniques

In recent years, it has become clear that neuroimaging techniques have become an
effective means for the diagnosis of a wide range of neurological disorders because of their
ability to provide information on both structural as well as functional aspects of disease. In
addition to using conventional X-rays, computed tomography, magnetic resonance imaging,
positron emission tomography, magnetoencephalography (MEG), electroencephalography
(EEG), and combinations of these former techniques, neuroscientists and clinicians can
gain a deeper understanding of the brain’s structural and functional pathology with these
new imaging techniques. Neuroimaging techniques such as diffuse optical imaging, near-
infrared spectroscopy, and cranial ultrasound have recently been developed as additional
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neuroimaging techniques. It is an intrinsic property of the spine to limit the spinal cord’s
accessibility. Because of this, it is difficult to use neuroimaging techniques to evaluate the
impact of traumatic diseases or injuries and to understand the functioning of the spinal
cord in the human body. High-contrast pictures of soft tissues and bony structures can
be obtained with conventional plain radiography and computed tomography (CT). These
imaging modalities are typically utilized in orthopedics to visualize spinal structures [61].
Several factors make the spine one of the most difficult body structures to image with
MRI. These factors include the small cross-sectional dimensions of the spinal cord, the
relatively large physiological movement of the spinal cord and its adjacent tissues during
the cardiac and respiratory cycles, and the inhomogeneity of magnetic fields created by the
interfaces between the surrounding bone, ligaments, and other soft tissues, as well as the
cerebrospinal fluid inside the spinal canal. It is particularly challenging for patients with
metallic implant or equipment artifacts to undergo such imaging. This can often pose a
challenge for them because metallic artifacts can be caused [62]. It has been demonstrated
that conventional MRI techniques are capable of producing precise, high-resolution images
of the spinal cord in a highly accurate way. Because of continuous advances in imaging
sequences, conventional MRIs have become widely used as an essential imaging modality
for most spinal illnesses. Nevertheless, since changes in signal strength in various spinal
cord diseases are usually non-specific and weakly linked to neurological and functional
impairment, conventional MRI is not a good indicator of the intrinsic integrity and physio-
logical state of spinal cord tissue since changes in signal strength are generally non-specific
and weakly correlated with neurological and functional impairment. Therefore, they are
not able to provide prognostic information that is particularly reliable at the microstructural
and operational levels [63]. With the use of optical imaging techniques, it has been possible
to study the structural and functional connections in rodent brains. In the study of cellular
and vascular architecture, neural activity, blood flow, blood pressure, and oxygen satura-
tion, these methods have allowed researchers to examine cellular and vascular architecture.
Two or more photon excitations and calcium-sensitive dye imaging (CaSDI) have been
extensively employed in optical neuroimaging techniques [64-66], as have voltage-sensitive
dye imaging (VSDI) [67,68], laser speckle contrast imaging (LSCI) [69-71], optical intrinsic
signal imaging (OISI) [72-74], and ultrasound imaging (USI) combined with light [75,76], all
of which are optical neuroimaging techniques. Below, we introduce some of the distinctive
characteristics of neuroimaging technologies that can be found on the market today.

(@) The 2PE imaging method is a nonlinear laser-scanning fluorescence microscopy tech-
nique with sub-micrometer spatial resolution and 500 pm~1 mm depth of view, and
has become more popular in neuroscience. It has been demonstrated that near-infrared
two-photon excitation wavelengths can be used as a stimulus for structural fluores-
cence imaging as well as for CaSDI and VSDI for the imaging of neural activity in a
wide field of view. Its wavelength is about twice as long as conventional wavelengths
used for confocal or epifluorescence excitation [77-79]. Due to recent advances in
MPE, especially 3PE, it is now possible to obtain even deeper functional imaging
below a depth of 1 mm.

(b) Using OISI with spatial and temporal resolutions of up to 100 mm and 2 s, we can
visualize local microcirculation and cortical functional architecture label-free, with
resolutions of up to 100 mm and 2 s, respectively. Earlier studies used this technique
to examine the functional connections in the large-area cortex of mice, as well as
to examine the functional connections on the exposed mouse skulls [80-82]. It has
been shown that the use of multicolored light illumination can be used to assess the
concentrations of deoxy- and oxyhemoglobin in different areas of the brain [83-85].
It has been used for a long time to infer the activity of the brain, based on changes
in cortical reflectance caused by hemodynamic responses, which can be measured
by OISL
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(c) A laser speckle is a random interference pattern that appears when coherent light
is scattered within tissue, often referred to as a laser beam. A dynamic movement
within the live tissue generates changes in the speckle pattern as a result of the
dynamic movement of scatterers, such as red blood cells, within the tissue. Using
this technique called laser speckle color imaging (LSCI), we can produce a two-
dimensional representation of tissue perfusion or blood flow in a two-dimensional
space. An LSCI system is capable of achieving a time resolution of 10 msec to 10 sec
as well as a spatial resolution of 10 pm, depending on the application. As a result
of its shallow light-penetration depth, this technology can provide only a superficial
blood flow map [86,87].

(d) CaSDI and VSDI can be used simultaneously to measure the activity of several
categories of neurons at the same time, since these methods provide temporal and
spatial resolutions in the msec and pm ranges, respectively. In these optical neuronal
imaging methods, certain dyes that are sensitive to neural activity are used to detect
neural activity. Depending on the type of measurement, these methods can be used to
monitor cellular or sub-cellular neural activity using dyes that glow when an action
potential is generated [88,89].

6. SCI Treatment with Optical Fiber-Based Devices

There has already been discussion of how SCIs can result in impairments in the
sensory, motor, and autonomic functions of the body. An injury to the spine may result
in a fracture in the spinal column, which can result in the loss of neurological function as
a result of the injury. Additionally, non-traumatic SCIs may lead to the development of
infections, degenerative disc disease, and tumors as a result of injury [90-92]. It is highly
desirable to develop a therapeutic approach that can repair the effects of SCls as well
as cure it in the context of all these facts [91,93,94]. Low-level laser therapy, also known
as photo biomodulation, is considered a potential non-invasive therapeutic approach to
cure spinal cord injuries by effectively treating inflammation through the reduction of
inflammation [95]. There is strong evidence that this therapeutic approach is effective in
repairing neuronal tissue and minimizing injury complications and that irradiating SCI sites
with near-infrared light in a near-infrared wavelength of 810 nm, a power of 150 mW, and
a dosing rate of 1500 ] /cm? has the potential to reduce the immunoinflammatory response,
promote neuronal survival, and improve locomotor function in patients with SClIs.

Laser therapy is one of the most efficient methods of curing SCIs but it suffers from
substantial losses of light energy due to indirect irradiation to the injured area, limiting
its effectiveness. This loss of light energy must be addressed when the light needs to
reach into the deeper spinal cord tissue to perform an effective restorative procedure.
To overcome this situation, it is necessary to design a laser therapy device that directly
radiates light energy onto the surface of the spinal cord to be able to provide laser therapy.
In a piglet model, Liang et al., 2019, relied on the fact that there is a similarity between
the spinal structure of Bama miniature pigs and humans and carried out laser therapy
(photo biomodulation) to treat spinal cord injuries [96], where optical fiber was diffused
on the spinal cords of piglets. The main component of the designed device was an 810 nm
continuous-wavelength semiconductor laser, equipped with all the necessary controls,
as well as a high-transparency cylindrical silica-coated medical optical fiber with a core
diameter of 600 m and an outer diameter of 300 m. Due to its flexibility and biocompatibility,
the optical fiber did not affect the camera’s optical properties in any way (Figure 8). As
soon as the spine was exposed following a surgical procedure, the washed front and rear
ends of the optical fiber were moderately fixed to the soft tissues of the spinal cord and the
skin, respectively, using absorbable sutures. In addition to the optical fiber’s back end, the
laser irradiation device was interfaced to the back end of the fiber in order to check the
fiber’s light emission properties and ensure that the light could be delivered to the spinal
cord’s surface (Figure 9).
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Figure 8. (a) Therapeutic semiconductor laser device with constant 810 nm wavelength: (i) button
for emergency shutdown; (ii) interface for digital control; (iii) functional status indication lamp;
(iv) power button; (v) interface for optical fibers. (b) (i-ii) light-emitting portion of an optical fiber;

optical fiber was
moderately fixed to

the spinous using optical fiber
absorbable sutures emitting light

The rear end of the :

optical fiber was firmly

fixed to the skin using
absorbable sutures

Figure 9. (a) The exposed T9 spinal cord; (b) the front end of the optical fibre was fixed to the spinous
using absorbable sutures; (c) projection of light energy directly on the spinal cord surface; (d,e) the
optical fibre was fixed tightly around the skin with absorbable suture; (f) the pig retained its motor
ability after the operation; (g) schematic representation of implantation, fixation and irradiation using
the optical fiber. Reproduced with permission from [96] (Copyright 2020, Wiley).
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The positioning of the optical fibers on the spinal cord tissue was investigated using
3.0 T MR imaging to determine whether the fibers were causing any compression on its
tissues, and it was discovered that they were positioned at a certain distance from the
surface of the spinal cord to avoid any obstructions from influencing the communication.
With the use of optical fiber implantation, therapy using lasers can provide a new tool for
the treatment of spinal cord injury. To maintain patients’ spinal health after traumatic spinal
injury, it is crucial to understand the real-time biomechanics of soft tissues, and in vitro
models can aid in understanding these processes. It is vital to know the exact degree of
compression of the spinal cord following a traumatic injury, as severe compression can
result. Several current sensing techniques can provide information regarding this stressful
situation that the spinal cord experiences. The development of an optical pressure-sensing
system based on a fiber Bragg grating and a narrow-band optical filter was conducted to
identify and display in real time the transverse compression inside a spinal cord surrogate.
In recent years, many factors, such as temperature, pressure, displacement, humidity, strain,
variation, and so on, have been studied using fiber Bragg gratings (FBGs) as sensors, to
obtain more information about them [97-107]. During the fabrication of FBGs, a periodic
structure is fabricated along the core of the optical fiber to provide the necessary energy
coupling between the forward and backward propagating modes of the fiber. It is possible
to transfer energy between the forward propagating mode and the backward propagating
mode in an FBG written in single-mode fiber, once two identical backward propagating
modes are coupled. It is for this reason that an FBG serves as a bandpass optical filter
in the sense that it reflects specific wavelengths [108]. This model enabled a susceptible
strain measurement at a cm-scale axial resolution inside a surrogate spinal cord with a
significantly fast response time of only 20 s, comparable to those achieved in real-time
in vitro studies on traumatic spinal cord injuries. The 3D-printing method of casting silicone
elastomer foam has been used in the preparation of spinal cord surrogates [109]. To achieve
this, the foam was formulated in the form of an ellipsoidal shape with measurements
imitating those of the transverse section of the human thoracic spinal cord (Figure 10).

FBG Sensor Y-axis
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X-axis Impactor
Force

Dl.l.ll:] Q/”&A Spinal cord

—
Grating period

Qans 9 mm_- surrogate
Silicone foam — &

Spinal cord surrogate .

Base plate
20 cm

@ (b)

Figure 10. (a) An illustration of the longitudinal mid-cross-section of an instrumented spinal cord
surrogate that incorporates an integrated fiber Bragg grating (FBG) sensor; (b) transverse view of the
mechanical and optical setup of the instrumented spinal cord surrogate. Reproduced with permission
from [110] (Copyright 2021, MDPI).

The picture shows a simple optical FBG sensor winding around a spinal cord sensor
system. The researchers recorded data that indicated the variation of wavelengths along
with the transmitted power for different pressure levels. They were able to measure the
pressure change around the spinal cord by changing the transmitted power and in this way,
they were able to determine the characteristics of the sensor (see Figure 11).
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Figure 11. (a) An experimental setup for the characterization of a fiber Bragg grating (FBG) sensor and
(b) the sensor’s reflection spectra (normalized with input power) for different transverse pressures on
the spinal cord surrogate, obtained using the optical spectrum analyzer. Reproduced with permission
from [110] (Copyright 2021, MDPI).

7. Photoacoustic Imaging through Plasmonic Nanoparticle

The diseases and disorders of the spinal cord that tend to have a terrible prognosis are
often those that are caused by neurodegenerative illnesses or accidents, such as multiple
sclerosis, spinal cord injury, and amyotrophic lateral sclerosis (ALS) [111], a condition in
which spinal cord cells degenerate and die. One of the most appealing treatment modalities
for these neurodegenerative diseases is stem cell transplantation, and several modalities
are being researched. As far as research in stem cell therapy is concerned, it continues
to be one of the most active areas in the field as it relates to clinical trials. Several stem
cell-based clinical studies are currently being conducted to investigate the effectiveness
of stem cells in treating a wide range of illnesses, such as cancer, diabetes, osteoarthritis,
and neurological diseases. Specifically, mesenchymal stem cells (MSCs) are multipotent
stem cells that can be derived from adult stem cells and can differentiate into a wide range
of lineages, including osteoblasts, adipocytes, and chondrocytes [112]. The use of MSCs
has been applied in more than 800 clinical trials, of which more than 40 have involved the
application of the cells for spinal cord regeneration. There are three main obstacles that
need to be overcome if spinal cord stem cell transplantation is to be more effective. These
obstacles include (i) precise real-time delivery of stem cells to desired locations, (ii) non-
invasive, long-term in vivo cell monitoring, and (iii) the evaluation of stem cell survival
over time following the delivery of stem cells. As the delicate tissue surrounding the
spinal cord is extremely susceptible to direct manipulation, it is highly recommended that
therapeutics be administered with extreme caution and precision. There is a possibility that
the white matter pathways in the spinal cord may be damaged if the needle moves abruptly
or incorrectly, which could have a detrimental effect on the patient’s health. It is necessary
to have an automated, safe, and cost-effective method that is compatible with operating
rooms to perform and accomplish image-guided cell distribution within the spinal cord
in real time. Researchers have shown, through a series of research studies, that direct
injections of drugs into the tissues of the spinal cord are more beneficial to the treatment of
spinal cord injury than systemic administration of drugs [113]. Novel techniques have been
devised to enhance the procedure’s safety and effectiveness, owing to the delicate nature
and elevated danger of direct spinal cord injection [114,115]. Taking a clinical perspective,
real-time imaging guiding systems make it possible to deliver interventions to patients
more precisely, allowing medical professionals to monitor and adjust treatment in the
operating room in real time, thereby increasing the chances of a successful outcome. As
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mentioned above, the accuracy of the injection’s targeting is essential to the success of the
treatment, which largely depends on accurately accessing the location(s) that have to be
reached during the injection [116]. The use of traditional preoperative imaging techniques
such as magnetic resonance imaging (MRI) can determine the exact injection coordinates
for a procedure in advance. This is, however, far from being a perfect solution. In fact, there
is a possibility that the intended course, as evidenced by preoperative imaging, may not
work when surgery is carried out. It has been found that a variety of techniques, including
bioluminescence, optical imaging, positron emission tomography, and magnetic resonance
imaging, can be used to label and image transplanted cells in vivo as viable approaches for
this purpose [117-119]. Despite their positive findings, real-time feedback is a difficult task
when it comes to these technologies because of their high cost, the radiation dose required
for PET imaging, and the difficulty of using them intraoperatively, despite the positive
findings relating to their use. With ultrasound-guided photoacoustic imaging (PA), which
is a relatively new imaging modality able to guide direct stem cell distribution to the spinal
cord as well as image the labeled stem cells once they have been injected into the spinal cord,
it is possible to direct stem cell distribution to the spinal cord. A nanosecond-pulsed laser
is used in PA imaging in order to exploit the photoacoustic phenomenon that occurs when
light is converted into sound. During the absorption of electromagnetic radiation by optical
absorbers, a pressure wave is created as a result of the induced localized thermal deposition.
As optical absorption, not scattering, is the primary source of contrast in three-dimensional
optical systems, it is possible to achieve highly specific optical contrast at depths of several
centimeters. Several similar hardware components, including modified ultrasound imaging
(US imaging) transducers, can be used in this process because it resembles US imaging
in many ways. Moreover, US imaging offers insightful anatomical data to enhance the
functional data of PA imaging. Combined ultrasound/photoacoustic (US/PA) imaging
is an appealing option for a variety of clinical applications due to its small size, mobility,
lack of radiation exposure, familiarity to clinical staff, and accessibility [120,121]. A large
range of dyes and nanoparticles can be used as contrast agents for PA imaging [122].
Plasmonic gold nanospheres (AulNSs) are promising contrast agents for labeling stem cells
for PA image-guided administration [123-125]. In vivo labeling and imaging of MSCs has
shown that this method represents a highly promising application of this photoacoustic
contrast agent [123,124]. Incubation of MSCs with citrate-stabilized AuNSs precedes
transplantation. MSCs become optically active for PA imaging when they effectively absorb
these AuNSs, without the need for extra processing. As examined in vitro, AuNSs have no
detrimental impact on cell division, proliferation, or therapeutic potential [126-128]. The
work of Eleanor et al. has demonstrated that by utilizing US/PA imaging along with gold
nanospheres (AuNSs) nanoparticles, it is possible to direct the injection of AuNS-labeled
MSCs to specific anatomical targets within the spinal cord and to track the injection of
the MSCs as they enter the cord (Figure 12). Using an eosin-stained transverse section of
the spinal cord, the researchers were able to see the bolus of transplanted cells within the
grey matter of the cord, proving that the cells were successfully delivered to the ventral
grey matter of the cord and that the spectroscopic analysis was accurate (Figure 12h). A
two-dimensional transverse cross-section showing the average amplitude of the PA signal
was examined for ten frames for every injection volume (Figure 12i).

Table 1 represents the critical parameters of all the discussed optical devices for SCI
diagnosis and management.
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Figure 12. Using US and PA imaging techniques, researchers imaged an injection of AuNS-labeled
MSCs into the spinal cord of a rat. (a—f) We were able to capture ultrasound and photoacoustic
images in the same sequence after injecting 0, 1, 2, 3, 4, and 5 L of AuNS-labeled MSCs using the same
protocol. A scale bar measuring 2 mm is shown in the figure; (g) the distribution of all photoacoustic
absorbers after injecting 5L of AuNS-labeled MSCs into the spinal cord; (h) a photomicrograph
showing transplanted AuNS-labeled MSCs in the gray matter of the spinal cord, with a scale bar
of 2 mm; (i) a graph of the photoacoustic signal with an average amplitude of 700 nm throughout
the experiment. Error bars are used to indicate the standard deviation of the data. Yellow arrows
represent the needle shaft. Reproduced with permission from [129] (Copyright 2018, American
Chemical Society).

Table 1. Highlighting the critical parameters of discussed optical imaging methods.

S.No. Methods Critical Parameters References

Optical coherence Spatial resolution of about 10 to

1 15 um and penetration depth of [33]
tomography (OCT) about 3 mm.
2 Fluorescence imaging  Capability to highlight deep tissue. [48-50]
Wearable optical . -
3 technology Flexible, easy to wear, precision. [54]
Sub-micrometer spatial resolution
and 500 pm~1 mm depth of view
(2PE), spatial and temporal
Neuroimaging with resolutions of around 100 pm and g N
4 optical techniques 2 s, respectively (OISI), time [72-74,76-78,81,82]
resolution of 10 msec to 10 sec and
a spatial resolution of 10 um
(LSCI).
Sctismenity Moty ooty
5 optical fiber-based . & 8Yr [93,94]
devices ability to measure the stress on the

spinal cord post-injury.

Photoacoustic imaging
6 through plasmonic Radiationless targeted imaging. [124]
nanoparticles
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8. Future Perspectives and Conclusions

Discussing all these devices involving optical methods can identify suitable ways to
deal with the highly complex spinal cord anatomy for precise imaging, which could aid in
effective diagnosis and management of patients suffering from SCIs. Conventional methods
have contributed significantly over the years, but there is room for further improvement in
treatment methods from a future perspective. All of the optical methods discussed pave
the way to achieve high-resolution spinal cord imaging non-invasively compared with
conventional methods. Despite offering various advantages, optical methods also have
their own limitations, which must be addressed. In the future, these optical techniques
aim to improve image resolution to the maximum extent possible with targeted imaging
of the core of the spinal cord. It is difficult to reach the spinal cord’s core because of its
complex architecture. Techniques like optogenetics are nowadays attracting great attention
from researchers, as this technique stimulates the spinal cord neurons and helps treat SCIs.
Optical tools such as optical fiber significantly strengthen this imaging method because
they can be flexible, slim, and have navigation capability through narrow regions [130].
Furthermore, the main obstacle in securing high-resolution images of the closest region of
the spinal cord using optical methods is the scattering of light energy from tissues around
the spinal cord. The methods to be investigated require accessing the spinal cord to its
maximum extent without disturbing its surroundings, so that surgical complications can
be avoided. Given this, the optical tissue clearing method has emerged to improve tissue
transparency and reduce the light-scattering effect, with the aim of visualizing the spinal
cord accurately for better treatment planning [131]. Another potential imaging method
for SCIs is the terahertz imaging method, which is currently in its development phase
yet attracting colossal interest from researchers in dealing with SCI diagnosis, and the
treatment and recovery of individuals with SCls. Various biological tissues are susceptible
to terahertz absorption, which certainly provides this technique with the capability of
specific tissue identification with deeper penetration through the human body, helping
to understand injury better and non-invasively [132]. In the era of artificial intelligence
(Al), the collaboration of Al and optical imaging methods may improve the diagnosis
process. Al can help provide a comprehensive analysis of obtained imaging data with
other clinical information. This collaboration of Al and optical methods can strengthen
prognosis and enhance the quality of life of individuals suffering from SCIs [133]. As
an advancement in SCI diagnosis, treatment, and recovery, better and more accessible
wearable and consumer-grade technologies are urgently needed to improve the quality of
life for individuals with SCIs. Post-SCI suffering, such as pressure ulcers in the affected
subject, can be severe and require great attention. In this regard, optical fiber Bragg grating
(FBG)-based optical sensors may play a vital role. FBG can monitor pressure variation for
wheelchair users and prevent ulceration. The FBG technique provides the capability of
multiplexing, immunity to electromagnetic interference, capability to withstand humidity,
and compactness in size [134].

In conclusion, spinal health is crucial as it regulates human sensory and motor func-
tions. External events such as accidents, falls, and collisions and internal causes such as
tumors, infections, insufficient blood flow, and degenerative diseases may cause severe
SClIs. SClIs affect human life emotionally, physically, and financially. The expected cost
of medical treatment for SCIs is appreciably high globally. Hence, adopting preventive
measures may subdue the consequences. The existing approaches, such as stem cell ther-
apy, neuroprotective drugs, and electrical stimulation, offer improvement in the functional
outcomes for patients with SCls in terms of tissue regeneration, minimization of secondary
damage, and enhancement of motor function to improve quality of life. However, these ap-
proaches are experimental and need clinical trials. Given all this, processes that can provide
reconstruction to revive the motor and sensory functions and supportive care to handle the
consequences of SCIs are required. Because of this, precise early-stage diagnosis of SCIs
is vital, and imaging technologies could play an important role. It is crucial to provide
a clear path for surgical tools to the target sites without hindering the complex anatomy
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of the spinal cord when performing surgical procedures. Conventional methods such as
endoscopy use harmful radiation, and the radiation-less techniques of MRI, ultrasound,
and diffusion tensor imaging (DTI) suffer from substandard image resolution, poor tissue
specificity, expensiveness, and cumbersomeness. Surgical tools for SCIs must be compatible
with the surgical procedures used in these imaging techniques. Given all these pressing
concerns, optical imaging techniques such as OCT, fluorescence imaging, wearable optical
techniques, neuroimaging with optical methods, optical fiber-based methods, and photoa-
coustic imaging through plasmonic nanoparticles contribute significantly to SCI treatment
and repairs. All of these mentioned optical techniques have been discussed in detail and
found to offer numerous benefits including non-invasiveness, high-resolution imaging of
target sites without disturbing the anatomy of the spinal cord, tissue differentiability with
depth resolution, online monitoring capability, and postinjury repair.

Author Contributions: S.S., N.K., T.D. and S.K.M. discussed the idea. S.S., N.K., T.D. and S.K.M.
wrote the original manuscript. ].5.V.-G., LL.-G., ].B., B.U,, R.D. and S.K.M. reviewed, modified, and
improved the article. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Acknowledgments: S. K.M. wants to thank CTTC for providing the resources to conduct this research.

Conflicts of Interest: It is declared that the authors do not have any conflicts of interest.

References

1. La Torre, D. Spinal cord injury: Review of basic and applied research. Spine 1981, 6, 315-335. [CrossRef]

2. Venkatesan, D.; Elangovan, A.; Winster, H.; Pasha, M.Y.; Abraham, K.S.; Satheeshkumar, J.; Sivaprakash, P.; Niraikulam, A.;
Gopalakrishnan, A.V,; Narayanasamy, A.; et al. Diagnostic and therapeutic approach of artificial intelligence in neuro-oncological
diseases. Biosens. Bioelectron. X 2022, 11, 100188. [CrossRef]

3. Budd, M.A; Gater, D.R.; Channell, I, Jr. Psychosocial consequences of spinal cord injury: A narrative review. J. Pers. Med. 2022,
12,1178. [CrossRef] [PubMed]

4. Manohararaj, N.; Oey, N.E.; Zaw, E2M.; Jing, C.; Prasanna, K.V. Prasanna, Spinal Cord Injury: Extent of Disability, Complications,
and Management of Patients in The Community—An Overview for Primary Care Physicians. J. Phys. Med. Rehabil. Stud. 2023,
165,2-7.

5. Dalle, D.U,; Sriram, S.; Bandyopadhyay, S.; Egiz, A.; Kotecha, J.; Kanmounye, U.S.; Higginbotham, G.; Ooi, 5.Z.Y.; Bankole, N.D.A.
Management and outcomes of traumatic pediatric spinal cord injuries in low-and middle-income countries: A scoping review.
World Neurosurg. 2022, 165, 180-187.e3. [CrossRef] [PubMed]

6. Malekzadeh, H.; Golpayegani, M.; Ghodsi, Z.; Sadeghi-Naini, M.; Asgardoon, M.; Baigi, V.; Vaccaro, A.R.; Rahimi-Movaghar, V.
Direct cost of illness for spinal cord injury: A systematic review. Glob. Spine |. 2022, 12, 1267-1281. [CrossRef] [PubMed]

7. Ding, W,; Hu, S.; Wang, P; Kang, H.; Peng, R.; Dong, Y.; Li, F. Spinal cord injury: The global incidence; prevalence, and disability
from the global burden of disease study 2019. Spine 2022, 47, 1532. [CrossRef] [PubMed]

8. Tashiro, S.; Tsuji, O.; Shinozaki, M.; Shibata, T.; Yoshida, T.; Tomioka, Y.; Unai, K.; Kondo, T.; Itakura, G.; Kobayashi, Y.; et al.
Current progress of rehabilitative strategies in stem cell therapy for spinal cord injury: A review. npj Regen. Med. 2021, 6, 81.
[CrossRef] [PubMed]

9. Yamazaki, K.; Kawabori, M.; Seki, T.; Houkin, K. Clinical Trials of Stem Cell Treatment for Spinal Cord Injury. Int. J. Mol. Sci.
2020, 21, 3994. [CrossRef]

10. Flack, J.A.; Sharma, K.D.; Xie, ].Y. Delving into the recent advancements of spinal cord injury treatment: A review of recent
progress. Neural Regen. Res. 2022, 17, 283.

11.  Dorrian, R M.; Berryman, C.E; Lauto, A.; Leonard, A.V. Electrical stimulation for the treatment of spinal cord injuries: A review of
the cellular and molecular mechanisms that drive functional improvements. Front. Cell. Neurosci. 2023, 17, 1256-1269. [CrossRef]
[PubMed]

12. Karamian, B.A,; Siegel, N.; Nourie, B.; Serruya, M.D.; Heary, R.F.; Harrop, ].S.; Vaccaro, A.R. The role of electrical stimulation for
rehabilitation and regeneration after spinal cord injury. J. Orthop. Traumatol. 2022, 23, 2. [CrossRef] [PubMed]

13. Matter, L.; Harland, B.; Raos, B.; Svirskis, D.; Asplund, M. Generation of direct current electrical fields as regenerative therapy for
spinal cord injury: A review. APL Bioeng. 2023, 7, 031505. [CrossRef] [PubMed]

14. Thuret, S.; Moon, L.D.; Gage, FH. Therapeutic interventions after spinal cord injury. Naf. Rev. Neurosci. 2006, 7, 628-643.
[CrossRef] [PubMed]

15.  Wang, X,; Peer, D.; Petersen, B. Molecular and Cellular Therapies: New challenges and opportunities. Mol. Cell. Ther. 2013, 1, 1.

[CrossRef] [PubMed]


https://doi.org/10.1097/00007632-198107000-00001
https://doi.org/10.1016/j.biosx.2022.100188
https://doi.org/10.3390/jpm12071178
https://www.ncbi.nlm.nih.gov/pubmed/35887675
https://doi.org/10.1016/j.wneu.2022.06.030
https://www.ncbi.nlm.nih.gov/pubmed/35738531
https://doi.org/10.1177/21925682211031190
https://www.ncbi.nlm.nih.gov/pubmed/34289308
https://doi.org/10.1097/BRS.0000000000004417
https://www.ncbi.nlm.nih.gov/pubmed/35857624
https://doi.org/10.1038/s41536-021-00191-7
https://www.ncbi.nlm.nih.gov/pubmed/34824291
https://doi.org/10.3390/ijms21113994
https://doi.org/10.3389/fncel.2023.1095259
https://www.ncbi.nlm.nih.gov/pubmed/36816852
https://doi.org/10.1186/s10195-021-00623-6
https://www.ncbi.nlm.nih.gov/pubmed/34989884
https://doi.org/10.1063/5.0152669
https://www.ncbi.nlm.nih.gov/pubmed/37736015
https://doi.org/10.1038/nrn1955
https://www.ncbi.nlm.nih.gov/pubmed/16858391
https://doi.org/10.1186/2052-8426-1-1
https://www.ncbi.nlm.nih.gov/pubmed/26056567

Biosensors 2024, 14, 296 21 of 25

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Zhou, P; Guan, J.; Xu, P,; Zhao, J.; Zhang, C.; Zhang, B.; Mao, Y.; Cui, W. Cell therapeutic strategies for spinal cord injury. Adv.
Wound Care 2019, 8, 585-605. [CrossRef] [PubMed]

De Vivo, M,; Richards, J.; Stover, S.; Go, B. Spinal cord injury. Rehabil. Adds Life Years. West. |. Med. 1991, 154, 602.

Burns, A.S.; Marino, R.J.; Flanders, A.E.; Flett, H. Clinical diagnosis and prognosis following spinal cord injury. Handb. Clin.
Neurol. 2012, 109, 47-62. [PubMed ]

Tjardes, T.; Shafizadeh, S.; Rixen, D.; Paffrath, T.; Bouillon, B.; Steinhausen, E.S.; Baethis, H. Image-guided spine surgery: State of
the art and future directions. Eur. Spine J. 2010, 19, 25-45. [CrossRef]

Barker, R.; Fareedi, S.; Thompson, D.; Saunders, D. The use of CT angiography in the preoperative planning of cervical spine
surgery in children. Child’s Nerv. Syst. 2009, 25, 955-959. [CrossRef]

Sammon, PM.; Gibson, R.; Fouyas, I.; Hughes, M. A. Intra-operative localisation of spinal level using pre-operative CT-guided
placement of a flexible hook-wire marker. Br. |. Neurosurg. 2011, 25, 778-779. [CrossRef]

Ou, P; Schmit, P.; Layouss, W.; Sidi, D.; Bonnet, D.; Brunelle, F. CT angiography of the artery of Adamkiewicz with 64-section
technology: First experience in children. Am. J. Neuroradiol. 2007, 28, 216-219.

Stroman, P.W. Magnetic resonance imaging of neuronal function in the spinal cord: Spinal FMRI. Clin. Med. Res. 2005, 3, 146-156.
[CrossRef] [PubMed]

Braun, I.; Raghavendra, B.; Kricheff, I. Spinal cord imaging using real-time high-resolution ultrasound. Radiology 1983, 147,
459-465. [CrossRef] [PubMed]

Moseley, M.E.; Cohen, Y.; Kucharczyk, J.; Mintorovitch, J.; Asgari, H.; Wendland, M.; Tsuruda, J.; Norman, D. Diffusion-weighted
MR imaging of anisotropic water diffusion in cat central nervous system. Radiology 1990, 176, 439-445. [CrossRef]

Mcafee, P.C.; Bohlman, H.H.; Han, J.S.; Salvagno, R.T. Comparison of nuclear magnetic resonance imaging and computed
tomography in the diagnosis of upper cervical spinal cord compression. Spine 1986, 11, 295-304. [CrossRef] [PubMed]
Giardini, M.E.; Zippo, A.G.; Valente, M.; Krstajic, N.; Biella, G.E.M. Electrophysiological and Anatomical Correlates of Spinal
Cord Optical Coherence Tomography. PLoS ONE 2016, 11, e0152539. [CrossRef]

Xia, Y.; Hu, J.; Zhao, S.; Tao, L.; Li, Z.; Yue, T.; Kong, J. Build-in sensors and analysis algorithms aided smartphone-based sensors
for point-of-care tests. Biosens. Bioelectron. X 2022, 11, 100195. [CrossRef]

Silbergleit, R.; Mehta, B.A.; Sanders, W.P,; Talati, S.J. Imaging-guided injection techniques with fluoroscopy and CT for spinal
pain management. Radiographics 2001, 21, 927-939. [CrossRef]

Lee, ].H.; Lee, S.-H. Comparison of clinical effectiveness of cervical transforaminal steroid injection according to different
radiological guidances (C-arm fluoroscopy vs. computed tomography fluoroscopy). Spine J. 2011, 11, 416-423. [CrossRef]

Betz, C.; Volgger, V.; Silverman, S.; Rubinstein, M.; Kraft, M.; Arens, C.; Wong, B. Clinical optical coherence tomography in head
and neck oncology: Overview and outlook. Head Neck Oncol. 2013, 5, 35.

Desjardins, A.E.; Van der Voort, M.; Roggeveen, S.; Lucassen, G.; Bierhoff, W.; Hendriks, B.H.; Brynolf, M.; Holmstrom, B. Needle
stylet with integrated optical fibers for spectroscopic contrast during peripheral nerve blocks. J. Biomed. Opt. 2011, 16, 077004.
[CrossRef] [PubMed]

Huang, D.; Swanson, E.A.; Lin, C.P,; Schuman, ].S,; Stinson, W.G.; Chang, W.; Hee, M.R ; Flotte, T.; Gregory, K.; Puliafito, C.A.
Optical coherence tomography. Science 1991, 5035, 1178-1181. [CrossRef] [PubMed]

Davis, B.J.; Marks, D.L.; Ralston, T.S.; Carney, P.S.; Boppart, S.A. Interferometric synthetic aperture microscopy: Computed
imaging for scanned coherent microscopy. Sensors 2008, 8, 3903-3931. [CrossRef] [PubMed]

Mokbul, M.I. Optical coherence tomography: Basic concepts and applications in neuroscience research. J. Med. Eng. 2017,
2017, 3409327. [PubMed]

Pasarikovski, C.R.; Ku, J.C.; Ramyjist, J.; Dobashi, Y.; Priola, S.M.; da Costa, L.; Kumar, A.; Yang, V.X. Minimally invasive intrathecal
spinal cord imaging with optical coherence tomography. J. Biomed. Opt. 2021, 26, 056002. [CrossRef] [PubMed]

Ding, Z.; Tang, Q.; Liang, C.-P.; Wu, K,; Sandlerc, A ; Li, H.; Chen, Y. Imaging spinal structures with polarization-sensitive optical
coherence tomography. IEEE Photonics ]. 2016, 8, 1-8. [CrossRef]

Al-Qaisi, M.K.; Akkin, T. Swept-source polarization-sensitive optical coherence tomography based on polarization-maintaining
fiber. Opt. Express 2010, 18, 3392-3403. [CrossRef] [PubMed]

Yamanari, M.; Makita, S.; Yasuno, Y. Polarization-sensitive swept-source optical coherence tomography with continuous source
polarization modulation. Opt. Express 2008, 16, 5892-5906. [CrossRef]

Dray, C.; Rougon, G.; Debarbieux, F. Quantitative analysis by in vivo imaging of the dynamics of vascular and axonal networks
in injured mouse spinal cord. Proc. Natl. Acad. Sci. USA 2009, 106, 9459-9464. [CrossRef]

Fetcho, J.R.; O’'Malley, D.M. Visualization of active neural circuitry in the spinal cord of intact zebrafish. ]. Neurophysiol. 1995, 73,
399-406. [CrossRef]

Tang, P.; Kirby, M.A,; Le, N.; Li, Y.; Zeinstra, N.; Lu, G.N.; Murry, C.E.; Zheng, Y.; Wang, R K. Polarization sensitive optical
coherence tomography with single input for imaging depth-resolved collagen organizations. Light Sci. Appl. 2021, 10, 237.
[CrossRef]

Brakenhoff, G.; Van der Voort, H.; Van Spronsen, E.; Linnemans, W.; Nanninga, N. Three-dimensional chromatin distribution in
neuroblastoma nuclei shown by confocal scanning laser microscopy. Nature 1985, 317, 748-749. [CrossRef] [PubMed]

Denk, W.,; Strickler, ].H.; Webb, W.W. Two-photon laser scanning fluorescence microscopy. Scienice 1990, 248, 73-76. [CrossRef]


https://doi.org/10.1089/wound.2019.1046
https://www.ncbi.nlm.nih.gov/pubmed/31637103
https://www.ncbi.nlm.nih.gov/pubmed/23098705
https://doi.org/10.1007/s00586-009-1091-9
https://doi.org/10.1007/s00381-009-0904-9
https://doi.org/10.3109/02688697.2011.584987
https://doi.org/10.3121/cmr.3.3.146
https://www.ncbi.nlm.nih.gov/pubmed/16160069
https://doi.org/10.1148/radiology.147.2.6340159
https://www.ncbi.nlm.nih.gov/pubmed/6340159
https://doi.org/10.1148/radiology.176.2.2367658
https://doi.org/10.1097/00007632-198605000-00001
https://www.ncbi.nlm.nih.gov/pubmed/3750059
https://doi.org/10.1371/journal.pone.0152539
https://doi.org/10.1016/j.biosx.2022.100195
https://doi.org/10.1148/radiographics.21.4.g01jl15927
https://doi.org/10.1016/j.spinee.2011.04.004
https://doi.org/10.1117/1.3598852
https://www.ncbi.nlm.nih.gov/pubmed/21806284
https://doi.org/10.1126/science.1957169
https://www.ncbi.nlm.nih.gov/pubmed/1957169
https://doi.org/10.3390/s8063903
https://www.ncbi.nlm.nih.gov/pubmed/20948975
https://www.ncbi.nlm.nih.gov/pubmed/29214158
https://doi.org/10.1117/1.JBO.26.5.056002
https://www.ncbi.nlm.nih.gov/pubmed/33988003
https://doi.org/10.1109/JPHOT.2016.2605447
https://doi.org/10.1364/OE.18.003392
https://www.ncbi.nlm.nih.gov/pubmed/20389349
https://doi.org/10.1364/OE.16.005892
https://doi.org/10.1073/pnas.0900222106
https://doi.org/10.1152/jn.1995.73.1.399
https://doi.org/10.1038/s41377-021-00679-3
https://doi.org/10.1038/317748a0
https://www.ncbi.nlm.nih.gov/pubmed/4058582
https://doi.org/10.1126/science.2321027

Biosensors 2024, 14, 296 22 of 25

45.

46.

47.

48.

49.

50.

51.
52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Centonze, V.E.; White, J.G. Multiphoton excitation provides optical sections from deeper within scattering specimens than
confocal imaging. Biophys. J. 1998, 75, 2015-2024. [CrossRef] [PubMed]

Czlonkowska, A.; Kurkowska-Jastrzebska, I.; Czlonkowski, A.; Peter, D.; Stefano, G.B. Immune processes in the pathogenesis of
Parkinson’s disease-a potential role for microglia and nitric oxide. Med. Sci. Monit. 2002, 8, RA165-RA177. [PubMed]
Gibbs-Strauss, S.L.; Vooght, C.; Fish, KM.; Nasr, K.A; Siclovan, T.M.; Barnhardt, N.E.; Hehir, C.A.T.; Frangioni, ].V. Molecular
imaging agents specific for the annulus fibrosus of the intervertebral disk. Mol. Imaging 2010, 9, 7290. [CrossRef]

Craig, S.E.; Wright, J.; Sloan, A.E.; Brady-Kalnay, S.M. Fluorescent-guided surgical resection of glioma with targeted molecular
imaging agents: A literature review. World Neurosurg. 2016, 90, 154-163. [CrossRef] [PubMed]

Liu, W,; Gu, R.; Zhu, Q.; Xiao, C.; Huang, L.; Zhuang, X.; Zhang, J.; Liu, L.; Ma, B.; Yang, H. Rapid fluorescence imaging of spinal
cord following epidural administration of a nerve-highlighting fluorophore. Theranostics 2017, 7, 1863. [CrossRef]

Stokes, C.; White, E.F.; Toddes, S.; Bens, N.; Kulkarni, P; Ferris, C.F. Whole CNS 3D Cryo-Fluorescence Tomography Shows CSF
Clearance along Nasal Lymphatics, Spinal Nerves, and Lumbar/Sacral Lymph Nodes. J. Imaging 2023, 9, 45. [CrossRef]

Yun, S.H.; Kwok, S.J. Light in diagnosis; therapy. surgery. Nat. Biomed. Eng. 2017, 1, 8. [CrossRef] [PubMed]

Gauvreau, B.; Guo, N.; Schicker, K.; Stoeffler, K.; Boismenu, F.; Ajji, A.; Wingfield, R.; Dubois, C.; Skorobogatiy, M. Color-changing
and color-tunable photonic bandgap fiber textiles. Opt. Express 2008, 16, 15677-15693. [CrossRef]

Koncar, V. Optical fiber fabric displays. Opt. Photonics News 2005, 16, 40—44. [CrossRef]

Chapman, J.R.; Norvell, D.C.; Hermsmeyer, ].T.; Bransford, R.J.; DeVine, J.; McGirt, M.].; Lee, M.]. Evaluating common outcomes
for measuring treatment success for chronic low back pain. Spine 2011, 36, S54-S68. [CrossRef] [PubMed]

Johnston, B.C.; Patrick, D.L.; Busse, ].W.; Schiinemann, H.J.; Agarwal, A.; Guyatt, G.H. Patient-reported outcomes in meta-
analyses—part 1: Assessing risk of bias and combining outcomes. Health Qual. Life Outcomes 2013, 11, 109. [CrossRef] [PubMed]
Pryce, R.; Johnson, M.; Goytan, M.; Passmore, S.; Berrington, N.; Kriellaars, D. Relationship between ambulatory performance
and self-rated disability in patients with lumbar spinal stenosis. Spine 2012, 37, 1316-1323. [CrossRef]

Dutta, T.; Chaturvedi, P; Llamas-Garro, I.; Velazquez-Gonzalez, ].S.; Dubey, R.; Mishra, S.K. Smart materials for flexible electronics
and devices: Hydrogel. RSC Adv. 2024, 14, 12984-13004. [CrossRef]

Phan, K.; Mobbs, R.J. Long-term objective physical activity measurements using a wireless accelerometer following minimally
invasive transforaminal interbody fusion surgery. Asian Spine . 2016, 10, 366. [CrossRef] [PubMed]

Triantafyllou, A.; Papagiannis, G.; Stasi, S.; Bakalidou, D.; Kyriakidou, M.; Papathanasiou, G.; Papadopoulos, E.C.; Papagelopou-
los, PJ.; Koulouvaris, P. Application of wearable sensors technology for lumbar spine kinematic measurements during daily
activities following microdiscectomy due to severe sciatica. Biology 2022, 11, 398. [CrossRef]

Tsuchiya, Y.; Kusaka, T.; Tanaka, T.; Matsuo, Y.; Oda, M.; Sasaki, T.; Kamishima, T.; Yamanaka, M. Calibration method for
lumbosacral dimensions in wearable sensor system of lumbar alignment. In Proceedings of the 2015 37th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Milan, Italy, 25-29 August 2015; pp. 3909-3912.
Uludag, K.; Roebroeck, A. General overview on the merits of multimodal neuroimaging data fusion. Neuroimage 2014, 102, 3-10.
[CrossRef]

Stroman, PW.; Wheeler-Kingshott, C.; Bacon, M.; Schwab, J.; Bosma, R.; Brooks, J.; Cadotte, D.; Carlstedt, T.; Ciccarelli, O.;
Cohen-Adad, ]J. The current state-of-the-art of spinal cord imaging: Methods. Neuroimage 2014, 84, 1070-1081. [CrossRef]
[PubMed]

Martin, A.R.; Aleksanderek, I.; Cohen-Adad, J.; Tarmohamed, Z.; Tetreault, L.; Smith, N.; Cadotte, D.W.; Crawley, A.; Ginsberg,
H.; Mikulis, D.J. Translating state-of-the-art spinal cord MRI techniques to clinical use: A systematic review of clinical studies
utilizing DTI, MT, MWE, MRS, and fMRI. Neurolmage Clin. 2016, 10, 192-238. [CrossRef] [PubMed]

Koletar, M.M.; Dorr, A.; Brown, M.E.; McLaurin, J.; Stefanovic, B. Refinement of a chronic cranial window implant in the rat for
longitudinal in vivo two—-photon fluorescence microscopy of neurovascular function. Sci. Rep. 2019, 9, 5499. [CrossRef] [PubMed]
Kim, J.; Bixel, M.G. Intravital multiphoton imaging of the bone and bone marrow environment. Cytom. Part A 2020, 97, 496-503.
[CrossRef]

Marker, D.E; Tremblay, M.-E.; Lu, S.-M.; Majewska, A.K.; Gelbard, H.A. A thin-skull window technique for chronic two-photon
in vivo imaging of murine microglia in models of neuroinflammation. JoVE (J. Vis. Exp.) 2010, 43, €2059.

Xie, Y.; Chan, A.W.; McGirr, A.; Xue, S.; Xiao, D.; Zeng, H.; Murphy, T.H. Resolution of high-frequency mesoscale intracortical
maps using the genetically encoded glutamate sensor iGluSnFR. J. Neurosci. 2016, 36, 1261-1272. [CrossRef] [PubMed]

Lim, D.H.; Mohajerani, M.H.; LeDue, J.; Boyd, J.; Chen, S.; Murphy, T.H. Invivo large-scale cortical mapping using
channelrhodopsin-2 stimulation in transgenic mice reveals asymmetric and reciprocal relationships between cortical areas. Front.
Neural Circuits 2012, 6, 11. [CrossRef] [PubMed]

Guilbert, J.; Desjardins, M. Movement correction method for laser speckle contrast imaging of cerebral blood flow in cranial
windows in rodents. J. Biophotonics 2022, 15, €202100218. [CrossRef] [PubMed]

Qureshi, M.M.; Liu, Y.; Mac, K.D.; Kim, M.; Safi, A.M.; Chung, E.J.O. Quantitative blood flow estimation in vivo by optical speckle
image velocimetry. Optica 2021, 8, 1092-1101. [CrossRef]

Qureshi, M.M,; Brake, J.; Jeon, H.-].; Ruan, H.; Liu, Y.; Safi, A.M.; Eom, T.J.; Yang, C.; Chung, E.J.B.O.E. In vivo study of optical
speckle decorrelation time across depths in the mouse brain. Biomed. Opt. Express 2017, 8, 4855-4864. [CrossRef]

Heo, C.; Lee, S.Y.; Jo, A.; Jung, S.; Suh, M,; Lee, Y.H. Flexible; transparent, and noncytotoxic graphene electric field stimulator for
effective cerebral blood volume enhancement. ACS Nano 2013, 7, 4869—-4878. [CrossRef] [PubMed]


https://doi.org/10.1016/S0006-3495(98)77643-X
https://www.ncbi.nlm.nih.gov/pubmed/9746543
https://www.ncbi.nlm.nih.gov/pubmed/12165754
https://doi.org/10.2310/7290.2010.00009
https://doi.org/10.1016/j.wneu.2016.02.060
https://www.ncbi.nlm.nih.gov/pubmed/26915698
https://doi.org/10.7150/thno.18962
https://doi.org/10.3390/jimaging9020045
https://doi.org/10.1038/s41551-016-0008
https://www.ncbi.nlm.nih.gov/pubmed/28649464
https://doi.org/10.1364/OE.16.015677
https://doi.org/10.1364/OPN.16.4.000040
https://doi.org/10.1097/BRS.0b013e31822ef74d
https://www.ncbi.nlm.nih.gov/pubmed/21952190
https://doi.org/10.1186/1477-7525-11-109
https://www.ncbi.nlm.nih.gov/pubmed/23815754
https://doi.org/10.1097/BRS.0b013e31824a8314
https://doi.org/10.1039/D4RA01168F
https://doi.org/10.4184/asj.2016.10.2.366
https://www.ncbi.nlm.nih.gov/pubmed/27114781
https://doi.org/10.3390/biology11030398
https://doi.org/10.1016/j.neuroimage.2014.05.018
https://doi.org/10.1016/j.neuroimage.2013.04.124
https://www.ncbi.nlm.nih.gov/pubmed/23685159
https://doi.org/10.1016/j.nicl.2015.11.019
https://www.ncbi.nlm.nih.gov/pubmed/26862478
https://doi.org/10.1038/s41598-019-41966-9
https://www.ncbi.nlm.nih.gov/pubmed/30940849
https://doi.org/10.1002/cyto.a.23937
https://doi.org/10.1523/JNEUROSCI.2744-15.2016
https://www.ncbi.nlm.nih.gov/pubmed/26818514
https://doi.org/10.3389/fncir.2012.00011
https://www.ncbi.nlm.nih.gov/pubmed/22435052
https://doi.org/10.1002/jbio.202100218
https://www.ncbi.nlm.nih.gov/pubmed/34658168
https://doi.org/10.1364/OPTICA.422871
https://doi.org/10.1364/BOE.8.004855
https://doi.org/10.1021/nn305884w
https://www.ncbi.nlm.nih.gov/pubmed/23651168

Biosensors 2024, 14, 296 23 of 25

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Mohammadzadeh, L.; Latifi, H.; Khaksar, S.; Feiz, M.-S.; Motamedi, F.; Asadollahi, A.; Ezzatpour, M. Measuring the frequency-
specific functional connectivity using wavelet coherence analysis in stroke rats based on intrinsic signals. Sci. Rep. 2020, 10, 9429.
[CrossRef] [PubMed]

Shabir, O.; Pendry, B.; Lee, L.; Eyre, B.; Sharp, P.S.; Rebollar, M.A.; Drew, D.; Howarth, C.; Heath, PR.; Wharton, S5.B. Assessment
of neurovascular coupling and cortical spreading depression in mixed mouse models of atherosclerosis and Alzheimer’s disease.
eLife 2022, 11, e68242. [CrossRef] [PubMed]

Provansal, M.; Labernede, G.; Joffrois, C.; Rizkallah, A.; Goulet, R.; Valet, M.; Deschamps, W.; Ferrari, U.; Chaffiol, A.; Dalkara, D.
Functional ultrasound imaging of the spreading activity following optogenetic stimulation of the rat visual cortex. Sci. Rep. 2021,
11, 12603. [CrossRef] [PubMed]

Wang, X.; Luo, Y.; Chen, Y.; Chen, C.; Yin, L.; Yu, T.; He, W.; Ma, C. A skull-removed chronic cranial window for ultrasound and
photoacoustic imaging of the rodent brain. Front. Neurosci. 2021, 15, 673740. [CrossRef] [PubMed]

Zong, W.; Wu, R.; Li, M,; Hu, Y; Li, Y.; Li, J; Rong, H.; Wu, H.; Xu, Y.; Lu, Y. Fast high-resolution miniature two-photon microscopy
for brain imaging in freely behaving mice. Nat. Methods 2017, 14, 713-719. [CrossRef] [PubMed]

Homma, R.; Baker, B.J; Jin, L.; Garaschuk, O.; Konnerth, A.; Cohen, L.B.; Bleau, C.X.; Canepari, M.; Djurisic, M.; Zecevic,
D. Wide-field and two-photon imaging of brain activity with voltage and calcium-sensitive dyes. In Dynamic Brain Imaging:
Multi-Modal Methods In Vivo Applications; Springer: Berlin/Heidelberg, Germany, 2009; pp. 43-79.

Rubart, M. Two-photon microscopy of cells and tissue. Circ. Res. 2004, 95, 1154-1166. [CrossRef] [PubMed]

White, B.R.; Bauer, A.Q.; Snyder, A.Z.; Schlaggar, B.L.; Lee, J.-M.; Culver, ].P. Imaging of functional connectivity in the mouse
brain. PLoS ONE 2011, 6, €16322. [CrossRef] [PubMed]

Vanni, M.P,; Chan, A.W.,; Balbi, M.; Silasi, G.; Murphy, T.H. Mesoscale mapping of mouse cortex reveals frequency-dependent
cycling between distinct macroscale functional modules. J. Neurosci. 2017, 37, 7513-7533. [CrossRef]

Guevara, E.; Sadekova, N.; Girouard, H.; Lesage, F. Optical imaging of resting-state functional connectivity in a novel arterial
stiffness model. Biomed. Opt. Express 2013, 4, 2332-2346. [CrossRef]

Vincis, R.; Lagier, S.; Van De Ville, D.; Rodriguez, I.; Carleton, A. Sensory-evoked intrinsic imaging signals in the olfactory bulb
are independent of neurovascular coupling. Cell Rep. 2015, 12, 313-325. [CrossRef] [PubMed]

Devor, A.; SakadZi¢, S.; Srinivasan, VJ.; Yaseen, M.A,; Nizar, K.; Saisan, P.A.; Tian, P; Dale, A.M.; Vinogradov, S.A.; Franceschini,
M.A. Frontiers in optical imaging of cerebral blood flow and metabolism. ]. Cereb. Blood Flow Metab. 2012, 32, 1259-1276.
[CrossRef] [PubMed]

Lu, H.D,; Chen, G.; Cai, J.; Roe, A.W. Intrinsic signal optical imaging of visual brain activity: Tracking of fast cortical dynamics.
Neurolmage 2017, 148, 160-168. [CrossRef] [PubMed]

Senarathna, J.; Rege, A.; Li, N.; Thakor, N.V. Laser speckle contrast imaging: Theory, instrumentation and applications. IEEE Rev.
Biomed. Eng. 2013, 6, 99-110. [CrossRef]

Briers, D.; Duncan, D.D.; Hirst, E.; Kirkpatrick, S.J.; Larsson, M.; Steenbergen, W.; Stromberg, T.; Thompson, O.B. Laser speckle
contrast imaging: Theoretical and practical limitations. J. Biomed. Opt. 2013, 18, 066018. [CrossRef] [PubMed]

Grinvald, A.; Omer, D.; Sharon, D.; Vanzetta, L; Hildesheim, R. Voltage-Sensitive Dye Imaging of Neocortical Activity. Cold Spring
Harb. Protoc. 2016, 2016, 13-29. [CrossRef] [PubMed]

Takashima, I.; Kajiwara, R. Voltage-Sensitive Dye versus Intrinsic Signal Optical Imaging: Comparison of Tactile Responses in
Primary and Secondary Somatosensory Cortices of Rats. Brain Sci. 2021, 11, 1294. [CrossRef] [PubMed]

Fan, B.; Wei, Z.; Yao, X.; Shi, G.; Cheng, X.; Zhou, X.; Zhou, H.; Ning, G.; Kong, X.; Feng, S. Microenvironment imbalance of spinal
cord injury. Cell Transplant. 2018, 27, 853-866. [CrossRef] [PubMed]

Ahuja, C.S.; Nori, S.; Tetreault, L.; Wilson, J.; Kwon, B.; Harrop, J.; Choi, D.; Fehlings, M.G. Traumatic Spinal Cord Injury-Repair
and Regeneration. Neurosurgery 2017, 80, S9-522. [CrossRef]

Wu, Q.; Li, Y,; Ning, G.; Feng, S.-Q.; Chu, T.; Li, Y.; Hao, Y.; Wu, Q. Epidemiology of traumatic cervical spinal cord injury in
Tianjin, China. Spinal Cord 2012, 50, 740-744. [CrossRef]

Hawthorne, A.L.; Popovich, P.G. Emerging concepts in myeloid cell biology after spinal cord injury. Neurotherapeutics 2011, 8,
252-261. [CrossRef] [PubMed]

Gensel, ].C.; Zhang, B. Macrophage activation and its role in repair and pathology after spinal cord injury. Brain Res. 2015, 1619,
1-11. [CrossRef] [PubMed]

Vafaei-Nezhad, S.; Hassan, M.P.; Noroozian, M.; Aliaghaei, A.; Tehrani, A.S.; Abbaszadeh, H.A.; Khoshsirat, S. A review of
low-level laser therapy for spinal cord injury: Challenges and safety. J. Lasers Med. Sci. 2020, 11, 363. [CrossRef] [PubMed]
Liang, Z,; Lei, T.; Wang, S.; Zuo, X,; Li, K;; Song, J.; Sun, ].; Zhang, J.; Zheng, Q.; Kang, X. Photobiomodulation by diffusing optical
fiber on spinal cord: A feasibility study in piglet model. J. Biophotonics 2020, 13, €201960022. [CrossRef] [PubMed]

Tian, Z.; Yam, S.S.; Loock, H.-P. Single-mode fiber refractive index sensor based on core-offset attenuators. IEEE Photonics Technol.
Lett. 2008, 20, 1387-1389. [CrossRef]

Tian, Z.; Yam, S.S.-H. In-line single-mode optical fiber interferometric refractive index sensors. J. Light. Technol. 2009, 27, 2296-2306.
[CrossRef]

Qian, Y;; Zhao, Y.; Wu, Q.-L.; Yang, Y. Review of salinity measurement technology based on optical fiber sensor. Sens. Actuators B
Chem. 2018, 260, 86-105. [CrossRef]


https://doi.org/10.1038/s41598-020-66246-9
https://www.ncbi.nlm.nih.gov/pubmed/32523058
https://doi.org/10.7554/eLife.68242
https://www.ncbi.nlm.nih.gov/pubmed/35014950
https://doi.org/10.1038/s41598-021-91972-z
https://www.ncbi.nlm.nih.gov/pubmed/34131223
https://doi.org/10.3389/fnins.2021.673740
https://www.ncbi.nlm.nih.gov/pubmed/34135729
https://doi.org/10.1038/nmeth.4305
https://www.ncbi.nlm.nih.gov/pubmed/28553965
https://doi.org/10.1161/01.RES.0000150593.30324.42
https://www.ncbi.nlm.nih.gov/pubmed/15591237
https://doi.org/10.1371/journal.pone.0016322
https://www.ncbi.nlm.nih.gov/pubmed/21283729
https://doi.org/10.1523/JNEUROSCI.3560-16.2017
https://doi.org/10.1364/BOE.4.002332
https://doi.org/10.1016/j.celrep.2015.06.016
https://www.ncbi.nlm.nih.gov/pubmed/26146075
https://doi.org/10.1038/jcbfm.2011.195
https://www.ncbi.nlm.nih.gov/pubmed/22252238
https://doi.org/10.1016/j.neuroimage.2017.01.006
https://www.ncbi.nlm.nih.gov/pubmed/28063974
https://doi.org/10.1109/RBME.2013.2243140
https://doi.org/10.1117/1.JBO.18.6.066018
https://www.ncbi.nlm.nih.gov/pubmed/23807512
https://doi.org/10.1101/pdb.top089367
https://www.ncbi.nlm.nih.gov/pubmed/26729915
https://doi.org/10.3390/brainsci11101294
https://www.ncbi.nlm.nih.gov/pubmed/34679359
https://doi.org/10.1177/0963689718755778
https://www.ncbi.nlm.nih.gov/pubmed/29871522
https://doi.org/10.1093/neuros/nyw080
https://doi.org/10.1038/sc.2012.42
https://doi.org/10.1007/s13311-011-0032-6
https://www.ncbi.nlm.nih.gov/pubmed/21400005
https://doi.org/10.1016/j.brainres.2014.12.045
https://www.ncbi.nlm.nih.gov/pubmed/25578260
https://doi.org/10.34172/jlms.2020.59
https://www.ncbi.nlm.nih.gov/pubmed/33425285
https://doi.org/10.1002/jbio.201960022
https://www.ncbi.nlm.nih.gov/pubmed/31670897
https://doi.org/10.1109/LPT.2008.926832
https://doi.org/10.1109/JLT.2008.2007507
https://doi.org/10.1016/j.snb.2017.12.077

Biosensors 2024, 14, 296 24 of 25

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Fukano, H.; Watanabe, D.; Taue, S. Sensitivity characteristics of multimode-interference optical-fiber temperature-sensor with
solid cladding material. IEEE Sens. ]. 2016, 16, 8921-8927. [CrossRef]

Li, L.; Xia, L.; Xie, Z.; Hao, L.; Shuai, B.; Liu, D. In-line fiber Mach—Zehnder interferometer for simultaneous measurement of
refractive index and temperature based on thinned fiber. Sens. Actuators A Phys. 2012, 180, 19-24. [CrossRef]

Qian, W.; Zhao, C.-L.; He, S.; Dong, X.; Zhang, S.; Zhang, Z.; Jin, S.; Guo, J.; Wei, H. High-sensitivity temperature sensor based on
an alcohol-filled photonic crystal fiber loop mirror. Opt. Lett. 2011, 36, 1548-1550. [CrossRef]

Sun, G.; Moon, D.S.; Chung, Y. Simultaneous temperature and strain measurement using two types of high-birefringence fibers in
Sagnac loop mirror. IEEE Photonics Technol. Lett. 2007, 19, 2027-2029. [CrossRef]

Fernandes, L.A.; Becker, M.; Frazao, O.; Schuster, K.; Kobelke, J.; Rothhardt, M.; Bartelt, H.; Santos, J.L.; Marques, P.V. Temperature
and strain sensing with femtosecond laser written Bragg gratings in defect and nondefect suspended-silica-core fibers. IEEE
Photonics Technol. Lett. 2012, 24, 554-556. [CrossRef]

Zhao, Y.; Chen, M.-Q.; Lv, R.-Q.; Xia, F. In-fiber rectangular air fabry-perot strain sensor based on high-precision fiber cutting
platform. Opt. Commun. 2017, 384, 107-110. [CrossRef]

Ren, K; Ren, L.; Liang, J.; Kong, X.; Ju, H.; Wu, Z. Highly strain and bending sensitive microtapered long-period fiber gratings.
IEEE Photonics Technol. Lett. 2017, 29, 1085-1088. [CrossRef]

Zhang, X.; Peng, W. Bent fiber interferometer. J. Light. Technol. 2015, 33, 3351-3356. [CrossRef]

Bas, J.; Dutta, T.; Garro, L.L.; Velazquez-Gonzalez, ].S.; Dubey, R.; Mishra, S.K. Embedded Sensors with 3D Printing Technology:
Review. Sensors 2024, 24, 1955. [CrossRef] [PubMed]

Campanella, C.E.; Cuccovillo, A.; Campanella, C.; Yurt, A.; Passaro, V.M. Fibre Bragg grating based strain sensors: Review of
technology and applications. Sensors 2018, 18, 3115. [CrossRef] [PubMed]

Mishra, S.K.; Mac-Thiong, ].-M.; Wagnac, E.; Petit, Y.; Ung, B. A sensitive and fast fiber Bragg grating-based investigation of the
biomechanical dynamics of in vitro spinal cord injuries. Sensors 2021, 21, 1671. [CrossRef] [PubMed]

Donnelly, E.M.; Lamanna, J.; Boulis, N.M. Therapy, Stem cell therapy for the spinal cord. Stem Cell Res. Ther. 2012, 3, 24. [CrossRef]
Samsonraj, R.M.; Raghunath, M.; Nurcombe, V.; Hui, ].H.; van Wijnen, A.].; Cool, S.M. Concise review: Multifaceted char-
acterization of human mesenchymal stem cells for use in regenerative medicine. Stem Cells Transl. Med. 2017, 6, 2173-2185.
[CrossRef]

Lamanna, ].J.; Miller, ].H.; Riley, J.P.; Hurtig, C.V.; Boulis, N.M. Cellular therapeutics delivery to the spinal cord: Technical
considerations for clinical application. Ther. Deliv. 2013, 4, 1397-1410. [CrossRef] [PubMed]

Feldman, E.L.; Boulis, N.M.; Hur, J.; Johe, K.; Rutkove, S.B.; Federici, T.; Polak, M.; Bordeau, J.; Sakowski, S.A.; Glass, ]J.D.
Intraspinal neural stem cell transplantation in amyotrophic lateral sclerosis: Phase 1 trial outcomes. Ann. Neurol. 2014, 75,
363-373. [CrossRef] [PubMed]

Riley, J.; Glass, J.; Feldman, E.L.; Polak, M.; Bordeau, J.; Federici, T.; Johe, K.; Boulis, N.M. Intraspinal stem cell transplantation in
amyotrophic lateral sclerosis: A phase I trial, cervical microinjection, and final surgical safety outcomes. Neurosurgery 2014, 74,
77-87. [CrossRef] [PubMed]

Bartus, R.T.; Johnson, E.M., Jr. Clinical tests of neurotrophic factors for human neurodegenerative diseases, part 2: Where do we
stand and where must we go next? Neurobiol. Dis. 2017, 97, 169-178. [CrossRef] [PubMed]

Sun, N.; Lee, A.; Wu, J.C. Long term non-invasive imaging of embryonic stem cells using reporter genes. Nat. Protoc. 2009, 4,
1192-1201. [CrossRef] [PubMed]

Boddington, S.E.; Henning, T.D.; Jha, P; Schlieve, C.R.; Mandrussow, L.; DeNardo, D.; Bernstein, H.S.; Ritner, C.; Golovko, D.; Lu,
Y. Labeling human embryonic stem cell-derived cardiomyocytes with indocyanine green for noninvasive tracking with optical
imaging: An FDA-compatible alternative to firefly luciferase. Cell Transplant. 2010, 19, 55-65. [CrossRef] [PubMed]

Lamanna, J.J.; Gutierrez, J.; Urquia, L.N.; Hurtig, C.V.; Amador, E.; Grin, N.; Svendsen, C.N.; Federici, T.; Oshinski, ].N.; Boulis,
N.M. Ferumoxytol labeling of human neural progenitor cells for diagnostic cellular tracking in the porcine spinal cord with
magnetic resonance imaging. Stem Cells Transl. Med. 2017, 6, 139-150. [CrossRef] [PubMed]

Emelianov, S.Y.; Li, P.-C.; O’'Donnell, M. Photoacoustics for molecular imaging and therapy. Phys. Today 2009, 62, 34-39. [CrossRef]
[PubMed]

Mallidi, S.; Luke, G.P.; Emelianov, S. Photoacoustic imaging in cancer detection, diagnosis, and treatment guidance. Trends
Biotechnol. 2011, 29, 213-221. [CrossRef]

Luke, G.P; Yeager, D.; Emelianov, S.Y. Biomedical applications of photoacoustic imaging with exogenous contrast agents. Ann.
Biomed. Eng. 2012, 40, 422-437. [CrossRef]

Ricles, L.M.; Nam, S.Y.; Sokolov, K.; Emelianov, S.Y.; Suggs, L.]. Function of mesenchymal stem cells following loading of gold
nanotracers. Int. . Nanomed. 2011, 6, 407-416. [CrossRef]

Nam, S.Y,; Ricles, L.M.; Suggs, L.J.; Emelianov, S.Y. In vivo ultrasound and photoacoustic monitoring of mesenchymal stem cells
labeled with gold nanotracers. PLoS ONE 2012, 7, e37267. [CrossRef] [PubMed]

Chung, E.; Nam, S.Y,; Ricles, L.M.; Emelianov, S.Y.; Suggs, L.]. Evaluation of gold nanotracers to track adipose-derived stem cells
in a PEGylated fibrin gel for dermal tissue engineering applications. Int. . Nanomed. 2013, 8, 325-336. [CrossRef] [PubMed]
Betzer, O.; Meir, R.; Dreifuss, T.; Shamalov, K.; Motiei, M.; Shwartz, A.; Baranes, K.; Cohen, C.J.; Shraga-Heled, N.; Ofir, R. In-vitro
optimization of nanoparticle-cell labeling protocols for in-vivo cell tracking applications. Sci. Rep. 2015, 5, 15400. [CrossRef]
[PubMed]


https://doi.org/10.1109/JSEN.2016.2617091
https://doi.org/10.1016/j.sna.2012.04.014
https://doi.org/10.1364/OL.36.001548
https://doi.org/10.1109/LPT.2007.908775
https://doi.org/10.1109/LPT.2012.2183344
https://doi.org/10.1016/j.optcom.2016.10.005
https://doi.org/10.1109/LPT.2017.2702573
https://doi.org/10.1109/JLT.2015.2404813
https://doi.org/10.3390/s24061955
https://www.ncbi.nlm.nih.gov/pubmed/38544218
https://doi.org/10.3390/s18093115
https://www.ncbi.nlm.nih.gov/pubmed/30223567
https://doi.org/10.3390/s21051671
https://www.ncbi.nlm.nih.gov/pubmed/33804327
https://doi.org/10.1186/scrt115
https://doi.org/10.1002/sctm.17-0129
https://doi.org/10.4155/tde.13.111
https://www.ncbi.nlm.nih.gov/pubmed/24228990
https://doi.org/10.1002/ana.24113
https://www.ncbi.nlm.nih.gov/pubmed/24510776
https://doi.org/10.1227/NEU.0000000000000156
https://www.ncbi.nlm.nih.gov/pubmed/24018694
https://doi.org/10.1016/j.nbd.2016.03.026
https://www.ncbi.nlm.nih.gov/pubmed/27063797
https://doi.org/10.1038/nprot.2009.100
https://www.ncbi.nlm.nih.gov/pubmed/19617890
https://doi.org/10.3727/096368909X
https://www.ncbi.nlm.nih.gov/pubmed/20370988
https://doi.org/10.5966/sctm.2015-0422
https://www.ncbi.nlm.nih.gov/pubmed/28170192
https://doi.org/10.1063/1.3141939
https://www.ncbi.nlm.nih.gov/pubmed/20523758
https://doi.org/10.1016/j.tibtech.2011.01.006
https://doi.org/10.1007/s10439-011-0449-4
https://doi.org/10.2147/IJN.S16354
https://doi.org/10.1371/journal.pone.0037267
https://www.ncbi.nlm.nih.gov/pubmed/22615959
https://doi.org/10.2147/IJN.S36711
https://www.ncbi.nlm.nih.gov/pubmed/23345978
https://doi.org/10.1038/srep15400
https://www.ncbi.nlm.nih.gov/pubmed/26507853

Biosensors 2024, 14, 296 25 of 25

127.

128.

129.

130.

131.

132.

133.

134.

Wan, D.; Chen, D,; Li, K,; Qu, Y.; Sun, K; Tao, K; Dai, K.; Ai, S. Gold nanoparticles as a potential cellular probe for tracking
of stem cells in bone regeneration using dual-energy computed tomography. ACS Appl. Mater. Interfaces 2016, 8, 32241-32249.
[CrossRef] [PubMed]

Nold, P.; Hartmann, R.; Feliu, N.; Kantner, K.; Gamal, M.; Pelaz, B.; Hiithn, J.; Sun, X.; Jungebluth, P.; Del Pino, P. Optimizing
conditions for labeling of mesenchymal stromal cells (MSCs) with gold nanoparticles: A prerequisite for in vivo tracking of MSCs.
J. Nanobiotechnol. 2017, 15, 24. [CrossRef] [PubMed]

Donnelly, E.M.; Kubelick, K.P.; Dumani, D.S.; Emelianov, S.Y. Photoacoustic image-guided delivery of plasmonic-nanoparticle-
labeled mesenchymal stem cells to the spinal cord. Nano Lett. 2018, 18, 6625-6632. [CrossRef]

Deng, W.-W.; Wu, G.-Y,; Min, L.-X,; Feng, Z.; Chen, H.; Tan, M.-L.; Sui, J.-F; Liu, H.-L.; Hou, J.-M. Optogenetic neuronal
stimulation promotes functional recovery after spinal cord injury. Front. Neurosci. 2021, 15, 640255. [CrossRef] [PubMed]

Wu, W.; He, S.; Wu, J; Chen, C.; Li, X;; Liu, K; Qu, ].Y. Long-term in vivo imaging of mouse spinal cord through an optically
cleared intervertebral window. Nat. Commun. 2022, 13, 1959. [CrossRef]

Fang, X.; Huang, H.; Zhang, H.; Yang, Z.; Lyu, Z.; Yang, H.; Li, N.; Zhao, T.; Yu, X.; Zhang, L. High resolution terahertz ATR
frequency-domain spectroscopy for monitoring spinal cord injury in rats. Biomed. Opt. Express 2024, 15, 479-490. [CrossRef]
Hernandez, M.; Ramon-Julvez, U.; Vilades, E.; Cordon, B.; Mayordomo, E.; Garcia-Martin, E. Explainable artificial intelligence
toward usable and trustworthy computer-aided diagnosis of multiple sclerosis from Optical Coherence Tomography. PLoS ONE
2023, 18, €0289495. [CrossRef] [PubMed]

Tavares, C.; Domingues, M.E,; Paixao, T.; Alberto, N.; Silva, H.; Antunes, P. Wheelchair pressure ulcer prevention using FBG
based sensing devices. Sensors 2019, 20, 212. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acsami.6b11856
https://www.ncbi.nlm.nih.gov/pubmed/27933815
https://doi.org/10.1186/s12951-017-0258-5
https://www.ncbi.nlm.nih.gov/pubmed/28356160
https://doi.org/10.1021/acs.nanolett.8b03305
https://doi.org/10.3389/fnins.2021.640255
https://www.ncbi.nlm.nih.gov/pubmed/33897353
https://doi.org/10.1038/s41467-022-29496-x
https://doi.org/10.1364/BOE.507852
https://doi.org/10.1371/journal.pone.0289495
https://www.ncbi.nlm.nih.gov/pubmed/37549174
https://doi.org/10.3390/s20010212
https://www.ncbi.nlm.nih.gov/pubmed/31905982

	Introduction 
	Optical Coherence Tomography (OCT) 
	Fluorescence Imaging 
	Wearable Optical Technology 
	Neuroimaging with Optical Techniques 
	SCI Treatment with Optical Fiber-Based Devices 
	Photoacoustic Imaging through Plasmonic Nanoparticle 
	Future Perspectives and Conclusions 
	References

