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Introduction

Peripheral nerves are vital to how we perceive and interact with our environment and each other; even
mild injury can lead to life-changing consequences?=. Without the protection of bone, and often being
very superficial and vulnerable, peripheral nerves are frequently damaged in diverse ways, both
traumatically and spontaneously*®. The combination of their importance and the prevalence of injury
makes the management of peripheral nerve pathology one of the greatest challenges to our society.
Fortunately, rapid expansion is occurring in therapies designed to promote peripheral reinnervation or
slow degeneration across a multitude of conditions®°. However, without accurate quantification and
characterization of nerve health, clinical decision-making, translation of neurorestorative therapies, and
indeed generation of new therapeutic lines of research are slowed by an order of magnitude. Generally,
peripheral nerve evaluation continues to rely heavily on clinical examination and standard
neurophysiology, especially in the clinical domain. These standard investigations attempt to classify by
spatial distribution, presence of demyelination or axon loss, and severity to inform the pathological
process and guide management. In animal research, invasive histological markers, basic
neurophysiology, and behavior tend to be most employed. The capacity to quantify axonal integrity or
detect degenerating and regenerating nerve fibers, essential for evaluating nerve health and
regeneration, is rarely evaluated from a non-invasive imaging perspective.

This scoping review represents Part 2 of a two-part review on current and emerging techniques in the
evaluation of nerve health. In Part 1, we performed a scoping review of the same subject but focused on
neurophysiological techniques™ (in submission). In Part 2, the objective is firstly to cast a wide net to
systematically identify and collate non-invasive imaging techniques that can, or have a reasonable
potential to, evaluate peripheral nerve health, including approaches and techniques that may have not
previously been applied to peripheral nerve. Our second objective is to provide commentary on their
value, practicality, and future direction from a cross-specialty perspective. The goal is to provide a broad
foundation from where effective clinical and research design decisions can be tailored, as well as to
highlight and encourage areas of basic and translational science that may prove fruitful in advancing
peripheral nerve imaging. The scope of the review is limited to non-invasive or intraoperative
techniques. This is in part due to the burgeoning literature and advances in more invasive imaging
techniques and microscopy that bridge across the fields of histology and imaging. The boundaries are
not clear-cut, and subjective decisions have been made as to which techniques fall within the scope of
this review, with magnetic resonance, ultrasound, and photoacoustic based imaging techniques
representing its backbone.

Nerve health can be quantified in many ways that can be categorized grossly into structure and function.
While many excellent reviews exist that are concerned with assessing varied polyneuropathies and
entrapment neuropathies using extraneural gross morphology, including demyelinating conditions, this
review predominantly focuses on imaging the state of innervation and histological structure pertinent to
degeneration and regeneration, regardless of the pathological mechanisms of injury. Beyond quantifying
the axonal quality and number, even a nerve devoid of axons has a level of health associated with it that
is vital to understand clinically and in research; the nerve may be so degenerated as to not accept new
axons, or it may be primed by Wallerian degeneration to spur axonal regeneration, and differentiating
such characteristics is essential for optimizing outcomes.
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While a formal systematic review is not possible when hypothesis generation is the goal, a scoping
review methodology!? was applied to ensure wide coverage of potential techniques, including
techniques that may have yet to be applied to peripheral nerve. We briefly review the more common
current approaches to imaging peripheral nerves before focusing on selected promising and emerging
techniques that were identified with the aid of the structured scoping searches in combination with
discussion among authors selected for their variety of specialties and experience.

The companion scoping review of the same subject but focused on neurophysiology (under review)
assesses nerve functionality, complementing the more structurally oriented measures discussed within
this review. However, imaging and neurophysiology are not the only methods of assessing nerve; it
should be emphasized when deciding on research design or clinical management, the entire range of
nerve evaluation approaches need to be considered including, histological and lab-based assays, clinical
exam, patient reported outcomes, survival, and behavior®. Next, we discussed methodology of the
review and the results prior to discussing the imaging techniques from the perspective of validity,
practicality, and future direction.

Methods

The same methodology was applied as that of the companion review focused on neurophysiology
(under review). The scoping review involved a search of PubMed, Embase, Web of Science, and Google
Scholar®? to answer the question “what imaging techniques currently assess peripheral nerve health in
clinical and research practice, and what are the techniques that show promise?”. Using PRISMA-ScR#1>
guidelines and aid from our institutions librarians, we developed a comprehensive search strategy to
identify published and gray literature sources. Briefly, the initial limited search using title, abstract and
associated index terms in PubMed, along with iterative discussion among authors and colleagues,
curated the list of terms for inclusion of current and potential techniques. The second search applied
these terms across all 4 databases, which included a Google Scholar search through screening of the first
400 records. Search results were augmented by review of the references of selected articles, as well as
review of thoughts on future directions that may indicate additional potential or emerging techniques.
We did not apply restrictions on language, dates, or article type. Imaging search terms (such as MR
neurography, ultrasound, photoacoustic) were connected via “AND” Boolean statements to nerve
health statements (such as injury, regeneration, denervation, neuropathy). “NOT” statements (referring
to unrelated disorders and anatomy) were used to refine result numbers, and these were collected
during the initial limited PubMed search.

Any technology that had the potential to image nerve non-invasively or intraoperatively was initially
deemed eligible for further consideration. This included imaging techniques that allowed monitoring
over time and at a depth of at least several millimeters. Given the absence of a clearly demarcated line
dividing invasive and non-invasive imaging techniques, as well as time and resource constraints, those
techniques on the border of inclusion were identified and separately discussed as to appropriateness of
inclusion or not amongst the study authors. Of note, most microscopy techniques were considered out
of scope due to being generally limited to sub-millimeter depths and usually requiring more invasive
methods. Some methods overlapped with the scoping review focused on neurophysiology; most
notably, electrical impedance tomography (EIT), which is an imaging modality but included in the
neurophysiology review due to its provenance and significant component of neurophysiology.
Additionally, imaging technologies that could be used to stimulate a nerve action potential were
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included in the review focused on neurophysiology including, ultrasound, magnetic resonance, and
optical stimulation. We included evaluation of muscle as a surrogate for nerve health because it is so
closely related with motor axons and nerve health. Sources referring to standard imaging were excluded
but discussed while referencing established textbooks and seminal articles; however, if the source
described a novel implementation of standard techniques, this was included. After iterative discussion
amongst the authors, articles were selected based on their contribution in terms of performance
characteristics, practicality, and underlying mechanisms and suggestions for future advances. Final
searches were completed in March 2023 and processed using Covidence and Zotero software. Although,
a degree of subjectivity was unavoidable, bias was minimized by using broad and a priori search
protocols, as well as the involvement of cross-disciplinary authors.

Results

The results of the scoping search are detailed below in the flow diagram (Fig 1). The search of the 4
databases returned 2711 texts. Titles and abstracts of all texts were reviewed by the authors, as well as
the references of those selected as most informative about performance characteristics and
mechanisms. This resulted in 533 texts deemed relevant for the relationship between imaging and nerve
health, and full texts were downloaded. Authors discussed and critically evaluated the articles, selecting
those most relevant to performance characteristics, mechanisms, and potential as a measure of nerve
health to be included for discussion and referencing in the review (265 texts).

Establish search terms: Initial review of Terms and Boolean statements
c PubMed and author discussion
o
g
=
=
5 A 4
= Search of 4 databases 2711 texts with title and abstract
a0 533 full texts (some overlap)
g Initial screening and selected text reference - 265 MRI based
§ search - 259 Ultrasound based
A - 56 Photoacoustic based

\ 4 265 referenced texts (some overlap;
,S Final text selection for critical analysis and not including standard texts)
(%]
% discussion - 90 MRI based
£ - 122 Ultrasound based
- 53 Photoacoustic based

Figure 1: Search Flow Chart. MRI: Magnetic Resonance Imaging.

1. MAGNETIC RESONANCE IMAGING TECHNIQUES

1.1 Neuromuscular MRI

MRI has long evaluated gross extraneural peripheral nerve structural abnormalities such as nerve
continuity and intra- or extraneural masses'®. However, advances in spatial resolution and processing, as
well as more availability of clinical MRI with higher magnetic field strengths (3 or 7 Tesla), now make
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MRI increasingly suitable for evaluating internal fascicular architecture’-22. Secondary signal alterations
in denervated muscle offers further insight into nerve health in a conceptually similar manner to
studying muscle neurophysiology with electromyography (EMG)?*?*, and interest in muscle
guantification is growing as the realization of its diagnostic utility is becoming clearer.

MR technology continues to advance rapidly in the assessment of both nerve and muscle. An array of
current and emerging quantitative MR approaches to neuromuscular evaluation are briefly reviewed
below.

1.1.1 MR Neurography

The term ‘MR neurography’ (MRN), coined in the early 1990s, refers to the application of specific MR
pulse sequences to improve peripheral nerve visualization 7%, Generally, fascicular bundles are
isointense to slightly hyperintense to muscle on T2-weighted pulse sequences?!. Fat suppression is
important to increase contrast between nerves and adjacent soft tissues, mainly muscle. Vascular
suppression techniques may also be useful to suppress slow-flowing vessels that can confound reliable
identification of adjacent peripheral nerves'’. Administering intravenous gadolinium contrast is useful to
evaluate nerve tumors and inflammation, but generally is not needed in the setting of traumatic nerve
injury!’, aside from its use for vascular suppression with 3D MRI techniques®.

Using 3 Tesla clinical MRI scanners and phased-array surface coils, modern day strategies maximize
nerve-to-background contrast and spatial resolution by applying fast spin-echo (FSE) T2-weighted
sequences (echo time (TE) of ~80ms), with additional fat and flow suppression?, including use of Dixon
FSE3 that takes advantage of the phase differential between spins at water and fat resonances. Since
the introduction of these approaches, detailed anatomical images of nerve with enhanced
characterization of pathology has been possible clinically and in the lab?3%32, Discussed below are some
new and emerging quantification methods, many that have been well validated in central nervous
system imaging, and although residing in the realm of research at this time with none being standard
care, many have the potential to mature into viable biomarkers and progress MRN’s capability in
assessing peripheral nerve health.

1.1.2 Three-Dimensional Analysis

3D-volume neurography and photograph-like images from cinematic rendering augment standard
MRN3, The ability to rotate and view from any angle is not only diagnostically useful for radiologists, but
also helpful in communicating results to referring clinicians3*. Sequences such as 3D fast (turbo) spin-
echo (FSE or TSE; vendor-specific acronyms include VISTA, SPACE, and CUBE) provide high-spatial and
high-contrast resolution that enable detection and visualization of subtle alterations in nerve contour,
signal intensity, and 3D nerve fascicular reconstruction®®. The combination of diffusion-weighted (DW)
sequences with 3D approaches has been championed the last few years, for instance in the form of DW
reversed fast imaging with steady-state precession (3D DW-PSIF) sequences?¥%, although it has not yet
been adopted widely in clinical practice or research, potentially due to added time and cost. Volumetric
MRI of the dorsal root ganglia has been studied to determine if it is a valid non-invasive in-vivo measure
of neuron loss after distal axotomy3®, finding good correlation to histology (r=0.67). Overall, 3D imaging
does not replace 2D imaging due to less sharpness and lower in-plane (about 1mm compared to 0.4-
0.5mm in 2D imaging, a significant difference)®.
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1.1.3 Diffusion Imaging

The application of diffusion weighted imaging
(DWI) and most critically diffusion-tensor
imaging (DTI) created much excitement in
recent years because of its ability to
interrogate nerve anisotropy. Anisotropy
refers to the directional dependence of a
physical measure. In the case of nerves, the
tube-like character of fascicles, which
preferentially restricts the naturally occurring
Brownian motion of water molecules in the
longitudinal plane, produces anisotropy that
is detectable with these techniques. In
addition to allowing selective nerve
visualization, several derived parameters are readily quantifiable, including the apparent diffusion
coefficient (ADC) and for DTI, fractional anisotropy (FA)*®*, which allows inferences about orientation
and tissue architectural organization3¥42, Diffusion schemes in at least six “gradient” directions for DTI
allows for the generation of 3D visualization (diffusion tensor tractography (DTT), Fig 2) of nerve fiber
tracts324344, DTT is one of the few diagnostic techniques that has been specifically assessed within the
field of nerve regeneration through comparison with histological and functional parameters of recovery.
It has been found capable of depicting tract termination at the injury site, as well as distal fiber growth,
and also correlates with neurophysiological and functional recovery in humans®>#>2, Furthermore,
mean FA has been shown to correlate well with the number of large axons within healthy, uninjured
nerves*’, suggesting a potential role in donor nerve selection for nerve transfer surgery, although this
finding requires corroboration and validation in injured nerve. Regeneration reestablishes both
fascicular structure and myelination, and therefore anisotropy, resulting in progressively increasing FA
and axial diffusivity (AD), and decreasing radial diffusivity (RD) values, while ADC and mean diffusivity
(MD) values normalize as edema resolves®>>3, DTI does not, however, appear to correlate with severity
of axonal injury*” and results obtained in the controlled environment of lab-based research, with the
ability to study ex vivo or only straight nerve segments, have not translated to the more challenging case
of in vivo clinical research or practice. Jeon et al.>* reviewed some of the unique obstacles posed by
peripheral nerve imaging that have impeded clinical uptake, including the challenges of spatial and

Fig 2. Diffusion tractography overlays
of the mid-forearm median nerve
with a peripheral nerve sheath tumor
on sagittal (A) and axial (B) proton
density MR images. Adapted with
permission from John Wiley and Sons,
Sneag et al., IMRI, 2020.

contrast resolution, non-linear nature of nerves, off-isocenter imaging, before offering practical
approaches to mitigate against these concerns. Improvements to signal-to-noise (SNR) using principal
component analysis with generalized spherical deconvolution®® may partially address the high variance
in diffusion parameters within healthy and injured nerve, and across scanners®*. Due to single-shot
echo-planar sequences being so susceptible to even small inhomogeneities in the magnetic field with
poorer fat suppression, Martin-Noguerol et al. found that non—single-shot echo-planar DTI aids
significantly, especially in the more challenging clinical contexts associated with trauma and artifact®’.
Given the importance of vascularity in nerve injury and regeneration, recent approaches have sought to
combine vascular (intravoxel incoherent motion (IVIM)) and DTI to depict both anisotropic
microcirculation and microstructure simultaneously in rat sciatic nerve with some success*®*°. Part of
the importance of DTl is that it elucidates the microarchitecture of nerves from a very different vantage
point and dimension to the more standard structural resolution of anatomic imaging techniques
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because of its reliance on molecular movement associated with complex diffusion patterns within the
nerve. Ultra-high field strength has been combined with DTl successfully, achieving a structural
resolution of (0.2 x 0.2mm) while overcoming the DTI distortion artifacts associated with increasing field
strengths®. Although significant hurdles exist and advancements in coil design, post processing, and
pulse sequences are required®, these parameters are some of the most intuitively appealing and may
yield potentially useful biomarkers capable of robustly evaluating nerve degeneration and regeneration
at depth in the near future including, axonal number and integrity3%°,

1.1.4 Magnetic Susceptibility Imaging

Magnetic susceptibility®? is an alternative key contrast mechanism that has predominantly been used to
image the cerebral venous system and comes in two forms. Susceptibility-weighted imaging (SWI), signal
dephasing near tissue interfaces, transformed bothersome susceptibility artefact into a method of
enhancing contrast between tissues. Subsequently, the development of quantitative susceptibility
mapping (QSM) allowed detailed charting of magnetic source characteristics®®, and has been used to
evaluate myelin in the brain. The ability of QSM to quantify differences in iron deposition, myelin, and
oxygen saturation suggests this may be a feasible marker of peripheral nerve health in certain
circumstances. Detection of iron in macrophages or myelin may inform on Wallerian degeneration or
detect an increase in myelin that might correspond with increasing axons and regeneration. However,
this remains a nascent technique in peripheral nerve evaluation and requires additional refinement to
address the small size of nerves and complicated phase behavior from interference from sources of
susceptibility external to the nerves such as air-tissue interfaces, subcutaneous fat and bone, and
intraneural lipid-equivalent tissues®.

1.1.5 Magnetic Transfer

Magnetization transfer®®> (MT) generates tissue contrast based on magnetization exchange between
free and restricted protons, represented by collagen, myelin, and axonal proteins. This makes it
particularly interesting for measuring denervation and reinnervation and it has been shown to be a
sensitive metric of myelin density changes caused by both demyelination and axonal loss®¢%8. Beyond
simply axonal content and state of myelin, a sensitivity to collagen is of interest in chronic denervation
states. Delays in nerve repair are frequent and the window of opportunity to reinnervate nerve and
muscle is little more than a year®; the ability to detect collagenization’® may help personalize
treatment, preventing futile surgeries and missed opportunities. Nevertheless, the need for high spatial
resolution and SNR when imaging peripheral nerve presents a particular challenge for quantitative
measurements in nerve using MT imaging®’.

A multiparametric approach®®®3, overlaying and weighting the above MR nerve imaging approaches

(such as DTI, SWI, MT) based on clinical context, as well as potentially post-processing of neural
morphometrics®®, may provide a richer assessment of nerve health than any marker alone. Quantitative
MRN parameters were assessed in SMA (spinal muscular atrophy) 7*72, including T2 relaxation time
(increased), proton spin density (decreased), cross sectional area (decreased), with differences found to
be clearly statistically significant, as well as correlation with neurophysiology. SMA is a different model
of nerve health compared to the more common demyelinating, entrapment neuropathy, or nerve injury
models. It represents only loss of motor axons, as also occurs in ALS (amyotrophic lateral sclerosis).
Given that perhaps the majority of a nerve, even a motor nerve’’4, is made up of non-motor axons, the
significant differences found in SMA suggest even greater differences should be found in other models
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that include sensory axon loss because pathological changes and tissue contrast will not be diluted or
obscured by the presence of a great amount of unaffected sensory neural tissue and axons.

1.1.6 Nerve Selective Contrast Agents

The blood-nerve barrier (BNB) and subsequent lack of selectivity for nerve has hindered the utility of
contrast in nerve evaluation. Conversely, the BNB could be used to identify areas of injury or where the
BNB may be regenerating or degenerating; BNB breakdown encompasses the entire distal trunk in
Wallerian degeneration, for instance, and repair appears to closely follow nerve outgrowth from the
proximal stump”. To take advantage of this, contrast agents have been developed that accumulate
selectively in nerve’®. Gadofluorine M (GFM) accumulates in fibers undergoing Wallerian degeneration,
fades with remyelination in parallel with regrowth of nerve fibers, and persists in non-regenerating
nerve, which has clear implications for evaluating nerve regeneration. However, such contrast agents
have not been approved by the US Food and Drug Administration (FDA).

Superparamagnetic iron oxide (SPI10) particles, including ultrasmall SPIO particles, are applied for cellular
and molecular imaging because of their biocompatibility and ability to generate localized hypointenseT2
and T2* areas’”’8. SPIO particles are rapidly phagocytized by macrophages, whose accumulation in
nerve undergoing Wallerian degeneration can then be followed from day 1 to 8”7 before fading.
Additional agents have been developed and some FDA approved including polyaminocarboxylate
chelates, which induce hyperintense signal on T1-weighted MR images®>. Some exciting advances
include nanoparticles (nanoneurotracers) functionalized with an antibody for targeted deployment in
combination with high field strength MRI”9-%%; these could be developed for selective imaging of multiple
cell types®:, Label-free imaging will always be preferable, but the selectivity and strength of signal
achievable with safe and target-specific labels and contrast agents likely represents the field that will
most advance resolution and quantification of nerve health, in particular in the lab, but with a trade-off
clinically due to the delay associated with FDA approval.

1.2.1 Quantitative Muscle MR

As with Ultrasound (US) and EMG, evaluation of muscle acts as a surrogate marker of nerve injury due to
denervation-related changes and is a highly useful complement to any assessment of nerve injury and
regeneration®8>. On MRI, acute and subacute denervation demonstrates normal T1 but diffuse high
intensity on T2 fluid-sensitive sequences because of increased extracellular fluid space (“edema
pattern”), whose timing seems to parallel Wallerian denervation starting around 4 days, or even as soon
as 24 hours in rats®#%, However, in chronic denervation, muscle precursor stems cells differentiate into
adipose cells and fibroblasts®’, which results in increased T1 fatty signal, as well as atrophy. These
characteristics, as well as changes in anisotropy secondary to reduced muscle fiber diameter®, can be
exploited to provide multiparametric quantitative measures (qMRI). Fat Fraction (FF), T2 mapping,
apparent fiber diameter (AFD), and DTI/MT ratio of the muscle are all capable of providing indirect in
vivo measures of axonal loss®”#28 Nevertheless, further validation of each of the muscle MR
parameters, as well as the multi-parametric approach, is required to characterize the longitudinal
relationship between these muscle metrics and the state of the innervating nerve, as well as the
muscle’s receptivity to being re-innervated. Collateral reinnervation is expected to warp the relationship
between muscle signal and innervation status; up to 80% of axons may potentially be lost before
collateral reinnervation fails and muscle fibers remain denervated®*°,
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Volumetric assessment of muscle has been recently found to be a responsive outcome measure of
reinnervation when standardized to BMI (body mass index)®; it represents another quantitative
surrogate marker of nerve health and could be used in conjunction with additional MR imaging
biomarkers. Similar to chronic denervation of nerve, chronic denervation of muscle after a year or so
appears to also result in such degeneration, atrophy, fibrosis, and fatty replacement that the muscle can
no longer be reinnervated; however, there is some debate over whether it is the distal nerve or muscle
itself that is primarily unreceptive to new axons®. Regardless, quantitative muscle biomarkers sensitive
to change in the chronic period (between one and two years being the most clinically important®®)
would further address the clinical question of whether a repair would be futile or successful.

1.2.2 MR Elastography

MR elastography (MRE) offers similar benefits to US-based elastography methods discussed below but
remains to be explored in the evaluation of peripheral nerve. Three requisite steps involve producing
mechanical waves, adopting a modified phase-contrast MR sequence to image the wave, and applying
an inversion algorithm to create an elastogram?. MRE has been applied in many organs, including the
liver, brain, and muscle, but not in peripheral nerve likely due to limited spatial resolution that results
from the reduced number of waves and volume averaging effects on the waves detected. In muscle®,
Basford et al. found stiffness to correlate with neuromuscular pathology as well as active contraction;
however, this study only included one patient with peripheral nerve involvement (polio) and showed
significant differences to muscles paralyzed by central lesions. The relationship of elastography with
physical stiffness in nerve and muscle offers an interesting correlate to the tactile assessment of nerve
intraoperatively that often guides surgeons subjectively in their assessment of nerve health.

1.3 Motor Unit MRI (MUMRI)

An approach using diffusion-weighted magnetic resonance imaging (MRI) has recently been combined
with in-scanner electrical stimulation to image individual MUs®*%, Fig 3. Its potential for detecting
muscle reinnervation is exciting, allowing simultaneous surveillance of multiple muscles for the presence

(o

Fig 3. 3D motor unit MRI (MUMRI) of single motor units in the lower limbs of healthy volunteers. Liminal electrical stimulation was applied
to the common peroneal nerve at the fibular head, and the 3D structure of up to six motor units was reconstructed from multi-slice DWI
images sensitive to motor unit contraction. 3D MUMRI reveals a more complex human motor unit structure than previously thought, with
several units splitting and re-forming along their length. Heskamp et al., 2022, available via CC BY 4.0.
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of actively or passively stimulated MUs. This capability may allow for the detection of nascent MUs, or
the detection of sparse residual MUs allowing for rapid and non-invasive confirmation of nerve in
continuity over a wide field of view, both important for surgical decision making as well as quantifying

motor nerve health and changes over time non-invasively. The relative size and shape of MUs might also

be used as a surrogate for denervation in a conceptually similar way that EMG MU size correlates with
denervation, although the fascicular or volumetric constraints of MU area may reduce validity of this

approach.

Table 1. Summary of Magnetic Resonance (MR) Imaging Techniques at 3 Tesla Field Strength

(mm3) of MU
detectable

residual MUs, quantifies
over time, MU size

constrained, activating
non-standard or deeper
muscles may be difficult

Modality Stage | Resolution/Metric Advantages Disadvantages Select References
MRN C 0.3-0.4mm (in- Provides high spatial Subjective 25-27,29-32
plane) resolution
3D MRN C 0.6-1mm (in- If obtained isotropically, Less sharp compared to | 21,33-37
plane) can be easily reformatted | 2D imaging
into arbitrary planes
DTI E 01.5mm (in-plane) | Quantifies Lower spatial resolution | 32,38-61
microstructural change, compared to qualitative
identifies tracts and fiber | imaging; susceptible to
growth, FA may correlate | distortion and field
with axon number inhomogeneity
Qsm E Signal intensity Sensitive to myelin and Poor resolution, 62,63
iron (macrophages) interference
MT E Signal intensity Sensitive to collagen, Poor resolution 37,64-68,70
myelin, and axon
proteins
MR Contrast E Signal intensity Detect WD Not FDA approved, 35,76-81
agents safety
MR Muscle E Multiparametric Larger target tissue, less Surrogate for nerve, 24,67,82,83,86,88
quantification continuous resolution needed, may changes may reflect
variables correlate with receptivity | collateral reinnervation
of muscle to and disuse
reinnervation
MR Muscle E Volume in mm3 Easily quantifiable Surrogate for nerve, 91
volume changes may reflect
collateral reinnervation
and disuse
MR P Single continuous | May correlate with Surrogate for nerve, 92,93
Elastography variable in muscle; | receptivity of muscle to changes may reflect
kPA or velocity. reinnervation, may collateral reinnervation
correlate with level of and disuse. Unclear if
innervation measurement of nerve
is feasible due to
resolution.
MUMRI P Unknown volume | Detection of nascent or MU size anatomically 94,95

C: currently in clinic use for nerve; I: currently used intraoperatively for nerve; L: currently in lab use for nerve; E: emerging
for nerve; P: potential but untested in nerve. MRN: MR neurography, 3D: 3 dimensional, 2D: 2 dimensional, DTI: diffusion
tensor imaging, QSM: quantitative susceptibility mapping, MT: Magnetization Transfer, MUMRI: motor unit MRI, FA:
fractional anisotropy, WD: Wallerian degeneration, MU: motor unit
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2. ULTRASOUND BASED IMAGING TECHNIQUES

2.1 Neuromuscular Ultrasonography (NMUS)

As with MRI, technical advances in ultrasound hardware and signal processing are rapidly finding
applications in neuromuscular medicine, research, and training® 1%, Neuromuscular physicians and
researchers have realized the significant benefits of ultrasound in evaluating nerves and muscles,
including its widespread availability, low cost, high resolution, dynamic capability to explore large areas
of nerves, and painlessness® 1%, As a result, over the last few decades, ultrasound has been increasingly
used standalone as well as contemporaneous with neurophysiology®®. NMUS is presently used to obtain
basic qualitative and quantitative measures of nerve and muscle such as echogenicity, the presence of
nearby structural changes, and cross-sectional area. For the most part, pathological nerve cross-
sectional area increases and its echogenicity decreases, while muscle, which can again be used as a
surrogate for nerve health, atrophies and becomes more echogenic®. Unfortunately, beyond
myelination abnormalities'®'%, routine ultrasound provides little information regarding the innervation
state of a nerve, including Wallerian degeneration, regeneration, or axonal content. Fascicles within a
nerve, appearing as a honeycomb in cross-section on ultrasound, can be easily identified, and in the
early days of nerve ultrasonography researchers had hoped to exploit this characteristic and detect a
relationship to axonal content. However, the observed fascicles represent a fraction of the true number,
a difference exacerbated as probe frequency decreases'®%, Standard neuronal ultrasonographic
characteristics vary little with Wallerian degeneration!®, chronic denervation'®%, or reinnervation,
perhaps because the most salient aspect of B-mode nerve imaging relies on scattering properties of the
connective tissue enveloping the axons and not the axons themselves'®. Unless degenerated or lost
axons are replaced by material that scatters ultrasound signals in a distinctively different manner, or
gross cross-sectional area changes commensurably, basic quantitative techniques will struggle to
meaningfully quantify the level of denervation. As discussed below, new developments in objective
guantitation are on the horizon that may be able to not only serve as biomarkers but also provide
insights into pathophysiology.

2.2 Quantitative Muscle Ultrasound

Muscle ultrasound clinically is usually performed qualitatively, which again suffers from dependence on
examiner experience and a lack of reliability. Quantification aims to first enhance reliability in detecting
what is usually subjectively
obvious, with the hope that this is
followed by enhanced sensitivity
and specificity. While the Heckmatt
scale is occasionally used when
semi-objectively quantifying muscle
ultrasound images®, it suffers
from a subjective component, is
not a continuous scale, and
reliability has been questioned®®,
Nevertheless, muscle is
substantially easier to examine

Fig 4. Left: normal muscle echogenicity. Right: severely denervated muscle echogenicity
with increased subcutaneous tissue and obliteration of bone echo.

than nerve using standard
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guantitative ultrasound techniques (Fig 4), such as those that rely on calibrated grayscale or backscatter
imaging. Grayscale echo intensity is usually analyzed offline via simple computer-assisted grayscale
histogram analysis. Originally, there was concern that compression of backscatter data into 256
grayscale levels by proprietary software resulted in unwanted bias; however, significant differences
have not been found between methods employing backscatter and grayscale levels, resulting in most
studies relying on the more accessible grayscale metric. These techniques estimate the acoustic energy
reflected to the transducer!'®1 and calibration is always required for optimal standardization.
Unfortunately, reference values are not only highly device-dependent, but they require much effort to
obtain'®. Simple and rapid standardization techniques have been attempted!®, but the variability of
parameters involved in image generation between ultrasound machines restricts the application to
longitudinal within subject studies using the same machine!®, and preferably the same examiner.
Nevertheless, once proprietary algorithmic manipulation is removed, it appears reliability may be
significantly improvedY. This represents a promising avenue for improvement in quantitative muscle
ultrasound. As discussed below, other methods have yielded positive results beyond standard mean
grayscale analysis.

2.2.1 Ultrasound of denervated muscle

Although fewer studies have assessed the performance of quantitative ultrasound in denervated muscle
(predominantly ALS) compared to primary muscle pathologies, relationships have been found between
the level of pathology and echointensity*14118 ynlike MRI, ultrasound is unfortunately not able to
detect early edema seen in denervation!®. In general, studies attempt to predict the presence, absence,
and category of muscle disease!?, and far fewer have explicitly focused on the level of muscle
denervation, which would be the most relevant marker for nerve health. In this regard, initial findings
with more advanced methods have managed to detect differences in muscle type and gender, using
higher-order texture abstractions that rely upon spatial variations of pixel intensities to reflect muscle
microstructure, being less susceptible to device characteristics.1?1122

2.2.2 Heterogenous muscle signal in ultrasound

Heterogeneity of muscle echo intensity has not been explored significantly. This may be important for
nerve injury and regeneration, which can have patchy involvement of axons innervating any given
muscle due to neural architecture inhibiting nerve growth outside of a MU’s territory or across fascicular
boundaries® in severely denervated muscle (moth-eaten pattern). Visually depicting the echo intensity
throughout the muscle as a topographical map, with hills of different heights and areas, it becomes
possible to quantify areas affected rather than simply the mean echointensity across the entire muscle
that is less sensitive to changes in muscle fiber innervation. As discussed earlier, the potential for a
muscle to lose most of its innervation before collateral reinnervation fails®>*° renders ultrasound less
sensitive to peripheral nerve injury or degeneration compared to primary muscle disease, but it may be
able to inform in the early stages of reinnervation or late stages of denervation.

2.2.3 Dynamic ultrasound imaging

Already established in the detection of fasciculations , and quantifiable using speckle tracking of
tissue motion!?®, dynamic ultrasound imaging has the unique potential to comment on the presence of
nascent units (small motor units currently undergoing reinnervation)'?® and fibrillations!?-1°, albeit with
the small size of both being a complicating factor!*%31, Such an approach might augment or even
replace components of the EMG study when reviewing for muscle reinnervation; compared to needle
EMG, its ability to rapidly review multiple muscles in their entirety and avoid the limitation of EMG's

115,123,124
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small sampling area and invasiveness strongly favor the use of dynamic ultrasound if feasible!'>123,

Similar to the superiority of US over EMG in detecting fasciculations'®?, the combination of US with EMG
significantly increased the chances of detecting residual MUs after nerve trauma®?, a finding vital to
preventing unnecessary surgery and likely improving outcomes. This was followed by further enhanced
sensitivity in MU detection using nerve stimulation in addition to US guided EMG***. No comparative
studies have been performed between EMG and ultrasound in detecting nascent units; despite the
smaller size of nascent MUs, the combination of US and EMG, potentially also with stimulation, will
likely outperform standard EMG alone. The presence or absence of motor units is not the only
information that speckle tracking of tissue motion may provide. Akin to the concept of MUMRI
discussed above, if quantifiable, the anatomical size of individual motor units might be informative in a
conceptually similar manner to the information contained within the size of its electrical MUP
counterpart measured with EMG; although, if collateral reinnervation does not cross fascicular
boundaries®>, this relationship will be distorted.

2.2.4 Ultrasound Muscle Elastography

B-mode imaging provides information on acoustic impedance, structure, and motion of a muscle;
however, beyond the field of neuromuscular evaluation, the technique of ultrasound elastography is
widely used to assess in real-time the mechanical properties of tissues, including stiffness'®. Denervated
muscle histology changes over time, with healthy muscle replaced by connective tissue and fat,
progressively becoming more difficult to reverse over a year or two®'¥. It has been hypothesized these
histological changes translate into differences in stiffness detectable by elastography'®. Some of the
main elastography techniques and related studies in denervated muscle are briefly discussed below.

Strain elastography3®%! (SE) uses speckle pattern tracking to quantify tissue deformation after applying
pressure. The lack of pressure information (elastic modulus) and subjective grading are significant
disadvantages compared to other techniques. Few studies in denervated muscle or nerve have been
performed, with some promise seen when evaluating muscle in ALS, although no significant correlation
to nerve health was found in carpal tunnel syndrome®°.

Acoustic radiation force impulse (ARFI) imaging is based on similar principles to strain elastography®#?;
however, it overcomes the lack of a standardized pressure pulse by implementing a fixed focused
ultrasound “push” beam, which consists of a prolonged burst of pulses'*®. Nevertheless, because the
stress produced by ARFl is unknown, output images are again qualitative maps of tissue. Furthermore,
data acquisition can be limited due to overheating caused by the substantial power requirement to
produce the push beam!*. A form of ARFI, the Viscoelastic Response!**, can be used to measure muscle
fiber direction through muscle anisotropy. To our knowledge, neither of these techniques appears to
have been studied in denervated muscle.

Sheer Wave Elastography (SWE) overcomes the limitations associated with both the applied stress and
objective measurement (Fig 5). A push beam like ARFI is used to generate a shear wave inside the tissue.
The propagating shear wave is tracked using pulse-echo techniques and shear wave velocity is estimated
by solving the shear wave equations using advanced mathematic modeling?*, calculation of
stiffness'#®47 (tissue modulus), and generation of quantitative shear wave velocity maps. There are
drawbacks, including muscle anisotropy requiring the transducer to be oriented longitudinally along the
muscle, otherwise accuracy and reliability suffer'*®, This becomes particularly problematic when we
consider the variability of muscle pennation, which makes it challenging to ensure correct orientation.
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On the flip side, such anisotropy might represent a useful biomarker if it correlates with levels of
denervation, or chronicity of denervation, and would be an interesting avenue to explore further.

While predominantly studied in primary muscle disease’®, several studies have also evaluated SWE of
muscle in focal nerve entrapment and motor neuron disease?%14%1%0 with mixed results due to high
variance in healthy tissue, a lack of reference values, and variability between machines®, Stiffness
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Fig 5: Muscle Ultrasound. Left: trapezius under contraction. Right: Same muscle relaxed. kPA: kilopascal.
echogenicity matrix (SEM)*! is a recent novel approach looking to leverage complementary
characteristics of two modalities; SWE and B-mode echo intensity. Research into the use of both SWE
and B-mode imaging in evaluating muscle remains in its infancy, but a multiparametric approach may
represent a more viable path forward in the evaluation of nerve health using muscle SWE given the
described limitations of each modality individually.

2.3 Quantitative Nerve Ultrasound

Compared to muscle, there is significantly less research into applying advanced ultrasound techniques to
nerve, but it is coming. As mentioned, this paucity of research stems from the small caliber of nerves,
the architecture of their connective tissue, and the limits of resolution of commercial scanners.
However, several groups are actively advancing quantitative ultrasound neurography*2.

Akin to quantitative muscle ultrasound, backscatter and grayscale approaches have successfully
distinguished between normal and pathological nerves at a group level, particularly in entrapment
syndromes and diabetic polyneuropathy (DPN), and especially when examining ratios between fascicular
and non-fascicular tissue termed “nerve density”1>31%>, Although intraneural quantitative methods have
not been found superior to simple gross nerve cross-sectional area measurements in detecting the
presence of entrapment neuropathies®®®, Tagliafico did show a relationship between median nerve
hypointensity and severity of carpal tunnel syndrome (CTS), which may relate to increased edema rather
than change in axonal content’. Most studies to date are focused on detecting the presence or
absence of a pathology (entrapment neuropathy or polyneuropathy, usually), and few quantify the
severity of pathology or level of innervation. Beyond standard grayscale quantitation, the future of
guantitative nerve ultrasound may lie more in several technologies discussed below.

Of note, techniques based on ultrasound stimulation®® are discussed in the companion review of the

same subject focused on neurophysiology because of the associated neuromodulation and the
generation of action potentials; although, discussion of this interesting field could equally reside in this
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review. Additionally, while beyond the scope of this review, it is worth mentioning that ultrasound’s
versatility and accessibility mean that it is commonly used as an adjunct in the evaluation of nerve
health - for instance, to locate nerve for needle electrode placement during neurophysiologic
assessment of nerve (stimulation and recording).

2.3.1 Ultra-High Frequency Ultrasound (UHF-US) of Nerve
, ultra-high-resolution ultrasound of nerves (Fig 6) has rarely
, although no

Beyond improved fascicular identification'®

been studied. Frequencies are generally described as being between 30 and 100 MHz
agreed threshold exists, and resolution as high as e
20um*>*11 a5 compared to standard clinic based :
ultrasounds with 10MHz probes at around 150um,
100pum with 17MHz probes, and 73um with 22MHz
probes, at shallow depths'®%%3, However, recently,
Brya'®* examined the correlation of intra-fascicular
30-MHz ultrasound backscatter-based coefficients
to collagen and myelin content in cadaver ulnar
nerve fascicles. Moderately good correlation was Fig 6: 70 MHz Ultra-high frequency ultrasound image of median
found between backscatter and collagen (0.56), nerve at the wrist showing individual fascicles.

less so with myelin (0.2), but highest when combined (0.68). Similar findings using the gray-level co-
occurrence matrix suggest this approach may also be applied without access to RF data'®*. Given the
limited penetration depth of UHF-US, its importance may ultimately lie intraoperatively, either stand-
alone or potentially as a component of multi-modal photoacoustic techniques discussed below6>166,
Although studies remain pending, should they be able to provide information such as that related to
axonal content, changes along a nerve suggestive of regeneration, or outline intact fascicles within
neuromas, there would be immediate clinical and research utility.

159

2.3.2 Ultrasound Nerve Elastography

The last few years have seen significant interest in the potential of elastography to comment on nerve
pathology, especially for the mechanical changes associated with entrapment neuropathies and
polyneuropathy®®%7 The sensitivity and specificity of SWE (Fig 7) and strain elastography are higher
than CSA for diabetic polyneuropathy, with high reproducibility!®®72, However, it is unclear whether the
severity of neuropathy correlates highly with SWE values, which histological changes result in
elastography changes, and whether these findings are likely to translate to other pathologies such as
denervation and regeneration. Furthermore, complexity in using SWE has been highlighted by several
studies'’* 177 which demonstrated SWE measurements vary depending on where along the nerve the
measurement is taken, whether in transverse lor longitudinal axis, which nerve is measured, and gender,
but not significantly by age, BMI, weight, or height. Furthermore, tensile force, limb position, depth,
device platform, and ROI size also impact measurements?”’~183, and the effect of nerve diameter is likely
significant once a threshold is met due to fewer shear wavelengths and volume effects*2'7¢, The
numerous elastography studies in CTS have had varying results®®>184, Although a pilot study using strain
elastography in CTS did not show significant correlation?*®, several have looked at SWE in CTS, finding
slightly less diagnostic ability than CSA and variable correlation with severity®>1%, A modest
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improvement of clinimetrics was seen when US metrics were combined, with application of intra-nerve
comparison8187.191192 Giyen the wide range of values in healthy individuals, the merit of SWE when
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Fig 7: Cross-sectional SWE image of completely denervated median nerve at the wrist (A), and contralateral unaffected median nerve at

the wrist (B), revealing pressure difference in KPa. Long axis measurements showed similar results, as did alterations in size of the region
of interest. Median nerve area also differed, 6.3mm (A) versus 10.5mm (B). kPA: kilopascal.

evaluating nerve health may be in the longitudinal evaluation at the same location and in the same
individual, or between groups of subjects. Using an intra-subject reference, more subtle changes that
are associated with denervation or regeneration, such as histological alterations arising from new axonal
growth, may be detectable and quantifiable. Recent animal sciatic crush studies demonstrated a
remarkably tight correlation in SWE measurements longitudinally after sciatic crush¥*19, slowly
increasing in stiffness over time, despite the arrival of axons in the later time periods (8 weeks). In this
study, the ratio of the elastic modulus between measurements taken pre and post injury was used for
intra-subject standardization, akin to ultrasound measurements for carpal tunnel syndrome assessing
the CSA ratio between wrist and forearm?®®. Additionally, there appeared to be little variation in ratio
between the rodents within each group (standard deviation of 0.06) suggesting standardization to
proximal nerve segment resulted in high reliability. These results appear generally more promising than
studies in human nerve entrapment and polyneuropathy and the use of the crush injury model may be
more valid in neuroregeneration research. However, characterizing SWE changes in different contexts
will be important going forward, including until full reinnervation has completed and in chronic
denervation states, as well as at different tissue depths.

2.3.3 Vascular and Contrast-enhanced Ultrasound

Standard color and power doppler ultrasound is unable to detect the slow flow within the
microcirculation of nerve tissue!. However, advances in Doppler (e.g., superb microvascular imaging)
now permit the assessment of vascular changes in nerve!8191197-200 |ntraneural hypervascularity may
be caused by compression or inflammatory response, which is usually graded subjectively. When
guantification via image-processing has been applied, intraneural vascularity correlated well with the
severity of neuropathy®2%, |ntraneural vascular changes in Wallerian degeneration and the
reinnervating growth cone have not been studied to our knowledge, and it is unclear if the perfusion
and energy requirements within chronically denervated nerve are significantly different from a nerve
with a full complement of axons, which may allow a further metric of nerve health. High-frequency
contrast-enhanced US using microbubbles of inert gas has also successfully quantified peripheral nerve
perfusion®®, which may turn out to be relevant in detecting vascular growth associated with
regenerating nerve or even correlate with axon density. In a study into neurovascular coupling, the
trigeminal ganglion was examined using microbubble tracking and a 15MHz ultrasound probe with an
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ultrafast neuroimager, showing a significant hemodynamic response following afferent activation
(corneal nociceptive)?®. This is interesting because the number of neurons that needed to be activated
for a hemodynamic response to be detected was low (about 300 neurons) and suggests the
neurovascular coupling of distal peripheral nerve might be able to be assessed similarly to sensory
ganglia at such a detailed level.

Table 2. Summary of Ultrasound based Imaging Techniques, including Photoacoustic Imaging
Modality Stage | Resolution/Metric Advantages Disadvantages Select References
QUS Muscle | E 0.1-0.15mm Easy to quantify, Machine and operator 109-118,120-122
texture analysis dependent, collateral
promises higher reinnervation obscures
sensitivity denervation level
DynamicUS | E 0.1-0.15mm, high Detection of residual Non-target muscle 115,123-134
frame rate allows or nascent units, movement obscuring
fibrillation possibly fibrillations target muscle movement
detection, Speckle
tracking
SWE Muscle | E Kilopascal or Quantifies muscle Reliability, many factors 109,120,136,143,148-151
velocity, greater stiffness important for | affect measurements,
than millimeter receptivity to nerve reference values lacking,
scale collateral reinnervation
obscures denervation
level
UHF-US E 0.073-0.1mm, Higher resolution than | Resolution reduces with 153-157,165,166
Nerve MRI if superficial, depth more than a few
distinguish fascicles, centimeters
correlates with
collagen and myelin,
intraoperative use
SWE Nerve E Kilopascal or Metric related to Reliability, many factors 152,167-179,181-194,203
velocity, greater nerve mechanical affect measurements,
than millimeter properties, detects reference values lacking
scale changes associated
with WD
CEUS E Assesses flow Improved resolution Need for contrast 196
within intraneural compared to doppler injection, untested in
microvessels us nerve injury
Doppler US, | E Assesses flow Vascular changes Surrogate marker, 188,191,197-199,201
SMI within intraneural correlate with nerve ordinal semi-objective
microvessels health and WD quantification, low
sensitivity, untested in
nerve injury
PAI E 4-400um Structural, molecular, Portability, economic 204-221
depending on and functional viability, restricted depth
ultrasound information, high of imaging
transducer resolution
C: currently in clinic use for nerve; I: currently used intraoperatively for nerve; L: currently in lab use for nerve; E: emerging
for nerve; P: potential but untested in nerve. QUS: quantitative ultrasound, WD: Wallerian degeneration, CEUS: contrast
enhanced US, SMI: superb microvascular imaging.

3. Photoacoustic Imaging (PAl)
Since uncovering the property of “sonorousness” inherent in different materials when exposed to
rapidly-interrupted sunlight and the creation of a “Photophone” (Alexander Graham Bell???), it has been
found that any wave in the electromagnetic spectrum is capable of inducing sound in tissue (acoustic
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waves). Optical energy (electromagnetic waves) can be absorbed by molecules and subsequently
converted into heat, resulting in thermoelastic expansion. It is this movement that creates sound waves
that can be detected by ultrasound transducers. The combination of optical energy and acoustic
measurement has been described in several ways; perhaps the most graphic being Bell’s “Photophone”,
but more recently the most common terms are “photoacoustic” and “optoacoustic”, although
“thermoacoustic” describes the general effect of sound induction through thermal expansion. Further
nomenclature that has arisen depends on the resolution obtained, field of view, frequencies and
exogenous contrast agents used, with additional common descriptors?°#2% including tomography,
macroscopy, mesoscopy, microscopy, multispectral, label-free etc., the details of which are covered in
several excellent reviews204206:223-229

The scalability of PAI has found an important role in bridging the sizeable gap between imaging
modalities that lie on the more invasive end of the spectrum, such as fluorescence microscopy, and
those less invasive techniques such as the previously discussed MRI and US modalities. PAI can
ultimately be thought of as an extension of US imaging albeit using a novel signal source and underlying
contrast mechanism; pulse-echo ultrasonography utilizes the mismatch in impedance between soft
tissues to image structures, whereas PAI utilizes the different characteristics of light-absorbing soft-
tissue chromophores. This means that PAl can capture not only structural features but importantly
extends to molecular and functional features?”’. Sound scatters far less than light in soft tissue, perhaps
1000 times less?3°, and as such the acoustic signal suffers significantly lower attenuation to allow much
greater depth of high resolution imaging; a near infrared window (NIR; 700—1700 nm) enables tissue
penetration depth up to several centimeters.??® The resulting resolution remains limited by the
attenuation of high-frequency ultrasonic waves in tissue, which results in a practical depth-to-resolution
ratio of up to 200%%; for example, at a depth of 5mm, resolution could be as high as 25um?2%82%9,

PAIl systems can be categorized via which optical illumination and acoustic detection methods are being
combined. PAl Macroscopy®® is capable of imaging up to several centimeters, relying on a non-focused
optical beam over a wider area and with detection in the range up to 10 MHz, with resolution up to
100um. PAI Mesoscopy®®’?1%211 js similar in process but images up to several millimeters with resolution
achieved through increased ultrasonic frequency detection, up to 200 MHz with a resolution generally
found to be in the range of 50-100um; although, some report up to 4 um axially 18 um transverse with
depths up to as much as 5 mm?%. With the only difference between PAI macroscopy and PAl mesoscopy
being the transducer, this means that macroscopy and mesoscopy can readily be switched, allowing
easy scalability with little need to change equipment — a significant bonus for translatability to the
clinical environment. The third category is Photoacoustic Microscopy; it is considered beyond the scope
of this review due to the imaging depth being so low, but it is briefly described for the sake of
completeness. PAI microscopy is generally limited to sub-millimeter depths and utilizes an alternate
method of illumination that systematically moves a focused beam across the target (relying on optical
resolution, rather than acoustic resolution in macroscopy and mesoscopy), with each area detected
separately by the ultrasound transducer, which removes the need for tomographic techniques.
Resolution in this category of PAI can be down to the sub-micron level?*2,

Contrast in PAIl has been shown to be a consequence of endogenous optical absorbers, including lipid,
lipofuscin, melanin, collagen, water, and hemoglobin?'*?*, The inclusion of lipid in this list of

endogenous chromophores is of interest due to the myelin component of peripheral nerve?17,220221 |
particular, the potential for measuring changes in the combination of endogenous chromophores such
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as lipid?32, vascularity/hemaglobin?'®, water, and collagenization within nerve offers exciting but as yet
mostly untapped future possibilities for evaluating nerve health and denervation in the acute and
chronic stages, importantly including Wallerian degeneration, chronic denervation, and regeneration.
Only a few studies have focused specifically on peripheral nerve evaluation and PAI?*>221, Matthews et
al. demonstrated peripheral nerve imaging proof-of-concept by imaging ex-vivo mouse sciatic nerve
embedded in chicken tissue. Although at submillimeter depths, resolution was measured as 41um, and
the endogenous chromophore (contrast agent) was found to be the lipid content of the myelin. This is
encouraging for the measurement of regeneration and degeneration given the close relationship of
myelination to axon number, growth, and degeneration. Another study used multispectral laser
excitation, which adds to the resolution and specificity of PAI by localizing specific chromophores due to
differential light absorption characteristics?®®. Li et al.??® applied this multispectral PAl and demonstrated
a penetration depth up to 2.7cm; in this study, the group noted an axial resolution of 124um when
performing in-vivo imaging in rodent at a depth of 2mm.

Endogenous chromophores are most preferable but are limited and often lack precision due to weak
optical absorption??, but exogenous chromophores are being developed at a rapid rate in attempts to
increase contrast of tissue??322522% Although peripheral nerve represents a challenge due to the blood-
nerve barrier?3, headway is being made?%. As previously described, impermeability to contrast can be
used to highlight areas where the blood-nerve barrier has been disrupted, which is helpful in detecting
Wallerian degeneration and potentially neuronal growth cones; alternatively, it can potentially be
opened via various mechanisms to allow for contrast agent uptake?** and the imaging of intraneural
structural and molecular properties.

3.1 Obstacles and Future advances in PAI

PAI has numerous limitations and much scope for continued advancement in the field of peripheral
nerve imaging. The practicalities of creating a portable and economically viable system represents a
significant barrier but will be key for adoption rates. One approach to overcome this is focused on low
cost light emitting diodes (LED) to replace expensive lasers?®®. Traditional piezoelectric transducers have
put some constraints on PAI systems?3® and studies have investigated improving the practicality of a PAI
system through the use of optical sensors; including transparent Fabry—Perot sensors in the place of
piezo transducers to allow simultaneous illumination of tissue and detection of ultrasound without the
transducer obscuring the laser?’, as well as aid in miniaturization and reduction of interference?3.
Optimal image processing is a necessity for effective imaging using PAl and represents its own
challenges. Here too, improvements are being made including algorithms to quantify images more
effectively through use of artificial intelligence and machine learning to extract as much information as
possible from the signal?29:239-243,

In attempts to improve resolution of PAI, several methods have been applied with some success??.
Localization-based approaches (localization optoacoustic tomography) uses rapid sequential acquisition
of 3D photoacoustic images to achieve sub-diffraction (below diffraction limits of the wavelength of light
used) spatial resolution and reduce artifact?**. The inherent scattering nature of light within biological
tissues presents a substantial obstacle on the penetration depth of non-scattered photons?*. Using
“wavefront shaping”?*>2% to compensate for scattering, improvements of up to ten times in signal-to-
noise and six times sub-acoustic resolution have been achieved. Finally, the acoustic diffraction limit has
also been surpassed by using techniques that achieved super-resolution in microscopy?** (super-
resolution fluorescence fluctuation microscopy), which induced temporal fluctuations of fluorescence
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using “blinking” fluorescence molecules. This approach was translated to PAIl with good effect by
exploiting multiple random speckle illuminations as the source of acoustic fluctuations?*,

Advances in optical, ultrasonic, and image processing technology, along with the ability to image
structural, molecular, and functional features, have resulted in PAl becoming one the most exciting and
fast improving modalities in non-invasive imaging at greater than millimeter depths. Improved targeting
and resolution of contrast agents that are endogenous to nerve, or design of safe exogenous neural
contrast agents, promises to provide unparalleled access to nerve health.

4. Multimodal Methods

4.1 Positron Emission Tomography (PET)

Damaged nerves uptake FDG-PET due to higher levels of metabolic demand from injury as well as
increased firing rates?®, yielding another promising imaging biomarker of nerve health. Interesting
avenues of ongoing research include neuronal-selective contrast agents, rather than relying on
metabolic demand, and the necessary combination with other modalities such as CT or MRI for
enhanced spatial resolution?%2>2 that may have potential to inform on neuronal regeneration and
degeneration. The combination of modalities not only increases neuronal structural resolution but also
overlays another vital feature of nerve health, function, similar to photoacoustic techniques discussed
above and highlights the benefit of dual modality approaches to imaging beyond just high-resolution
structural detail.

4.2 Ultrasound Fusion

Medical image fusion involves overlaying images, or displaying side by side, from different imaging
modalities after an initial co-registration and has gained widespread use in several medical specialties?3.
The combination of the two modalities (ultrasound images fused and co-located with pre-recorded MRI
or CT images) not only allows practical guidance to obtain accurate recordings from otherwise hard to
assess deep nerve and muscle, but also enables multimodal quantification of precisely located neuronal
and muscular tissue, useful for assessing nerve health. Precisely stimulating and recording from deep
nerve is challenging even with ultrasound guidance, but the combination with MRI overcomes this issue
and augments the potential to assess nerve throughout the body. Fusion imaging represents the
technological frontier of the ever closer relationship between neuromuscular ultrasound and
neurophysiology, both in clinic and intra-operatively?>426,

4.3 PAI Fusion

Pre-clinical studies have into multi-modal imaging of PAI with MRI?*” and ultrasound?'6228258 have been
demonstrated in recent years. Like PET fusion approaches, the goal is to exploit the complementary
information provided by anatomical landmark imaging with the molecular and functional contrast
offered by PAI. This has been used primarily in imaging gliomas to obtain clear borders, but the
translatability to nerve is clear as shown by Ishihara in the evaluation of diabetic nerve?!?; the
combination of rapidly acquired gross structure with molecular content would be invaluable for
assessing nerve health, making clinical decisions, and monitoring treatment effects on investigational
regenerative therapies.
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5. In-Vivo Lab and Intraoperative Imaging

5.1 MR Microneurography

Animal peripheral nerve imaging options expand beyond those available to humans and this offers
distinct advantages and opportunities for improvement. For instance, high-resolution MR
microneurography optimizes the spatial resolution of neurography images, using very high magnetic
fields, extremely powerful gradients, and specific coils?>°. With a 9.4 Tesla scanner and gradients of
400mT/m, images of anatomical parts can be obtained with a spatial resolution of up to 30pm?°262, far
superior to clinical MRI resolution of approximately 0.4-0.5mm?, and several times greater than in-
human microneurography methods, even with highly-restricted field of view, of a little over
100um?64285; although, SNR may be improved further in human studies using new acceleration
methods?%%257, Such high resolution may detect intraneural structure at a level relevant to axonal
content and nerve health evaluation, akin to a magnetic resonance nerve biopsy.

As mentioned, application of MR microneurography using 3 T scanners using a restricted field of view
was capable of enough visualization of internal nerve structure to allow quantification nerve fascicle
area, as well as perineurium and epineurium area, using a segmentation protocols?**%, These areas
were combined into a ratio (fascicle to nerve ratio), potentially relating to nerve pathology given
significant correlation to demyelinating pathology?®®. Discussed below, this is a similar theme to
fascicular ratios applied in ultrasound and are based on the rationale that different compartments
within nerve differentially respond to pathological processes, providing reliable intraneural structural
metrics beyond simply whole nerve cross-sectional area. The application to nerve evaluation would
involve only a small segment of nerve being evaluated (“biopsied”) to understand in maximal possible
detail the health of the nerve for clinical or surgical decision-making, or to accurately monitor
degeneration, regeneration, and response to neurotherapeutics.

5.2 Ultra-High Frequency Ultrasound

The sonographic counterpart of MR Microneurography is the previously described UHF-US (section
2.3.1), also termed micro-ultrasound?®®, and similar to US biomicroscopy?°2’t (UBM) that has
historically been applied in embryology research and subsequently ophthalmology, angiology, and
dermatology. Limitations with mechanically scanned transducers have been overcome using phased
array layouts?’! allowing the dedicated high-frequency probes from 30 to 100 MHz and more®*9% to
increase the spatial resolution to the micron level (as low as 20 um), albeit at the expense of the
investigation depth due to previously described inherent depth-to-resolution ratio of up to 20010>159.231,
The appropriateness of which ultrasound machine is used differs depending on environment, as
exemplified by recent technological advances in clinical research machines allowing for ultra-high to low
(70-1MHz) imaging capabilities (Vevo F2 Fujifilm Visualsonics). Such increased freedom of data access
with open architecture, high performance multimodal imaging, and quantitative interfaces offers the
opportunity for significantly more sophisticated techniques to be applied in controlled and laboratory
environments.

5.3 Photoacoustic Alternative Forms of Microscopy

Photoacoustic techniques reviewed above are applicable to, and perhaps best suited to, in-vivo animal

research. However, as mentioned, significant development of the systems and techniques are required.
This review focuses predominantly on the more non-invasive peripheral nerve imaging techniques that
are capable of depths of at least several millimeters. However, it is important to at least point to the
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advances in numerous microscopy imaging techniques that are applicable at very shallow depths
(millimeter and below), which have exploded in recent years?*® and include categories such as optical
microscopy?’27?’> and optical coherence tomography?’® with and without florescence?’”-%2 or
labelling?33, as well as micro-CT?3284 gnd spectroscopy?®>2%, Although considered beyond the scope of
this review, microscopy as a field has evolved far enough to require its own dedicated review focused on
invasive and ex-vivo imaging techniques for the evaluation of peripheral nerve health, degeneration,
and regeneration.

5.4. Intraoperative

The opportunity for direct access to nerve intraoperatively offers the opportunity for quite different
approaches to imaging, as well as greater resolution of modalities discussed already, such as
intraoperative ultrasound. Some techniques have already started to be applied clinically with several
emerging techniques at varying stages of development in the translational spectrum.

Neuromuscular ultrasound has found its place firmly in the outpatient clinic, not least the
neurophysiology lab due to the real-time addition of a structural correlate to concurrent
electrophysiological and clinical exam findings, and overlap in required anatomical knowledge
line with increasing interest in intraoperative peripheral nerve neurophysiology?®°, the natural extension
of this is into the intraoperative environment; direct access to nerve and muscle without intervening
tissue harnesses the full power of the highest frequencies. Recognition of its applicability
intraoperatively is rising steadily in the era of ultra-high frequencies?**2%, as well as its vascular and
sonoelastographic capabilities, and the argument for its place alongside intraoperative neurophysiology
is beginning to look similar to that of its clinic-based counterpart. The most obvious application is that of
ultra-high frequency ultrasound, with resolution up to 30um using commercially available devices
(VevoMD, Fujifilm Visualsonics). Current benefits of its application intraoperatively are already manifold
including, nerve identification and mapping, and visualizing fascicular level detail to maximally spare
healthy tissue in delicate surgical approaches to peripheral nerve tumors and neuromas04159:290.291,293-
297 If echotexture parameters can be discovered that indicate levels of denervation or collagenization,
then this would amplify its use immediately intraoperatively in evaluating nerve health, especially in
nerve injury surgery and exploration. Elastography of nerve, as discussed above, has shown promise in
evaluating nerve health and represents an intuitively appealing modality in peripheral nerve surgery.
Frequently, the firmness and texture of nerve, taken to be a surrogate for collagenization and fibrosis, is
subjectively determined by the surgeon in evaluating viability of nerve tissue; elastography speaks
directly to this firmness via evaluation of propagating wave velocity within the intraneural tissue.
However, as discussed above in section 2.3.2, there is a way to go before sensitive and specific
information can be extracted from ultrasonographic elastography signals of nerve. The degree, type, and
distribution of vascular changes are associated with nerve in different states of degeneration and
regeneration, and this could be an important biomarker of nerve health?®®2%°, One potential approach to
evaluating this potentially valid metric is intraoperatively with microvascular ultrasonography?91-390:301,
Such microvascular assessment could potentially also be attempted pre-operatively through use of
clinic-based ultrasound (discussed above), MR imaging?, or laser doppler techniques3®?, but the access
provided intraoperatively allows enhanced resolution and offers a potential final check before
committing to the often nerve-racking and irreversible transection of a nerve.

287,288 In
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In section 3, we discussed PAIl and its application to the evaluation of nerve health. Intraoperative
use?’>303 353in takes advantage of the depth-to-resolution acoustic properties in PAI, greatly enhancing
likely resolution, similar to ultra-high frequency ultrasound but with reported potential resolution even
higher, approaching 4 um?®, This level of resolution at sufficient depth with the added molecular and
potentially functional information provided by the differential tissue responses to thermoelastic stress
make PAI theoretically an ideal candidate for intraoperative use; as long as practicalities of integrating
acoustic and optical components be overcome in the challenging environment 253%4:3% (djscussed
above). Although discussed in the companion review focused on neurophysiology, it is worth also noting
here the intraoperative potential of electrical impedance tomography (EIT). This is an imaging modality
that benefits from direct access to nerve and provides the capability to image fascicular level
depolarization at resolutions below 200um3°%3%_ |n addition to the proposed role in neuromodulation,
especially of the vagus nerve, identifying fascicles that require repair in partial nerve injuries has long
been a problem in peripheral nerve surgery and would significantly help in recovery of function through
encouraging fascicular repair while also aiding in avoiding morbidity from unnecessary repairs.

7. Conclusion

The recent substantial increase in awareness from both clinical and research communities of the
promise of non-invasive nerve imaging is driving its rapid evolution across multiple modalities and
specialties. To unleash the exciting promise offered by so many imaging techniques identified and
discussed in this scoping review, advances in technology are needed to occur in tandem to achieve the
hoped-for exponential improvement in powerful and responsive imaging biomarker and outcome
measures to expedite progress in both neurotherapeutics and clinical practice. Many measures of nerve
health discussed in this review have seen high variance within healthy individuals, impacting their value
as a biomarker. Overcoming this will undoubtedly rely on technological advances but taking advantage
of combining modalities and techniques may represent low hanging fruit that can be rapidly exploited to
enhancement precision in the evaluation of nerve health.

The present scoping review serves as a complement to Part 1, which specifically concentrates on non-
neurophysiology . Some modalities straddle neurophysiology and imaging but have only been covered
by one of the reviews (such as EIT and ultrasound stimulation being covered within Part 1). Within the
combined reviews, we have covered an extensive assemblage of current and promising non-invasive
imaging and neurophysiological approaches, aiming to guide both the planning of peripheral
neuroregeneration research as well as the optimization of patient care. In addition to aiding in the
selection of appropriate metrics of nerve health, we have highlighted what we believe to be important
areas of promise and necessary avenues for further research.
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