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SYNOPSIS:

It is generally accepted that up to 50% of those with a whiplash injury following a motor vehicle
collision will fail to fully recover. Twenty-five percent of these patients will demonstrate a
markedly complex clinical picture that includes severe pain-related disability, sensory and motor
disturbances, and psychological distress. A number of psychosocial factors have shown prognostic
value for recovery following whiplash from a motor vehicle collision. To date, no management
approach (eg, physical therapies, education, psychological interventions, or interdisciplinary
strategies) for acute whiplash has positively influenced recovery rates. For many of the probable
pathoanatomical lesions (eg, fracture, ligamentous rupture, disc injury), there remains a lack of
available clinical tests for identifying their presence. Fractures, particularly at the craniovertebral
and cervicothoracic junctions, may be radiographically occult. While high-resolution computed
tomography scans can detect fractures, there remains a lack of prevalence data for fractures in this
population. Conventional magnetic resonance imaging has not consistently revealed lesions in
patients with acute or chronic whiplash, a “failure” that may be due to limitations in the resolution
of available devices and the use of standard sequences. The technological evolution of imaging
techniques and sequences eventually might provide greater resolution to reveal currently elusive
anatomical lesions (or, perhaps more importantly, temporal changes in physiological responses to
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assumed lesions) in those patients at risk of poor recovery. Preliminary findings from 2 prospective
cohort studies in 2 different countries suggest that this is so, as evidenced by changes to the
structure of skeletal muscles in those who do not fully recover. In this clinical commentary, we
will briefly introduce the available imaging decision rules and the current knowledge underlying
the pathomechanics and pathophysiology of whiplash. We will then acknowledge known
prognostic factors underlying functional recovery. Last, we will highlight emerging evidence
regarding the pathobiology of muscle degeneration/regeneration, as well as advancements in
neuroimaging and musculoskeletal imaging techniques (eg, functional magnetic resonance
imaging, magnetization transfer imaging, spectroscopy, diffusion-weighted imaging) that may be
used as noninvasive and objective complements to known prognostic factors associated with
whiplash recovery, in particular, poor functional recovery.

Keywords

cervical spine; functional magnetic resonance imaging (fMRI); magnetic resonance imaging
(MRIU) research; radiology/medical imaging; spinal pain

It is generally accepted that up to 50% of those with a whiplash injury should expect to
recover within the first 2 to 3 months following a motor vehicle collision (MVC).
Accordingly, approximately 50% will not fully recover,1® of whom approximately 25% will
demonstrate a markedly complex set of signs/symptoms that include severe pain-related
disability,113 changes in the structure of neck muscle,29:32:34.39 sensory and motor
disturbances, 14 muscle weakness,89108.115 and psychological distress.114.116 Though there
is evidence to suggest damage to a number of tissues (facet joints and capsules, the
intervertebral disc, ligaments, vascular tissues, osseous structures),?! no definitive structural
cause of the wide and varied symptomatology has been realized with available imaging
applications.38:83-85.94.95,105 Recent prospective studies from 2 different countries have,
however, identified changes in the neck muscle structure (eg, muscle fatty infiltrates [MFIs])
of those with poor functional recovery,32:25 suggesting a core biological contribution to
outcomes. While interesting, the precise mechanisms underlying these muscular changes
and their defined influence on recovery remain largely unknown.

A number of psychosocial factors (eg, coping, expectations, anxiety, and depression) have
demonstrated prognostic value in whiplash recovery.1> However, despite the presence and
recognition of these factors, there remains a paucity of best-evidence treatment options to
substantially influence the rate of functional recovery.61:67.79

It is important to be aware of a number of emerging mechanistic models for whiplash
recovery. These include, but are not limited to, (1) maladaptive beliefs and cognition,120 (2)
stress system dysregulation, 472123 (3) genetic vulnerability,1213 and (4) mild injury
involving the peripheral and central nervous systems,32:34-36,40,42,128-130

This clinical commentary will not refute the multifactorial nature of whiplash-associated
disorders (WADs)Z8 or the large prevalence and distribution of abnormal findings on cervical
spine magnetic resonance imaging (MRI) in asymptomatic populations.86 Nor will it attempt
to sway the reader into believing that early and serial imaging should become a part of
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standard of care for all patients exposed to, and presumably injured in, a whiplash event.
Rather, the present commentary will highlight previous and preliminary findings to support
the use of neuromasculoskeletal imaging applications (eg, fat-water MRI, diffusion-
weighted MRI [DW-MRI], magnetization transfer imaging, and spectroscopy) as
noninvasive and objective complements to other prognostic measures. We will review the
important information related to imaging guidelines, as well as introduce technological
advances in our understanding of the underlying mechanisms of muscle degeneration/
regeneration. We will also introduce and propose the use of advanced, but available,
functional magnetic resonance imaging (fMRI) sequences of the brain and spinal cord as
having potential scope in measuring the pain experience for patients with whiplash injury.
The intention is to facilitate development of productive interdisciplinary collaborations that
will propel research in the field of whiplash and WAD into a new era of understanding—and
legitimacy on a patient-by-patient basis. Such efforts have potential to generate more
efficient management strategies for patients, perhaps interrupting the progression and
associated sequelae of chronic pain-related states.

IMAGING CLINICAL DECISION RULES

Clinicians, including physical therapists, are required in the course of routine care to make
individual judgments for initial and further diagnostic tests (possibly including imaging) for
the patients they manage. This includes not only acutely injured patients presenting to the
emergency medicine department with concerns of significant pathology, but also those
patients in whom the trajectory of recovery, based on known prognostic factors, is not
consistent with a satisfactory outcome. 101

The primary guideline in the United States for diagnostic imaging is the American College
of Radiology Appropriateness Criteria (ACR-AC).2 The ACR-AC are a set of consensus-
developed evidence-derived guidelines for health care providers to assist in decision making
for imaging based on apparent health condition or potential condition requiring
investigation. The stated goals of the ACR-AC are to enhance the quality of patient care and
to contribute to the most efficacious use of radiology. Within the ACR-AC structure, patient
presentations are categorized dependent on apparent prior patient history, probable etiology,
signs and symptoms, and results of prior imaging. These categories are referred to as
“clinical conditions,” with subcategories described as “variants.” Most applicable within the
ACR-AC for patients with apparent acute WAD is the clinical condition category of
“suspected spine trauma.”22 The criteria for determination of whether imaging is indicated
and the recommended modality are based upon the Canadian cervical spine rule (CCSR) and
the National Emergency X-Radiography Utilization Study low-risk rule (NEXUS-LRR)
(APPENDIX), along with suggestions of neurological or cervical vascular injury.

The CCSR and NEXUS-LRR were developed for the purposes of identifying which patients
needed imaging in the emergency department for immediate decision making and those for
whom diagnostic procedures were less warranted. The investigations giving rise to these
criteria were undertaken because of acknowledgment of negative findings in an
overwhelming majority of imaging studies in acute cervical trauma and of the accompanying
unwarranted expenses and use of emergency department time and resources.8:44:45.99.104
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In the presence of positive clinical assessment findings derived from the CCSR18:117.118 of
the NEXUS-LRR,55:91 computed tomography (CT) is the initial imaging modality
determined to be “usually appropriate” because of the primary concern for fracture or other
destabilizing injury (eg, zygapophyseal joint dislocation) in adults.??

Magnetic resonance imaging is recommended as “usually appropriate” in the ACR-AC
suspected spine trauma variants in which neurological involvement or overt ligamentous
injury are suspected based on clinical examination, emergent CT results, or if the patient is
unevaluable for an extended period (eg, unconscious or obtunded). Clinical suggestions of
cervical vascular injury (carotid or vertebral arteries) can include nonspecific symptoms
such as neck, occipital, or suboccipital pain or more overt indications of neurological
involvement such as vertigo, ataxia, dysarthria, visual field deficit, diplopia, altered
cognitive status, and Horner’s syndrome.11.24.25 |n cases of suspected cervical vascular
injury, either CT or magnetic resonance angiography may be used to evaluate the extent of
vessel injury and perfusion by contrast distribution.50.64

It is noteworthy that overt structural or hard neurological clinical findings are rare in the vast
majority of patients in the emergent care setting,8%:190 which seems to fit with the accepted
position that most recovery should occur within the first 3 months following an MVC.15
However, for some patients, recovery is not spontaneous or unremarkable. Whether this
discrepancy in recovery rates relates to injury severity or the occurrence of lesions is
unknown. What is known is that there is no variant within the ACR-AC guidelines to
specifically address the clinical heterogeneity of WAD.! Accordingly, we contend that future
updates to the ACR-AC should consider known risk factors for the heterogeneous WAD
condition. In purest terms, most individuals with WAD do not require imaging after
receiving a clear medical screen, but some may. This clinical commentary will provide
empirical and anecdotal evidence to suggest this is the case and what types of imaging may
be most applicable in the acute and chronic stages on a patient-by-patient basis.

. Published imaging decision guidelines, primarily the ACR-AC, are valuable tools
for clinicians assessing patients having experienced acute cervical trauma.

. For patients warranting imaging after cervical trauma, CT is the preferred initial
modality.
. Following cervical trauma, MRI may be warranted acutely with suggestions of

neurological involvement or based on the presence of known prognostic factors
for poor recovery and for individual patient circumstances in which the soft
tissues require detailed assessment.

. To date, WAD is not recognized as a specific patient presentation in the ACR-
AC; thus, no specific guidelines are available for clinicians evaluating patients
having experienced such cervical spine trauma aside from emergent concerns for
fracture or instability.
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PATHOMECHANICS OF WHIPLASH

Here we provide a brief background regarding the current understanding of the
pathomechanics of a typical whiplash injury from an MV C. Engineering-based
investigations of MV Cs have focused on preventing or reducing the incidence of injury
through the modification of the vehicle, including, but not limited to, energy-absorbing seat
designs and head-restraint geometry.59:60 Collectively, these studies involving biofidelic
dummies, human cadavers, and human volunteers have shown that the total movement of the
head and neck, spanning 200 milliseconds during a typical rear-end vector impact, largely
remains within physiologic limits,% but abnormal movements occur within individual
segments at upper and lower cervical levels.*® This abnormal movement is referred to as the
“S-shape” phase of neck motion (FIGURE 1), which consists of flexion at the upper spinal
levels and extension at the lower levels, and can exceed physiologic limits and potentially
induce subfailure injuries to a number of tissues (facet joints and capsules, the intervertebral
disc, ligaments, vascular tissues, osseous structures).#9:62:92.93 There remains equivocal
evidence that neck postures or axial rotation at the time of the collision can increase the risk
of structural injury,8:112.124,129 bt 3 definitive conclusion likely requires more quantitative
“real-world” metrics that currently do not, to our knowledge, exist.

The Elusive Whiplash Lesion and Clinical Practice

Tissue damage following a whiplash injury is evident from (1) laboratory-based applications
(simulated crash tests), (2) experimental animal models, and (3) postmortem studies.
However, whether or not tissue damage is present in patients with WAD is a clinical, not a
laboratory, issue. In purest terms, clinicians evaluate patients to develop an informed and
effective treatment plan that addresses potential tissue injuries and identified impairments
and dysfunctions on a case-by-case basis.

Unfortunately, to date, there are no radiological means for clinicians to accurately and
consistently identify and diagnose tissue injury in the vast majority of patients with WAD.
Plain radiography cannot detect soft tissue (eg, facet capsules and discs) damage/injury and
even some fractures, particularly at the craniovertebral and cervicothoracic junctions, which
may be radiographically occult.”%:97 As stated, CT scanning best detects fractures, but to our
knowledge, there have been no studies using high-resolution CT to determine the prevalence
of fractures following whiplash. Conventional MRI has not revealed structural lesions
related to symptoms in patients with WAD, but this may be due to limitations of the image
resolution of conventional devices and commonly used imaging sequences. Accordingly, the
constant evolution of MRI magnets with improved signal-to-noise and contrast-to-noise
ratios might provide greater image resolution, which in the future may reveal currently
elusive lesions or physiological responses to damaged tissues.28:29.31-35,39-42

MRI APPLICATIONS

The expression of MFI in the cervical spine muscles in acute and persistent whiplash has
been identified in cross-sectional and longitudinal designs across 3 different cultures.
29,30,32,35,39.41.63 ¢ findings were not present to the same magnitude in individuals with
persistent idiopathic neck pain,32 or those reporting milder symptoms from WAD.3° Of note,
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the early and large expression of MFI has recently been shown to occur in those patients3® at
risk of poor recovery (higher pain-related disability, older age, and signs of hyperarousal).101
While interesting, the precise mechanisms underlying muscular degeneration (leading to
MFI), and their influence on recovery, remain largely unknown. There also remains
equivocal evidence to suggest that changes in muscle cross-sectional area are not related to
symptoms in the long term.3:71.72.122 This may have more to do with a wide variety of
measurement methods, requiring a more concerted global effort to establish a preferred suite
of imaging sequences3” whereby pooled analyses can be realized and differences reconciled.

. To date, no structural cause of WAD has been found with available imaging
technology, supporting the position that the clinical course is driven by both
medical and noninjury-related factors.

. Increased levels of neck MFI on MRI occur in tandem with known predictive
risk factors of poor recovery (higher pain-related disability, older age, and signs
of hyperarousal).

. Routine imaging protocols (CT, radiography, MRI) may need to be reconsidered
in the vast majority of patients following whiplash injury.

Etiology of MFI and Cellular Dynamics

It is plausible that functional outcomes in whiplash are, at least somewhat, linked to healthy/
unhealthy muscle architecture. Our ability to effectively treat degenerated muscles relies, in
part, on an improved understanding of the distribution and etiology of fat deposition across
the age spectrum. A major obstacle in the study of MFI is, however, our collective lack of
understanding on how, why, and when it occurs, particularly after an injury, making
informed disease characterization, longitudinal evaluation, and therapeutic modulation
difficult.

What is known? Skeletal muscles have an incredible capacity for repair and regeneration
following injury.”3 Here, we provide only a general background into repair, as the processes
governing this process are complex and beyond the scope of this clinical commentary. For a
more detailed description, the reader is encouraged to read the work of either Bentzinger et
al® or Dayanidhi and Lieber.23

The primary myogenic stem cells indispensable for repair and regeneration58 are the satellite
cells (SCs).23:125.136 gatellite cells are located in all muscles in their niche, that is, between
the sarcolemma of their associated myofiber and the surrounding basal lamina of the
extracellular matrix (ECM) (FIGURE 2A). They are in a quiescent (latent) state until
activated by any number of stimuli, such as, but not limited to, stretch12! (during growth),
the presence of injury and inflammatory factors,136 or denervation?” (after experimental
injury). Satellite cells are considered bona fide adult stem cells in that they self-renew0 to
maintain the SC pool and are able to create myogenic tissue, that is, muscle progenitors,2°
throughout the lifespan. Once activated, the SC proliferates (eg, increase in number) and
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differentiates (combine with each other) to create nascent myotubes that fuse with and
replace the damaged myofibers (FIGURE 2B).

Importantly, the classic process of repair also requires many other nonmyogenic cellular
players apart from the SC, all of which act in a concerted temporal fashion to ensure
appropriate healing. During this process, the inflammatory cells, fibroblasts, endothelial
cells, fibroadipogenic cells, and SCs interact with each other in a time-sensitive fashion
(FIGURE 2C).° Broadly speaking, after an injury, the immune response is initiated by the
regional presence of monocytes and macrophages for clearing damaged tissue components.
Following this initial response, there is a peak activation of the fibroblasts (1 week or less
postinjury) and possibly the fibroadipogenic cells and the endothelial cells in order to create
the ECM scaffold and vasculature. Finally, there is a marked increase in the numbers of SCs
and myoblasts that repair the injured myofibers. In particular, the ECM-associated
fibroblasts and the SCs have a complex relationship with each other. Once activated, the SCs
facilitate remodeling of the local ECM by increased expression of matrix metallo-
proteinases.?0:132 The biomechanical and biochemical factors of the ECM also affect the
functionality of the SC. For example, in vitro experiments have shown that the stiffness of
the ECM affects not only the capacity of SCs to differentiate®3 but also to self-renew.46
Apart from the ECM, quiescent SCs are present in close proximity to muscle
microvasculature.1” During repair, the SC interactions with endothelial cells, that is, those
responsible for new capillaries, are facilitated for the coordination of angiogenesis and
myogenesis. It is important to understand that the total process of healing to return to a
preinjury state can take up to 4 weeks,® and is dependent on the severity of the injury. In
many musculoskeletal conditions, like whiplash, where the injury and healing are not so
simplistic, there can be maladaptation of this repair process and possibly functional
outcomes on a patient-by-patient basis. It remains plausible that advanced imaging (eg,
diffusion-weighted imaging and/or spectroscopy) could help identify acute-level changes in
the muscle cell (or ECM) that could point to cause and effect and help to establish treatment
planning/monitoring.

The expression of MFI has been well documented in injuries involving the rotator cuff
complex. The injured rotator cuff muscles (supraspinatus and infraspinatus in particular)
show abnormal fibrosis, fatty infiltration, and changes in fat deposits on CT, MRI, and
ultrasound.56.77 These changes can be significant and may influence the outcome of the
repair process.*” While it is not known how the specific changes occur at the cellular level,
in humans the SC or skeletal muscle progenitors are higher in number in partial-thickness
rotator cuff tears compared to noninjured and full-thickness tears.’8 Importantly, these cells
were unable to proliferate similarly, suggesting a decreased regenerative capacity and
presumably a disruption of the dynamic balance between the cell types.

Interestingly, similar changes in muscle structure have been observed in animal injury
models involving the lumbar spine. Specifically, rapid increases in adipocytes and
connective tissue in the lumbar multifidus (porcine and ovine, respectively) have been
observed following experimental lesions to both the intervertebral disc and nerve root.53:54
A follow-up study demonstrated that injury to the ovine intervertebral disc induces dramatic
structural remodeling of the multifidus muscle, characterized by increased adipose and
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fibrotic tissue and muscle fiber changes, all of which provide for the exploration and
development of novel interventions to impact muscle function and patient outcomes.>*

While largely unknown, there is preliminary evidence that specific exercise can positively
influence muscle structure and function in chronic whiplash.82 Further animal studies in
which experimental lesions typical of a whiplash injury can be controlled for are required to
better understand the repair process of skeletal muscle. Lastly, clinical trials investigating the
parameters and effectiveness of various exercise programs targeting muscle structure and
function are required before definitive conclusions can be drawn.

. Muscle stem cells, that is, SCs, play a key role in repair and regeneration after
injury to muscle.

. A number of other cell types, such as inflammatory cells, endothelial cells,
fibroblasts, and fibroadipogenic cells, work in conjunction with SCs to ensure
appropriate repair.

. Maladaptation of this process could lead to pathological healing, such as excess
connective tissue and fatty infiltration.

. Future work is required to test the influence that specific exercise may have on
the regeneration process.

ADVANCEMENTS IN NEUROIMAGING

Functional MRI

Functional MRI provides a means to indirectly measure neural activity by generating images
that are sensitive to blood oxygenation levels (ie, blood oxygenation level-dependent
[BOLD] contrast images).888 As neural activity increases in a brain region, blood flow to
the activated region increases to deliver oxygen to meet the increased metabolic demands of
the active neurons. The hemodynamic response during neural activity results in an
uncoupling between blood flow and oxygen metabolism, such that blood flow increases
more than the metabolic consumption of oxygen. This creates a local increase in the
concentration of oxygenated hemoglobin and a local increase in signal on BOLD contrast
images. In an fMRI study, the BOLD contrast images are collected over time to generate a
series of images that can be statistically analyzed, and voxels that significantly fit the model
are considered to be active.131

Functional MRI has been used extensively to map out the brain areas underlying the
processing of nociceptive signals and the perception of pain in the brain (for review, see
Apkarian et al®). Early fMRI pain studies primarily used experimental acute pain paradigms,
in which painful stimuli were delivered over the course of the fMRI study (eg, with the
participant in the scanner). While providing much information on the neural circuitry
involved in acute pain, experimental pain is fundamentally different from the clinical pain
experience, which is unique and personal to the patient experiencing the pain. A major
advancement in neuroimaging has been the shift from experimental pain paradigms to the
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study of the brain regions underlying clinical pain.19:98:103 This work has demonstrated
distinct differences in the patterns of brain activity for acute versus chronic pain conditions,
with a prominent feature being that chronic pain appears to engage more of the brain’s
emotional learning circuitry, suggesting a greater emotional component to chronic pain.®

The noninvasiveness of fMRI makes it an ideal tool for longitudinal studies and tracking the
changes in the brain during the transition from acute to chronic pain. Baliki et al” imaged
patients over a course of a year following an initial episode of acute back pain. The strength
of initial functional connectivity between the nucleus accumbens and prefrontal cortex was
shown to be predictive of chronic back pain, implying that corticostriatal circuitry is causally
involved in the transition from acute to chronic pain.” A follow-up study demonstrated
significant temporal reorganization of the connectivity between the hippocampus and the
cingulate gyrus and medial prefrontal cortex.82 Specifically, the connectivity between the
hippocampus and these brain areas decreased in those who continued to have pain compared
to those who reported recovery, and the decrease in connectivity was correlated to the extent
of the pain experienced 1 year later.82 These findings suggest that reorganization in the
brain’s emotional learning circuitry may underlie the transition from acute to chronic pain,
which has led to the theory that chronic pain results from a maladaptive learning process that
converts the sensory-nociceptive-pain experiences following an initial injury to a
pathological emotional state. This would certainly help to explain the expectation of
recovery, maladaptive beliefs/cognition, stress system dysregulation, and perceived injustice
following whiplash.

It is thus plausible that the neural circuitry involved in the chronicity of WAD partially
parallels, or is similar to, that documented in chronic low back pain. In WAD, the MVC
could be regarded as the initial painful event (time point zero), and, based on the state of the
individual’s brain at time point zero, a prognostic “picture” could ensue. However, the
application of fMRI and other neuroimaging techniques to specifically study WAD, unlike
low back pain, has been limited to date. Linnman and colleagues,®® using positron emission
tomography, found bilateral increases in regional cerebral blood flow in the posterior
cingulate cortex and parahippocampal gyrus in individuals with WAD compared to pain-free
controls.59 Such findings suggest that alterations in the brain’s resting state may be linked to
an increased self-relevant evaluation of WAD-related pain and stress.59

An emerging and exciting area of research related to WAD has been the application of fMRI
to study spinal cord function.126 The same principles underlying the BOLD signal in the
brain should also apply to the spinal cord; however, spinal cord fMRI has been slower to
develop due to technical issues with the imaging of the spinal cord and the analysis of spinal
cord fMRI images.11? It is thus not surprising that the bulk of studies have been mainly
proof-of-concept in nature, testing the feasibility of using spinal cord fMRI to detect signal
changes during motor and sensory tasks.12” Recent advancements are beginning to
overcome some of the mentioned technical barriers, and the validity and reliability of spinal
cord fMRI are starting to be realized.126 With continued development, spinal cord fMRI may
prove to be a valuable method to noninvasively study sensory and motor (FIGURE 3)
processing in the spinal cord and the changes in spinal cord function following injury to
peripheral structures or the direct injury of the spinal cord.16.65
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Overall, greater application of fMRI to study the potential reorganization of the brain and
spinal cord in individuals with WAD is warranted. Longitudinal studies are needed to
expand on the work that has been performed in low back pain. Further use of fMRI in these
individuals may lead to the discovery and development of patient-specific multimodal
treatment pathways that incorporate cognitive behavioral and neural feedback techniques in
tandem with physical therapy.

. Functional MRI provides a means to visualize indirect patterns of neural activity
in the human brain and spinal cord.

. Neuroimaging has revealed differences in neural circuitry in individuals with
acute and chronic low back pain; however, this has yet to be sufficiently studied
in individuals with traumatic neck pain.

MAGNETIZATION TRANSFER IMAGING

Magnetization transfer (MT) is an MRI method that creates contrast based on the
macromolecular content of tissues (FIGURE 4).52 In addition, by comparing images with
and without MT contrast (known as MT ratio), the MT effect can be used to explore and
quantify anomalies in brain white matter across multiple neurologic pathologies (eg,
multiple sclerosis!®9 and traumatic brain injury!19). Magnetization transfer has also been
shown to be sensitive to spinal cord demyelination.19

In considering the pathomechanics of the typical whiplash injury event, a potential
underlying mechanism, at least in a subset of patients, could involve a mild insult to the
spinal cord. Conversely, the lack of typical radiological signs of an injured cord (eg, edema
or hemorrhage on T2-weighted MRI in known spinal cord injury#) would suggest this is not
the case. A recent, albeit preliminary, case series using MT imaging has quantified the
presence of losses in spinal cord motor pathways, without the characteristic signal from
edema/hemorrhage, in a small sample of patients with chronic WAD.3¢ Implementation of
high-field MT measures of the cervical spinal cord in the acute stage could potentially
complement the objective assessment and projection of functional recovery.102

SPECTROSCOPY

For nearly 80 years, scientists have used magnetic resonance spectroscopy (MRS) to
determine chemical structure and function, and understand the underlying mechanisms of
various disease states. While the majority of radiographic investigations into the
pathophysiology of WAD (and other conditions such as myelopathy®’) have focused on
damage/injury to anatomy on a macroscopic scale, spectroscopy can be used to observe and
quantify biochemical function/dysfunction (eg, altered metabolites) of the brain, spinal cord,
and skeletal muscle on a microscopic scale.

In proton MRS, the common visible metabolites are creatine, choline, lactate, lipid peaks, N-
acetylacetate, and citrate. Phosphorus spectroscopy is used to visualize metabolites such as
adenosine triphosphate, phosphocreatine, phosphomonoesters, phosphodiesters, and
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inorganic phosphate. As the strength of the magnetic field increases, the separation between
peaks and signal to noise with MRS improves, providing a more robust environment in
which to noninvasively evaluate cellular biochemistry following head/neck trauma—and
possibly add to the prediction of recovery. There is evidence from MRS-based studies
toward the prediction of neurologic recovery from pediatric trauma (“shaken-baby”
syndrome)®! and the identification of biomarkers in spondylosis.107 Preliminary evidence
from a small cohort of individuals with persistent whiplash-associated pain suggests that
biochemical changes in the central nervous system could be present.4? To our knowledge,
the usefulness of MRS has yet to be investigated in the acute phase of whiplash or in
muscles of individuals with WAD. However, the acute phase may be an optimal time to
consider MRS of muscle tissue, as the expected lack of MFI would prevent any macroscopic
lipid contamination.

DIFFUSION-WEIGHTED IMAGING

Given that rapid compositional changes in muscles either directly or indirectly impacted by
trauma may help predict of the rate and extent of recovery following MVC, techniques with
the sensitivity to detect abnormalities during the first hours or days postinjury hold
considerable promise as clinical tools. One such technique may be DW-MRI, which is
already used widely in the clinical setting to identify regions of cerebral ischemia associated
with neurological insults (eg, stroke). Indeed, DW-MRI can reveal regions of restricted
blood flow well in advance of conventional imaging approaches (eg, T2-weighted MRI, CT).
111 \n DW-MRI, signal intensity is directly related to the rate of water diffusion through a
given tissue.”® Diffusion-weighted MRI scans are acquired at progressively increasing levels
of diffusion weighting, and from these images a composite image is generated that
represents the apparent diffusion coefficient (ADC) at each voxel. This so-called ADC map
enables visualization of complex tissue properties, and can be used to highlight contrast
between regions with relatively free or restricted flow.

Diffusion-weighted MRI can be applied to skeletal muscle,31:134 where it has been used to
detect both temporary exercise-induced changes in regional blood flow81135 and early signs
of denervation®® (FIGURE 5). For example, significant increases in muscle ADC can be
observed during and following brief submaximal isometric contractions,133 following
peripheral nerve injury and associated denervation,*® and in individuals with subacute
lumbosacral radiculopathy.>® Although changes in ADC following denervation appear to
precede findings from electrophysiological testing,>® it remains unknown how the relative
magnitude and time course of ADC changes relate to other pathophysiological muscle
biomarkers (eg, MFI and potential MRS-related findings). Given the relatively recent
application of DW-MRI to skeletal muscle, systematic investigation of short and long-term
reliability is required prior to any potential clinical consideration of the evaluation of a
patient following whiplash in whom denervation or disuse atrophy of the neck or extremity
muscles may be suspected. Nevertheless, DW-MRI (potentially in conjunction with MRS)
may provide critical early insights into the progression of WAD.
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. High-resolution MT sequences could be a means of further characterizing the
whiplash condition by identifying early signs of changes in spinal cord or brain
functioning.

. Magnetic resonance spectroscopy of the brain and spinal cord could provide a
potentially clinically useful biomarker for the characterization and management
of enigmatic musculoskeletal conditions, and, if adapted to skeletal muscle, may
be particularly viable in the acute phase of WAD prior to any changes in muscle
structure.

. Early alterations in water diffusion within skeletal muscles, visualized with
diffusion-weighted imaging, may be associated with the clinical course. Thus,
DW-MRI may be a useful imaging application to assess physiologic variations in
the acute stage.

SUMMARY

The Imaging Measures And Mechanistic models described in this paper represent a number
of advances toward explaining the genesis of chronic posttraumatic problems (with or
without concern for significant pathology), owing to the pioneering work of many clinician/
research scientists before us. The intention of ongoing work in this field is to grow from
what we have learned, building off a platform on which biology, psychology, and sociology
can be integrated to further our understanding of why some but not others transition from
acute to chronic pain-related disability. Readers should be aware that while current
mechanistic models and measures represent new and exciting starting points, they are not to
be considered definitive end points. With time and new research findings, it is anticipated
that some of these models and measures will be modified, combined, expanded, or refined.

Patients with chronic WAD experience a multidimensional condition, with numerous
medical and noninjury-related factors influencing outcomes.28 Similarly, clinicians and
investigators are challenged to understand and approach care of patients with this condition
from a commensurate number of perspectives. While not exhaustive, the advancing imaging
measures described within this paper offer a glimpse of the largely untapped potential for
mechanistic cross-disciplinary research to have an impact on a condition that is both
common and costly and can lead to considerable long term pain and disability for some.
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APPENDIX

IMAGING CONDITIONS CITED IN SUSPECTED SPINE TRAUMA (AMERICAN
COLLEGE OF RADIOLOGY APPROPRIATENESS CRITERIA?22)
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Any high-risk factor?

« Age 265y, or

+ Dangerous mechanism
(A), or

* Upper extremity
paresthesia

No
Yes

Any low-risk factor allowing
range-of-motion
assessment?

+ Simple rear-end motor
vehicle collision (B), or No

« Sitting position in external P Imaging (D)

rotation, or

« Ambulatory at any
time, or

* Delayed-onset neck pain
(C),or

* Absence of midline
cervical spine tenderness

No

Yes

Able to rotate neck 45° left
and right?

Yes

No imaging (D)

Canadian Cervical Spine Rule8:117.118

A. Dangerous mechanism: fall from 3 ft/5 stairs or higher, axial load, motor vehicle collision
at greater than 60 mph or rollover or ejection, motorized recreational vehicle accident,
bicycle collision

B. Simple rear-end motor vehicle collision excludes: pushed into oncoming traffic, hit by
bus or large truck, rollover, hit by high-speed vehicle

C. Delayed-onset neck pain: no immediate onset after trauma

D. At time of derivation, radiograph was chosen imaging. Now, American College of

Radiology recommends computed tomography if positive on criteria
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E. At time of derivation, radiograph was chosen imaging. Now, American College of
Radiology recommends computed tomography if positive on criteria

National Emergency X-Radiography Utilization Study Low-Risk Rule®>:91

Low probability of cervical spine injury if all 5 met:

1. No tenderness at posterior midline of the cervical spine
2. No focal neurological deficit
3. Normal level of alertness
4, No evidence of intoxication
5. No clinically apparent painful injury that might distract from pain of a cervical
spine injury
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FIGURE 1.
Schematic of the head-neck demonstrating the period during which the cervical spine goes

from (A) the neutral posture prior to a rear-end impact to the (B) “S-shaped” curve (50-75
milliseconds). During this time, the upper spinal levels flex and the lower levels extend,
exceeding physiologic limits and potentially inducing subfailure injuries to a number of
vulnerable tissues. (C) Finally, all of the cervical levels undergo extension, forming a “C-
shaped” curve (150-175 milliseconds). Adapted with permission from Grauer et al.*?
Copyright ©1997 Wolters Kluwer Health, Inc.
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FIGURE 2.
(A) SC niche: SCs lie between the sarcolemma of their associated myofiber and the

surrounding basal lamina of the extracellular matrix. (B) SC activation: SCs remain in a
quiescent state until activated by a number of stimuli, such as injury. The SCs are considered
bona fide adult stem cells in that they self-renew to maintain the SC pool and are able to
create myogenic tissue, that is, muscle progenitors, throughout the lifespan. (C) Peak
activation of various cell types for repair: various nonmyogenic and myogenic cells act in a
coordinated fashion to ensure appropriate repair. Abbreviation: SC, satellite cell.
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FIGURE 3.
(A) Functional images demonstrating group average cervical spinal cord activity during a

left-(red-yellow) and right-sided (blue-light blue) isometric upper extremity motor task. (B)
Areas where the signal was greater for the left-sided task compared to the right-sided task,
and vice versa. The activity was lateralized to the hemicord ipsilateral to the side of the task.
(C) The legend shows the location of the coronal and axial slices on the MNI-Poly-AMU
spinal cord template, with corresponding vertebrae labeled. Adapted with permission from
Weber et al.126 Copyright ©2016 Elsevier.
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FIGURE 4.
(A) A T2-weighted magnetic resonance image was used to plan the axial slices for MT- and

non—MT-weighted acquisition, spanning the C2-7 area of the spinal cord. (B)
Magnetization transfer image corresponding to the region caudal to C4. (C) Non-MT image
in the same region, with anatomically defined regions of interest over the ventromedial and
dorsal columns of the spinal cord. These images are used to measure the MT ratio,
quantifying anomalies in white-matter pathways. Abbreviation: MT, magnetization transfer.
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FIGURE 5.
Changes in muscle physiology lead to increased ADC. Complete denervation of the

hamstring (blue bar) leads to a rapid (1 day after injury) increase (approximately 30%) in
ADC. An approximate 25% increase in ADC has been observed within 1 month following
onset of lumbosacral radiculopathy (orange bar), and brief submaximal contractions (50%
maximum volitional contraction) can lead to approximately 15% to 20% increases in ADC
after 10 minutes postexercise (green bar). Abbreviation: ADC, apparent diffusion
coefficient. Denervation and radiculopathy data adapted from Holl et al,>8 and exercise data
adapted from Yanagisawa et al 135
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