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Abstract

The World Health Organization reported the global burden of non-fatal road traffic
collisions affects between 20-50 million people each year. Whiplash Associated
Disorders (WAD) commonly occur after motor vehicle collisions and often include
symptoms of pain and psychological distress. The most common type is WAD grade
2 (WAD2), which includes neck symptoms and musculoskeletal signs (e.g.,
tenderness and impaired neck movement) in the absence of a frank nerve injury on
routine diagnostic testing (electrodiagnostic tests, traditional neurological
examination). Contrary to the previous definition, new evidence demonstrates signs
of nerve injury in patients with WAD2.

My research builds upon this evidence to answer novel objectives in a longitudinal
cohort study assessing the temporal development of nerve pathology and its
predictive ability in WAD2. To begin, I completed two systematic reviews of the
literature integrating current evidence to inform the design of my longitudinal cohort
study. The first systematic review summarised our current understanding of nerve
pathology and neuropathic pain in people with WAD. My second systematic review
aggregated the findings of blood-based biomarkers of nerve pathology to identify the
most promising marker to measure within my cohort.

The findings from the longitudinal cohort study in WAD?2 identified approximately
one-third of participants with acute signs of neuropathic pain. In addition, I
identified nearly two-thirds of participants with acute functional nerve pathology
using quantitative sensory testing and neurological assessments. These measures
improved six-months after injury but did not fully recover. Serum neurofilament
light chain was elevated acutely but was comparable to controls six-months after
injury. Intraepidermal nerve fibre densities from skin biopsies remained preserved in
WAD?2 participants acutely and six-months after whiplash injury. Transcriptional
blood profiling six-months after injury revealed significant gene dysregulation for
moderate/severe persistent pain versus minimal persistent pain when stratified by
sex.

These novel insights help improve our understanding of the heterogenous nature of
WAD2 and reveal important implications to better manage such patients.
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“The rapidity of the movement, the momentum of the person injured, the
suddenness of its arrest, the helplessness of the sufferers, and the neural
perturbation of the mind that must disturb the bravest, are all
circumstances that of a necessity greatly increase the severity of the
resulting injury to the nervous system, and that justly cause these ceases
to be considered as somewhat exception from the ordinary accidents.”

Professor John Erichsen, 1867,

‘Railway and Other Injuries of the Nervous System’



1

Background

1.1. Introduction of whiplash injuries

1.1.1. History

The evolution of modern transportation brought unparalleled opportunities and
unforeseen difficulties. Pain and disability are major challenges resulting from such
transportation-related injuries. The initially reported pain from transportation
injuries was from locomotor accidents, which was aptly named ‘Railway Spine’l.
First described by physicians in the nineteenth century, Railway Spine brought a

puzzling array of symptoms and a shroud of controversy in the medical community.

Professor John Erichsen first spoke of Railway Spine in his 1866 lecture entitled
‘Railway and Other Injuries of the Nervous System’!. In this seminal series of
lectures, Professor Erichsen described multiple case reports of people who
experienced a collection of complex and disabling symptoms sustained from railway
accidents. Such symptoms included widespread pain, paraesthesia, weakness, and
psychological distress. Professor FErichsen initially hypothesised this array of

symptoms to be originating from a ‘concussion of the spine and of the spinal cord’.

Professor Erichsen’s hypothesis was not however universally accepted. The gradual

development of symptoms and the absence of apparent physical injury led other



physicians to describe Railway Spine as a type of psychosis rather than physical
injury?. The latter theory considered pain from Railway Spine to be hysterical in
nature and was conceptualised as a ‘hallucination' resulting from the mind's reaction

to abnormal excitable pain pathways.

The perplexity of Railway Spine continued with the advancement of transportation-
related technology. An early case report of neck injury following a motor vehicle
collision was described by Marshall in 1919. This reported symptoms of pain and
distress in the presence of ‘normal cervical spine x-rays in the injured patients's. The
advancement in both transport and medicine also brought a change in clinical
nomenclature for these conditions. The sudden movement experienced from motor
vehicle collisions was described by Crowe in 1928 ‘like cracking a whip’ and was thus
named ‘whiplash’s. The term ‘whiplash’ became predominant and was solidified by

its use in a key medical textbook in 1946°.

1.1.2. Biomechanics of whiplash injury

The term whiplash, as defined by the rapid acceleration and deceleration of the
cervical spine, has been consistently used since its inception. The foundational
biomechanical understanding of whiplash injuries has been simulated from rear-end
impact models®7. Although there are biomechanical variations from different
directions of impact, I will use the classical rear-end impact model for all following

biomechanical review of whiplash injuries.



The initial impact phase after a motor vehicle collision includes the rapid forward
acceleration of the occupants' thorax. This movement creates an initial sigmoid
formation of the cervical spine®?. The momentum from the thorax is then transferred
to the cervical vertebrae creating relative cervical extension potentially impacting
the zygapophyseal joints. The final phase of movement involves a rebound of forward
momentum moving into cervical flexion before returning to a neutral posture®. The
external forces acting on the cervical spine during the whiplash movement can place

non-physiological strain on various structures of the spine, described in detail below.

1.1.3. Classification of whiplash injuries

An international task force was formed to tackle the growing clinical challenge of
whiplash injuries. In 1995, the Quebec Task Force convened to improve the outcomes
of whiplash injuries!?. Several important implications came from this meeting. First,
the task force adapted a new nomenclature for pain and symptoms arising from
whiplash injuries entitled ‘Whiplash Associated Disorders (WAD). WAD is defined
as the signs and symptoms reported by people following an acceleration/deceleration
injury to the neck!®-!l. The task force also introduced a new classification system to
grade the severity of WAD using an ordinal scale from zero (no pain or physical

injury) to four (fracture/dislocation), as shown in Table 1.1.



Table 1.1. Classification of WAD from the Quebec Task Force Grading System
QUEBEC TASK FORCE CLASSIFICATION"?

GRADE PRESENTATION

0 No complaints of neck pain or physical signs of injury

Complaints of neck stiffness or tenderness only

1
No physical signs of injury
Complaints of neck pain
2 Musculoskeletal signs:

Decreased range of motion
Point tenderness

Complaints of neck pain
Neurological signs:

3 Decreased or absent reflexes

Muscle weakness

Sensory deficits

Complaints of neck pain
Signs of fracture or dislocation

The Quebec Task Force grading system is still commonly used around the world
today, likely due to its simplicity. However, the validity of this classification system
has long been questionned!?. The most discussed challenge associated with the
grading system is the heterogenous symptoms present in the most common type of
injury (whiplash grade 2 [WADZ2])!>14. WAD2 includes musculoskeletal findings in
the absence of a frank nerve injury. Although the criteria to reach the higher
classifications are rare (cervical radiculopathy or fracture)!®, it is suggested that

people with WAD2 may have less apparent signs of nerve pathology!6:17.

Newer classifications have been created to grade the complexity of WAD more
comprehensively. These updated classifications incorporate greater considerations for
the severity of pain and disability, psychosocial contributions, and pre-existing health

status'418, Although these classifications incorporate the known clinical challenge



and complexity of whiplash injuries, they have not yet been as widely adopted as

the original grading system.

1.2. Whiplash-Associated Disorders

1.2.1. Epidemiology

Sequalae following motor vehicle collisions have broad epidemiological impacts across
the globe. Recent estimates by the World Health Organization reported the global
burden of non-fatal road traffic collisions affects between 20-50 million people each
year!?. In the UK alone, 500,000 incidences of whiplash are reported annually?’.
Previous estimates in North America and Europe show similarly high rates of
whiplash-related injuries, with more than 300 persons per 100,000 seen in the
emergency department annually?!. Sadly, up to half of all people who experience a
whiplash injury report symptoms lasting more than 1 year and 20-30% report

moderate levels of disability?!:22,

1.2.2. Socioeconomic burden

WAD is also associated with high socioeconomic costs that have continued to
increase over the last 30 years. Socioeconomic costs of WAD exceed £5 billion
annually in the UK, which includes healthcare costs, insurance claims, and days lost
from work??. Similar estimates of exceedingly high costs have been estimated
throughout the world, including the United States??, Europe?*, Australia?, and

Japan?S.



1.2.3. Compensation culture

The litigious nature of whiplash injuries has long led to controversy regarding the
actuality of patients’ claims. The primary evidence supporting the malingering
hypothesis comes from two highly impactful studies comparing systems with and
without financial compensation?”28, Both studies unfortunately suffer from
significant methodological flaws that limit the ability to conclude compensation
significantly —influenced people’s recovery. Detailed commentary on the
methodological shortcomings have previously been discussed??-32. For example, one
landmark study did not include any measures of symptoms or disability and instead
used a proxy for recovery based on time-loss payments. Additionally, people who
reopened an injury claim were excluded from data analysis, which may account for
up to 32% of their cohort. These confounding factors do not provide conclusive
evidence for malingering or recovery. Overall, these studies suggest that changes to
litigation policy create changes in the closure of insurance claims after motor vehicle

collision, but they do not clearly show differences in recovery of the people involved.

More recent evidence from longitudinal cohort studies throughout the world lend
support to the legitimacy of whiplash symptoms3335 Although malingering is
possible, mounting clinical evidence suggests similar symptomatology from WAD,
regardless of language, country, or healthcare system. This evidence is recapitulated

in a recently updated systematic review of WAD. This review suggests there is



limited evidence to support compensation and legal factors are prognostic for

whiplash injuries and legitimises symptoms experienced following whiplash36.

1.2.4. Symptomatology

The cardinal feature of WAD is neck pain3’. However, reports of widespread pain
and symptoms can be present. Pain reported in the thoracic and lumbar spine have
been reported to be as high as 60% after whiplash injury3839. It has also been
reported that some people can experience radiating upper extremity pain, including
paraesthesial”40-42. Additional non-painful symptoms can include dizziness, difficulty

balancing, and visual disturbance344,

Psychological factors are commonly present after motor vehicles collisions and
include feelings of distress, pain-related worrying, and posttraumatic stress. A recent
systematic review of psychological sequelae identified a relative frequency of clinical
depression occurring in approximately 33% of participants six months after the
collision®®. Diagnosis of posttraumatic stress disorder (PTSD) ranged from 9% - 23%
at 3 months, and roughly 15% at 6 and 12 months after injury**. Though many
studies do not reach the cut-off threshold for a clinical diagnosis of PTSD, a recent
systematic review indicated posttraumatic stress symptoms are a clinical concern

and may be related to participants’ prognosis?6.



1.2.5. Prognosis

The high rate of persistent symptoms (T50%) create significant clinical challenges
for patients with WAD. One key feature is identifying factors related to recovery.
One of the most common tools for defining recovery in WAD is done using the Neck
Disability Index (NDI). The NDI is a self-reported questionnaire that includes ten
sections: pain intensity, personal care, lifting, reading, headaches, concentration,
work, driving, sleeping, and recreation?’. Previous longitudinal cohort studies
following patients for one year suggest that those who recover typically do so in the
first three months after injury??48, Trajectory modelling suggests that acute NDI
scores follow three primary trajectories of disability: mild (45% of participants),

moderate (39% of participants), and severe (16% of participants)49.

The primary prognostic factors assessed for WAD include clinical measures and
questionnaire-based variables (summarised in Table 1.2). Factors consistent with
poor recovery include high initial disability scores (NDI >15/50), negative
expectations of recovery, high pain catastrophisation, cold hyperalgesia, and
posttraumatic stress symptoms (Impact of Events scores >25)21:36:46:50 Factors that
have consistently been shown not to be prognostic are accident-related parameters
(speed, direction of impact, seatbelt use), imaging findings related to cervical joint
alignment, disc protrusions, canal narrowing, alar and transverse ligament changes,

motor dysfunction, education status, and older age. Lastly, prognostic factors that



included insufficient evidence include female sex, neck range of motion, and

compensation factors.

There is limited evidence for biological or mechanistic prognostic factors for WAD.
Preliminary evidence for biological factors related to poor prognosis from single
studies in WAD include serum inflammatory markers (TNF-a and c-reactive
protein)®!, lower levels of vitamin D in African Americans®?, genetic polymorphisms
(FKBP5% and CRHBP®%4), elevated expression levels of MicroRNA-19b%, and DNA
methylation related to hypothalamic-pituitary-adrenal (HPA) axis genes®®. There is
a current gap in the literature regarding direct biological measures of nerve

pathology and recovery in WAD.

Although numerous prognostic factors have been identified, there are few validated
prognostic models for WAD. The inconsistencies of such models are summarised in
a recent systematic review, which identified 58 whiplash-related prognostic models
with only two reporting external validation®?. The lack of clinical translation of
known prognostic factors may be contributing to the difficulty to adequately assess
and treat patients after whiplash injury. The most studied clinical prediction tool
for WAD is the WhipPredict, which includes initial NDI scores, age, and
posttraumatic stress symptoms, to stratify the probability of recovery. Internal and
external validation indicate the WhipPredict to be an accurate and reliable measure

to predict recovery after whiplash injury®®9. In contrast, physiotherapist-selected



clinical prognostic factors, such as range of motion and previous physiotherapy

treatment, were shown to have low agreement with the validated prognostic factors

from the WhipPredict®.

Table 1.2. Summary of prognostic factors related to poor recovery in WAD.

Prognostic factors of recovery 21:36:46,50

Consistent prognostic factor

Consistent to not be prognostic

Factors with inconsistent
evidence

High initial disability rating
(>15/50 NDI)

Accident-related parameters
(direction, speed, seat belt use)

Female sex

Negative expectations of recovery

Imaging findings (degenerative/minor
pathological changes)

Neck range of motion

High pain related worrying

Motor dysfunction

Compensation factors

High frequency of acute
healthcare utilisation

Education status

Posttraumatic stress
(IES >25)

Older age

Cold hyperalgesia

Higher BMI

Abbreviations: NDI: Neck Disability Index; IES: Impact of Events Scale; BMI: body mass index.

1.2.6. Management

The first line treatment for acute whiplash injuries without fracture includes

conservative management (WAD grades 0-3). International treatment guidelines

suggest acute management is comprised of patient education reassuring a favourable

prognosis, pain-free exercise, and progressive return to activity®-03. Systematic

reviews of the treatment effectiveness for whiplash injuries however show at best

only small effects6+%6, T will summarise the current state of the literature for

conservative and pharmacological treatment for whiplash injuries below.
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Conservative management

Exercise is a common treatment strategy for both acute and persistent WAD. The
design of exercise interventions for WAD often incorporates exercises targeting
cervico-thoracic mobility, strength, and sensorimotor dyfunction4%, The pragmatic
designs of most clinical trials make it difficult to analyse the effectiveness of
individual aspects of a treatment programme (e.g., exercise, advice, reassurance).
This is highlighted by the overall minimal effectiveness of exercise for WAD64-66,
However, more specific, and stratified exercise trials may be beneficial in WAD. A
recent study using neck-specific exercise for people with persistent whiplash-related
arm pain and neurological deficits showed significant long-term improvements in
pain and paraesthesia compared to generic physical activity prescriptionf’. Taken
together, exercise interventions may be beneficial for a subgroup of individuals with

WAD, but additional research is needed.

Physiotherapy interventions for WAD are commonly used in both the acute and
chronic stages and often incorporate a package of interventions (e.g., exercise,
manual therapy, education). The effectiveness of physiotherapy interventions for
WAD is similarly difficult to interpret due to the inclusion of numerous interventions
which often show limited effectiveness®. The largest randomised controlled trial of
acute WAD from the UK (N=3,851) demonstrated no difference in patient-reported
disability comparing a package of six physiotherapy sessions to a single session of

advice®>. More recent physiotherapy interventions including a stress and disability-

11



stratified treatment approach also did not show significant differences in neck-related
disability or recovery compared to usual care®. Although the overall quality of
physiotherapy interventions for WAD is improving®, there is minimal evidence for
the effectiveness of contemporary physiotherapy for WAD®.70,

The combination of physiotherapy combined with psychological-based stress
reduction techniques may provide additional benefit. A randomised controlled trial
of physiotherapist delivered stress reduction techniques paired with exercise showed
significant reductions in pain-related disability for acute WAD2 compared to exercise
alone%: "1, However, another trial using more broadly defined cognitive behavioural
therapy combined with exercise did not show benefit over supportive therapy and
exercise for people with persistent WAD"2. In summary, the use of physiotherapist
delivered stress reduction techniques combined with exercise shows promise, but

more evidence is needed to confirm these findings.

Pharmacological management

There is limited treatment guidelines or evidence for medication effectiveness for
people with WAD. There are no randomised controlled trials for the use of
medication for WAD™-. The effectiveness of medication for WAD has primarily
been examined in underpowered pilot and feasibility studies. Nevertheless,
prescription of an analgesic medication is common following acute whiplash injury,

especially at discharge from emergency departments3>76:77,
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The two most common medications prescribed for acute whiplash injury are non-
steroidal anti-inflammatory drugs (NSAIDs) and opioids™. The effectiveness of
opioids versus NSAIDs was assessed in a secondary analysis taken from a large
prospective cohort of people after acute whiplash injury in the United States™.
Overall, this study did not identify any significant difference in the risk for persistent
pain between groups at 6-weeks. Not only was there no difference in effectiveness
between medications, but there was also a 17% increased risk of continued opioid
use at follow-up compared to those only receiving NSAIDs™. Similar results are
corroborated in a more recent study of participants attending the emergency
department after acute traumatic injury, which suggests that emergency department
opioid exposure led to three times greater risk of later opioid use®®. The increasing
prevalence and limited efficacy for acute opioid use in WAD provides significant

concerns for its use as an acute analgesic for WAD76,79.81-83

As WAD is perceived as primarily a musculoskeletal condition, the efficacy of
neuropathic pain medications for acute WAD is less known. Current international
guidelines for the treatment of WAD do not include neuropathic pain medications.
First-line medications for the treatment of neuropathic pain include serotonin-
noradrenaline reuptake inhibitors, tricyclic antidepressants, gabapentin, and
pregabalin®*. Increasing evidence for nerve involvement in WAD has led to recent
developments assessing the efficacy of neuropathic pain medications after whiplash

injury. This includes a feasibility trial for pregabalin which suggests reduced neck
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pain compared to placebo’. Similarly, a recent pilot study using duloxetine showed
tolerability and efficacy in acute WAD compared to placebo™. Despite these
intriguing initial results, large scale randomised controlled trials are needed to

further elucidate the benefits of neuropathic pain medications for WAD.

The overall current ineffective treatment strategies highlight the need to

better understand the underlying causes and pathomechanisms of WAD.

1.3. Pathology

The primary pathological findings for WAD come from functional measures (e.g.,
clinical and quantitative sensory testing) with limited evidence for structural
dysfunction. A summary of the currently identified pathological findings in WAD is
summarised in Figure 1.1. T will highlight the predominant acute and persistent

pathological findings related to the musculoskeletal and neurological systems below.

1.3.1. Musculoskeletal System

One of the most studied aspects of whiplash injuries is the musculoskeletal system.
Structural musculoskeletal pathology in WAD can include the cervical muscles,
zygapophyseal joints, cervical discs, and ligaments. Functional musculoskeletal
dysfunction for WAD includes reduced movement in the cervical®®, thoracic3®, and

lumbar spine®S.
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The most studied structural musculoskeletal findings after whiplash injuries include
the zygapophyseal joints. Strain to the facet joint and its capsule after whiplash
injuries have been identified in humans through both cadaveric and PET imaging
studies®”88, Injury to the cervical facet joints have been the predominant
hypothesised mechanism for whiplash-related neck pain. This stems from numerous
studies showing blinded diagnostic nerve blocks to the zygapophyseal joints, most
commonly at C5-6, relieve chronic whiplash-related neck pain®-9!. Numerous
preclinical studies modelling zygapophyseal joint pain also highlight its role in

contributing to persistent pain?2-95,

Injury to the cervical discs and ligaments have been suggested from post-mortem
studies in participants with fatal motor vehicle collisions. This includes signs of
tearing of the anterior longitudinal ligament and strains to the annulus fibrosis?6-97,
Such extreme injuries are suggested sources of whiplash-related neck pain, however,
have not been studied outside of the fatal crash models. Pain emanating from

musculotendinous structures is expected to be much more common.

Muscle
Whiplash-related muscle injury is postulated to occur from rapid lengthening of
muscle fascicles. Modelling studies of whiplash injury suggest abnormal loading can

occur, especially to the semispinalis capitis and sternocleidomastoid muscles?8:99,
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Additionally, muscle tears, hematomas, strains, and peri-muscular fluid have been
visualised in MRI in patients with WAD!%, Though these studies highlight muscular
injury may occur in WAD, a previous study using a marker of muscle injury (serum

creatine kinase) did not show a relationship to persistent whiplash pain!ol.

Functional changes to the muscular system after whiplash injury include reduced
cervical muscle strength and endurance'??. Studies using surface EMG have shown
that individuals with chronic WAD exhibit altered muscle activation patterns
compared to healthy controls. These changes included increased activity in
superficial neck flexors and decreased activation of the upper trapezius muscles!03:104,
MRI has also demonstrated increased fatty muscle infiltration in the cervical spine
in a subgroup with worse recovery!'9-106, However, measures of muscular dysfunction
have limited association with recovery!%’. It remains unclear how this dysfunction

relates to pain experienced by patients with WAD.

1.3.2. Nervous System
Central nervous system
The current evidence for pathophysiological changes to the central nervous system
are incompletely understood. Although possible, there is limited evidence for acute
central mnervous system pathology in non-catastrophic WAD!8:109  The most
commonly identified CNS-related symptoms include reports of concussion or mild

traumatic brain injury (e.g., headache, dizziness, fatigue)'?. Dysfunction to the
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vestibulo-ocular system after whiplash injury has also been shown to cause dizziness,

unsteadiness, and disequilibrium following whiplash injuries!!:112,

Findings from chronic WAD share mixed results for CNS pathology predominantly
from cross-sectional studies with small sample sizes. Pathological indications of CNS
pathology in chronic WAD include altered cerebral blood flow!!3 and changes in
brain glucose metabolism!!4. Spinal cord MRI of persistent WAD also present mixed
evidence from limited studies. One study using magnetization transfer imaging
suggested white matter changes within the cervical spine one year after injury.!!®
However, a separate magnetic resonance spectroscopy study did not show significant
differences in metabolic changes in the spinal cord between participants with

persistent WAD and controls!!6,

Peripheral nervous system

The primary structures of the peripheral nervous system hypothesised to be affected
by whiplash injuries include the dorsal root ganglia and spinal nerve roots. Akin to
the central nervous system, evidence for acute peripheral nerve pathology in WAD
is limited. Evidence suggestive of peripheral nervous system pathology has
predominantly been done in small cross-sectional studies of chronic whiplash pain.
One study using QST in chronic WAD showed signs of sensory hypoaesthesia, as

evidenced by reduced cold, vibration, and electrical detection thresholds within C6-
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8 dermatomes!'S. Importantly, such findings from QST suggest dysfunction to the

nervous system but cannot localise whether the source of dysfunction.

Structural neurological changes have only been shown in one study in chronic WAD.
This study identified reduced intraepidermal nerve fibre densities at the index finger
in participants with persistent WAD2 compared to age-matched controls*’. Another
study assessing peripheral nerve roots in a small number of patients with persistent
WAD (N = 10) demonstrated increased T2 MRI signal intensity compared to healthy
controls!'”. Increased T2 signal intensity is thought to reflect signs of neural
inflammation. Though intriguing, these studies highlight the need for further studies

assessing potential structural nerve injury in WAD.

Peripheral nerve mechanosensitivity has been suggested through increased
sensitivity to elongation and mechanical pressure in nerves of the upper
extremity!9118, Participants with acute WAD have shown decreased movement to
upper limb neural tension, which was more dysfunction in the group with more
severe symptoms!'04118 Acute WAD participants have also demonstrated increased
sensitivity to pressure using an algometer over the median nerve at the cubital fossa.
These studies suggest that participants with more severe WAD have higher levels of
sensitivity to mechanical stimuli over the nerves''¥120, Qverall, there is emerging

evidence for peripheral nervous system pathology in WAD, however, this has not
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been carefully reviewed and summarised. As such, I will aggregate this data using a

systematic review and meta-analysis of the literature in Chapter 2.

Brain
Vestibulo-ocular system

Zygapophyseal joints
Ligaments .
Discs

Muscles
spinal cord

2\

Somatosensory system

¢ &/

Figure 1.1. Overview of the pathological findings in WAD, encompassing primary areas and types of
identified dysfunction. Post-WAD sequelae can manifest through various pathological mechanisms
identified from a range clinical assessments. These findings can span abnormalities within the cervical
spine, brain, and peripheral somatosensory system.

1.4. Aetiology of pain after whiplash injury

1.4.1. Definition of pain types

Pain is the most common symptom for people with WAD?7. 1 will describe the
current evidence and hypotheses related to the aetiological mechanisms of pain from

whiplash injury.

To begin, it would be prudent to discuss the difference between nociception and

pain. Nociception is the process of encoding noxious stimuli through the activation
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of small diameter nerve fibres (A-delta and C-fibre types)!?!. The peripheral
primary sensory neurons then transduce and transmit these signals from the
periphery to the spinal cord, brainstem, and cortex!??. The process of nociceptive
information being perceived as a painful response requires interpretation at the
cortical level. This is underscored by the current definition of pain, which is an
unpleasant sensory and emotional experience associated with, or resembling that

associated with, actual or potential tissue damage!?!.

The traumatic nature of whiplash-related pain brings with it a complex array of
biopsychosocial considerations. As such, the aetiological mechanisms are difficult to
individually separate. The rapidity of the head and neck movement can involve
numerous anatomical structures. In the following sections, I will discuss the potential
mechanisms contributing to both acute and persistent pain related to WAD

(summarised in Figure 1.2).

1.4.2. Hypothesised mechanisms for acute whiplash pain

Acute nociceptive pain

The cervical spine is frequently reported as the primary site of pain in WAD and is
commonly characterised as nociceptive in nature®’. Potential sources of nociceptive
pain after whiplash injuries can involve structures including the cervical vertebrae
and zygapophyseal joints, spinal ligaments, cervical discs, and surrounding

musculature!?3. Clinical indications linked to nociceptive pain may involve localised
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and transient pain, decreased range of motion, and the absence of frank nerve

damage.

Pain arising from the zygapophyseal joints and their capsules are arguably the most
well-studied cause of acute nociceptive whiplash pain. Evidence for zygapophyseal
joint pain comes from studies using diagnostic nerve blocks®?124, positron emission
tomography /computed tomography!'?, and pain relief following radiofrequency
neurotomy!26:127. The hypothesis for zygapophyseal joint pain has been replicated
using animal neck pain models®990.92:128,129 = Bjomechanical models of simulated
whiplash injuries have also highlighted the potential role of cervical spinal ligaments®

and surrounding cervical musculature®130 to contribute to this nociceptive pain.

The traumatic nature of whiplash injuries may not only include actual but also
threatened tissue damage. Posttraumatic stress symptoms are commonly present
after acute whiplash injury, are associated with poor recovery, and may contribute
to acute whiplash-related pain?®. Animal models of stress-induced hyperalgesia
suggests stress can modulate nociception in various pathways along the neuraxis!3!.
Similarly, multiple stress-related biological pathways have been suggested in the
modulation of pain in humans. These findings include, but are not limited to,
changes to the hypothalamic-pituitary-adrenocortical axis (HPA), catecholaminergic
and adrenergic systems, and serotonergic dysregulation!32. Recent studies in patients

with WAD have suggested HPA axis gene dysregulation, including FKBP5 and
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CRHBP, are potential stress-related mechanisms that may increase pain sensitisation

after whiplash injury®456.133,

Acute neuropathic pain

The rapid movement of the head and neck during a whiplash injury may not only
affect musculoskeletal, but also neuronal structures. Pain caused from a lesion or
disease of the somatosensory nervous system is known as neuropathic pain!?'. As
highlighted above, the spectrum of whiplash injury could theoretically affect both
the central and peripheral nervous system. Potential causes of whiplash-related
lesions to the nervous system involve direct nerve compression or elongation, changes

to spinal gradient pressures, or secondary mechanisms including inflammation!34-138,

Whiplash causing injury to the central nervous system is possible but shown to be
biomechanically less likely than peripheral nervous system injuries!??. A study using
the classical rear-impact biofidelic model demonstrated that spinal canal diameter
narrowing is not likely’?. A similar model was then assessed for frontal impact
showing a comparably low likelihood of central spinal canal narrowing!¥’. However,
an in vitro study using simulated impact models indicated an increased potential for

spinal cord injury in the presence of cervical canal stenosis!4!.

Potential injury to the peripheral nervous system is suggested to primarily affect the

cervical dorsal root ganglia and nerve roots'?. The primary preclinical evidence
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supporting spinal ganglia injury was done using a porcine model. In this study,
anesthetised pigs received a simulated whiplash injury which created blood flow
resistance gradients applying direct pressure to the nerve roots and spinal
ganglial36:137 This model was suggested to cause a breakdown of the spinal ganglia
plasma membrane, which correlated with increased pressure amplitudes in the spinal
canal and histopathologic findings of nerve injury!36:137. A separate preclinical mouse
model of non-traumatic cervical nerve injury suggested that loading the cervical
dorsal nerve roots produced lasting nocifensive behaviours'#2143, Murine induced
cervical injury also showed signs of Wallerian degeneration and included disrupted

axonal transport and mechanical hypersensitivity!42:143,

Evidence for human models of whiplash-related peripheral nerve injury have
primarily been performed using theoretical modelling and cadaver studies. Nerve
roots in the cervical spine lack an epineural sheath, which make them at increased
risk of injury to external loading!38:144-148 Simulated whiplash injury using cadavers
and test mannequins demonstrated decreased neural foramina diameter during
extreme neck motions!37-138, This motion is thought to increase loading of the cervical
ganglia and nerve roots!3713%  which increases in the presence of cervical
stenosis®®: 149150, These potential mechanisms may contribute to acute peripheral

neuropathic pain after whiplash injuries.
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1.4.3. Hypothesised mechanisms for persistent whiplash pain.

Theorised mechanisms for persistent pain in WAD include contributions, such as
central and peripheral sensitization, systemic inflammation, and psychosocial
factors. I will discuss the current evidence for the association of each category in the
sections below. However, it is critical to emphasise that persistent pain in WAD

likely stems from a complex array of numerous factors unique to each person.

Nociplastic pain

Nociplastic pain is defined as “pain that arises from altered nociception despite no
clear evidence of actual or threatened tissue damage causing the activation of
peripheral nociceptors or evidence for disease or lesion of the somatosensory system

PI21 A recent nociplastic pain grading system has been proposed to

causing pain
classify the certainty of nociplastic pain'®l. However, there is ongoing debate
regarding the clinical classification of nociplastic pain. Such challenges include
significant overlap with other pain classifications (nociceptive, neuropathic)®>14 a

limited understanding of underlying nocicplastic mechanisms!'521%3 and difficulty in

clinically assessing hypersensitivity and evoked pain related to nociplastic pain!®2155,

Indications of nociplastic pain in WAD include reports of diffuse pain, widespread

hyperalgesia, signs of allodynia, decreased spinal reflex thresholds, and enhanced

temporal summation'®. While the mechanisms causing nociplastic pain remain
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poorly understood, potential contributions in WAD may involve peripheral and

central sensitisation, as well as reduced central inhibitory mechanisms!57.

Central sensitisation

A hallmark of central sensitisation is the increased responsiveness of nociceptive
neurons in the CNS to normal or subthreshold input!2!. The specific mechanisms
causing increased responsiveness after whiplash injury is currently unclear. However,
the predominant evidence suggestive of central sensitisation in people with persistent
WAD is from QST!56158  This includes reports of diffuse pain, widespread
hyperalgesia, signs of allodynia, decreased spinal reflex thresholds, and enhanced
temporal summation, and one study showing increased nociceptive flexion reflexes

indicating spinal cord hyperexcitability in people who do not recover!?6:158,

Peripheral sensitisation

Ongoing peripheral nerve irritation from mechanical or inflammatory mediators may
also contribute to peripheral nervous system sensitisation!'®®160. Clinical signs of
peripheral  sensitisation in persistent WAD include peripheral nerve
mechanosensitivity to pressure and elongation!6:118,161,162 ypper extremity warm and
cold hyperalgesiall®119 reduced median nerve excursion using ultrasound!3, and
increased brightness of T2-weighted MRI of the proximal brachial plexus suggestive
of peripheral neuroinflammation!!”. These findings may indicate increased peripheral

nerve excitability and activation contributing to persistent pain.
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Systemic inflammation

Elevated systemic inflammation may contribute to persistent pain affecting both the
central and peripheral nervous system!%160 A previous systematic review with
meta-analysis of persistent WAD showed no significant difference for increased TNF-
alpha and IL-1B, but low-level evidence for increased c-reactive protein in persistent
WAD compared to controls!®4. Increased levels of systemic inflammation have been
associated with other persistent pain conditions, including fibromyalgial®>, complex
regional pain syndrome!66, and carpal tunnel syndromel6?. Similarly, a recent study
using transcriptional profiling of people transitioning to persistent low back pain
suggested an immune-mediated response for recovery!®®. Thus, ongoing systemic
inflammation could induce maladaptive physiological processing of the nervous
system contributing to persistent pain after whiplash injury. Specifically,
inflammation has been shown to contribute to neuropathic pain!'6%169  sensory

hypoaesthesial?171 and neural injury!72:173,

Psychosocial factors

As highlighted above, the experience of persistent pain after whiplash injury is a
complex sensory and emotional experience. It is important to consider not only the
biological but also psychological sequelae. Modelling from longitudinal cohorts of
patients after whiplash injury have implicated posttraumatic stress, especially
hyperarousal symptoms, to contribute to persistent whiplash pain?9:174175, Both

preclinical and clinical models of persistent posttraumatic stress have demonstrated
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increased levels stress-related hormones known to affect the nervous systems (e.g.,
cortisol,  glucocorticoids, catecholamines)!3217-178  Persistent  stress-related
dysregulation may contribute to those experiencing persistent pain after whiplash

injury.

> Chronic

* Central sensitization

+ Zygapophyseal joint

* Muscle strain + Peripheral

* Nerve root sensitization

» Dorsal root ganglia « Systematic
. Spinal cord inflammation
+ Spinal ligaments « Psychosocial factors

* \Vertebral artery
* Intervertebral disc

* Psychosocial factors

Figure 1.2. Proposed factors contributing to acute and chronic whiplash pain. Acute whiplash pain
may arise from numerous anatomical structures, alongside psychosocial factors, including
posttraumatic stress symptoms. Chronic whiplash pain is suggested to be influenced by a combination
of physiological factors such as peripheral and central sensitization, indications of systemic
inflammation, and ongoing psychosocial influences. Specific mechanisms underlying chronic whiplash
pain likely varies among individuals, reflecting a complex interplay of factors.

1.5 THESIS OVERVIEW

The high rate of persistent pain and disability from whiplash injuries create
significant challenges for individuals and society. Unfortunately, little is still known
about the pathomechanisms or prognosis of persistent pain following whiplash injury.
As highlighted above, there is increasing evidence that signs of nerve pathology may

be present in the most common type of whiplash injury (WAD2). However, it is not
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currently known if signs of nerve pathology are present acutely or if they contribute

to the development of persistent pain.

1.5.1. Aims

Therefore, the overall aim of my thesis is to evaluate the temporal development of
nerve pathology in a longitudinal cohort of participants with WAD2. I will then
assess if biological or clinical measures of nerve pathology are prognostic for neck-

related disability.

1.5.2. Objectives
I will achieve these aims using a deep phenotyping approach and robust assessment
strategies, including:
1. Synthesising the current evidence for measures of nerve pathology and
neuropathic pain in WAD (Chapter 2).
2. Identifying blood-based biomarkers of nerve pathology for selection and
analysis in my WAD2 cohort (Chapter 3).
3. Developing a detailed clinical testing protocol to evaluate signs of nerve
pathology and neuropathic pain in a longitudinal cohort of WAD2 (Chapter
4).
4. Evaluating signs of nerve pathology in the acute stage of WAD2 (Chapter 5).
5. Assessing the temporal patterns of nerve pathology and factors related to

recovery in WAD2 (Chapter 6).
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6. Summarising my chief results and discussing the current implications and

future studies (Chapter 7).

Baseline

* Questionnaires
* Neuropathic pain
grading
+ Sensory profiling
» Serological
neuronal marker
* Nerve fibre

integrity

PROGNOSIS

6-months

* Questionnaires
* Neuropathic pain
grading
+ Sensory profiling
» Serological
neuronal marker
* Nerve fibre
integrity
* Molecular

profiling

Figure 1.3. Summary of the deep phenotyping approach to assess nerve pathology in my cohort of

WAD2.

1.5.3. Primary thesis methodologies

Meta-analysis to synthesise the current evidence.

I used systematic reviews and meta-analyses of the literature to amalgamate the

current evidence to incorporate in my testing of participants with WAD2. First, 1

sought to synthesise the evidence for nerve pathology and neuropathic pain after

whiplash injury (Chapter 2). Second, I evaluated blood-based biomarkers of nerve

pathology in people with peripheral neuropathy (Chapter 3). These findings shaped

my protocol through my selection of a nerve-related biomarker to measure in my

cohort of people with WAD2. Additionally, I published a narrative summary of

analytical approaches to using meta-analysis!™ and included this in Appendix A.
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Deep phenotyping to assess nerve pathology in WAD2.

Deep phenotyping is a technique that includes comprehensive analysis of phenotypic
characteristics. A detailed understanding of complex conditions is required to
improve treatment and outcomes. The ultimate goal of deep phenotyping is to enable
the stratification of patients to identify distinct subgroups. This approach has
previously been used to improve our understanding and management in a number

of painful conditions!®-182 including neuropathic pain!®3-185,

I used a deep phenotyping approach to better understand the underlying
pathological mechanisms in people with WAD2. Phenotypic information in my study
includes participant reported outcome measures, a detailed clinical assessment, and

sensory and molecular profiling (Figure 1.3).

Discovery of novel prognostic factors in WAD2

A prognostic factor is defined as a measure that is present at the start of health
conditions and is associated with the clinical endpoint!®6. Prognostic factors provide
critical information to better understand a diagnosis, improve an individual’s risk
prediction, and advance associated management strategies. Our understanding of
clinical or biological prognostics factors for WAD2 is currently limited. To address
this challenge, I assessed novel prognostic factors related to nerve pathology to better

understand the trajectory of recovery after whiplash injury.
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2

Systematic review and meta-analysis of nerve
pathology and neuropathic pain in WAD

2.1. Introduction

Whiplash associated disorders (WAD) commonly occur after motor vehicle crashes
and often include signs and symptoms of pain, psychological distress, and
sensory /motor dysfunction!%?. Currently, there is not a clear understanding of the
mechanisms of persistent pain in WAD. This is important as up to 50% of patients
experience persistent symptoms after whiplash injuries. Additionally, routine clinical
testing and imaging do not typically identify a specific structural lesion causing pain
or symptoms!?3. These clinical challenges are reflected by the overall small effects of

current treatment strategies for these patients®.

WAD is commonly classified using the Quebec Task Force severity grading scale 10
that grades severity from O (no pain and physical signs of injury) to IV (neck
fracture/dislocation). The most common type is WAD2!87188  which includes neck
symptoms and musculoskeletal signs (e.g., tenderness and impaired neck movement)
in the absence of a frank nerve injury on routine diagnostic testing (electrodiagnostic
tests, traditional neurological examination). However, individual WAD grades can

include a diverse range of clinical signs and symptoms!87-189,
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There is increasing evidence of nerve involvement and neuropathic pain in patients
with chronic WAD. This includes sensory hypoaesthesial?”120, signs of nerve
inflammation on magnetic resonance imaging (MRI)!'7, and structural degeneration
of small nerve fibres in skin biopsies’. Additionally, clinical questionnaires have
identified some patients reporting neuropathic pain characteristics after whiplash
injury'%-191 In line with these findings, a recent feasibility trial using a first-line
neuropathic pain medication (pregabalin) for patients after acute whiplash injury
showed short-term improvements in neck pain intensity when compared to

placebo!?2.

The presence of nerve pathology would have important implications for the
management of patients with WAD. Compared to other chronic pain conditions,
people with neuropathic pain experience greater impairments to quality of life and
emotional wellbeing!93:194, Neuropathic pain and nerve pathology would also require
targeted treatment approaches (e.g., neuropathic pain medication, specific
physiotherapy methods) compared to non-neuropathic pain conditions'?. Although
there is emerging evidence, the involvement of nerve injury and neuropathic pain in
WAD is not well understood. Thus, this systematic review aimed to assess whether
there are indications of nerve pathology and neuropathic pain in patients after a

whiplash injury.

2.2. Methods
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This review was preregistered on Prospero CRD42020211255;

https: //www.crd.york.ac.uk /prospero/display _record.php?ID=CRD42020211255)

and was reported following the updated guidance for the Preferred Reporting Items

for Systematic reviews and Meta-Analyses (PRISMA 2020) statement!.

2.2.1 Eligibility

This review included observational studies (cross-sectional, cohort, and case-control)
including measures of neuropathic pain and/or peripheral nerve pathology following
motor vehicle crashes resulting in whiplash injuries. Studies were included if they
reported on both 1) participants with WAD of any severity grade or duration; and
2) participants in whom measures of peripheral nerve pathology or neuropathic pain
were reported. These could include a. Electrodiagnostic testing (e.g., nerve
conduction, electromyography studies); b. Clinical examination findings of nerve
pathology (e.g., bedside neurological examination including muscle testing, sensory
testing, reflexes); c. Quantitative sensory testing (specifically sensory measures of
loss of function: mechanical, thermal, electrical detection); d. sympathetic reflexes
(e.g., sympathetic skin responses); e. tests evaluating nerve mechanosensitivity (e.g.,
neurodynamic tests, pressure pain thresholds over peripheral nerves); f. imaging of
neural structures (e.g., MRI, ultrasound); g. clinical questionnaires indicative of
neuropathic pain (e.g., Self-complete Leeds Assessment of Neuropathic Symptoms
and Signs (S-LANSS), Douleur Neuropathique 4 (DN4), Neuropathic Pain Symptom

Inventory (NPSI)); h. grading systems or diagnostic codes suggesting the presence
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of nerve injury or neuropathic pain (e.g., NeuPSIG grading system, International
Classification of Diseases (ICD) codes). Measures of peripheral nerve pathology or
neuropathic pain had to be reported such that they could be either interpreted as
stand-alone measures (e.g, bedside neurological testing, diagnostic codes), compared
to a control group (e.g., QST) or previously published normative values (e.g.,

electrodiagnostic testing).

Exclusion criteria comprised studies not published in English, case series, conference
abstracts and randomised controlled trials. Additionally, articles reporting on any of
the following participant characteristics were excluded: 1) participants diagnosed
with a central nervous system disorder or pathology (e.g., spinal cord injury,
traumatic brain injury); 2) participants less than 18 years old; 3) participants with

a previous diagnosis of peripheral neuropathy.

2.2.2. Search Strategy

EMBASE, PubMed, CINAHL (EBSCO), and MEDLINE were searched from
inception to 1%t September 2020. A search strategy was developed by the study team
in consultation with a medical librarian. The search strategies are provided in

Supplemental Table 2.1.
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2.2.3. Screening

Initial study eligibility was screened by one reviewer (Joel Fundaun) using
titles/abstracts. Full texts were then reviewed by two independent reviewers (Joel
Fundaun and Melissa Kolski). Disagreements in selection were resolved by consensus
or consultation with a third reviewer (Annina Schmid). Grey literature was searched
for any additional articles by screening reference lists, theses (EThOS database),
and policy documents. All studies were downloaded into EndNote referencing

software (Clarivate, US) and duplicates were removed.

2.2.4. Data extraction

Data were extracted into a standardised excel spreadsheet developed and piloted by
the study team. Extracted data included study characteristics (author, year, study
design), sample size (WAD and controls), type and chronicity of WAD, the
instrument or tool used to identify neuropathic pain/nerve pathology, as well as the
type of outcome measures of neuropathic pain/nerve pathology in patients and

healthy controls.

When possible, mean values and standard deviations (SD) relating to measures of
neuropathic pain and nerve pathology were extracted for patients and healthy
controls. Extracted data lacking a control group was compared to published
normative values (e.g, questionnaire cut-off scores, electrodiagnostic testing) or to

referenced diagnostic criteria (e.g., ICD codes). Where included information was
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unclear, we attempted to contact the authors to obtain the necessary information.
If studies reported alternative summary statistics, means and SD were transformed
using recommended calculations!¥”. Graphically reported means and SD were
estimated using Plot Digitizer software'?®, as recommended by the Cochrane
Handbook!?. Data were extracted by one reviewer (Joel Fundaun) and
independently checked by another reviewer (Melisa Kolski).

We further categorised studies (not individual patients) according to the
Neuropathic Pain Grading System published by the Neuropathic Pain Special
Interest Group of the International Association for the Study of Pain'* to gather
information about the certainty of neuropathic pain. Data extraction included
details regarding the criteria for neuropathic pain. Possible neuropathic pain
included a neuroanatomically plausible pain distribution and history suggesting
relevant neurologic lesion. Probable neuropathic pain included negative sensory signs
in the same neuroanatomically plausible distribution, such as quantitative sensory
tests or bedside neurological examination. Definite neuropathic pain included a
diagnostic test confirming a lesion or disease of the somatosensory nervous system
explaining the pain, such as electrodiagnostic tests and imaging of neural structures.
A grading of the next higher category could only be reached if the previous categories
were met. If diagnostic tests confirmed a nerve lesion but sensory signs were not

assessed, we classed these studies into a separate category of ‘nerve pathology’.
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2.2.5. Quality assessment

Study quality and risk of bias were assessed using the Newcastle-Ottawa Quality
Assessment Scales for case-control and longitudinal cohort studies. These are scored
from zero to nine for the categories of study selection, comparability, and exposure
or outcome. For cross-sectional studies, an adapted Newcastle-Ottawa Quality
Assessment Scales?? was used, which is scored out of 10. The Newcastle-Ottawa
Quality Assessment Scales classifies the risk of bias of observational studies on an
increasing scale, with higher scores reflecting a lower risk of bias. Whereas no
recommended cut-offs exist for case-control and cohort studies, Newcastle-Ottawa
Quality Assessment Scales cross-sectional studies were interpreted using a previously
described method??’ with scores from 0-3 indicating high risk, 4-7 as moderate risk,
and 8-10 as low risk. Two independent reviewers assessed each study for risk of bias
(Joel Fundaun and Melissa Kolski). Disagreements between reviewers were resolved

through consensus or by mediation of a third reviewer (Annina Schmid).

2.2.6. Data synthesis and analysis

Results not included in the meta-analyses are described using narrative synthesis of
nerve pathology or neuropathic pain measures. We used the Guidance on the
Conduct of Narrative Synthesis in Systematic Reviews: A Product from the ESRC

Methods Programme (2006) to report our findings?(!.
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If data were available for the same outcome measure from at least 2 studies using
similar assessment methodology, meta-analysis was performed. Two meta-analyses
were performed: 1) summarising overall data from all studies independent of WAD
grade and 2) summarising studies only including patients with WAD 1-2 who per
definition should not demonstrate nerve pathology!?. If outcome measures from at
least two studies examined more than one anatomical site (e.g., detection thresholds
at finger and neck), each site was meta-analysed separately. If studies reported
outcome measures for both right and left sides in the same participants, pooled

means and SD were reported to avoid inflation during meta-analysis.

All statistical calculations were performed using the freely available software R?202
and RStudio?® using the packages ‘Meta’ and ‘Metafor’2%4. For estimated prevalence
data, means and ranges were reported. For continuous data, group means, SD, and
sample sizes were used to calculate standardised mean differences (SMD) and 95%

confidence intervals (CI). P-values and I? heterogeneity were also reported.

Random effects models and inverse variance weighting methods were used to account
for the variability of included studies. Statistical significance between patients and
healthy control participants was determined using t-tests with a pre-registered
significance cut-off of p-value < 0.05. The Hartung-Knapp adjustment for random
effects model and Hedges’ g bias correction for standardised mean difference were

used. Sidik-Johnkman estimator for tau? adjusted for between study variance. As a
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very small number of studies can make it impossible to estimate the between-studies
variance with precision, a fixed effects model was used if only 2 studies were meta-
analysed?%. Heterogeneity was calculated using I? statistics and interpreted as ‘might
not be important’ (0-40%), ‘moderate’ (30-60%), ‘substantial *(50-90%), and

‘considerable’ (75-100%)1%9.

[ Identification of studies via databases ]
M)
Records removed before
S Records identified from*: screening:
-
© _ .
= Databases (n = 2,794) ., Duplicate records removed (n
S =880)
c
o
3
—
A4
)
Records screened Records excluded**
—>
(n=1,914) (n=1,736)
\ 4
Reports sought for retrieval Reports not retrieved
o >
£ (n=1,914) (n=0)
[
[
: I
o
n
Reports assessed for eligibility Reports excluded: 124
=178
(n= ) Did not directly measure
nerve involvement (n = 82)
Included spinal cord injury
and traumatic brain injury (n =
— 12)
\4
o ) ) Did not include motor vehicle
= Studies included in review crash (n = 8)
s
S (n=154) Indistinguishable mechanism
= of trauma (n = 14)
N

Figure 2.1. PRISMA Flow Diagram
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2.3. Results

The search identified 1,914 non-duplicate citations for abstract/titles screening. A
total of 178 articles were screened for full-text eligibility. A total of 54 studies
reporting on n=390,644 patients and n=918 controls were included in this review
(Figure 2.1). The main reason for study exclusion was the absence of a direct
measure of nerve pathology or neuropathic pain (82 studies). We attempted to
contact the authors of two studies for details regarding inclusion criteria and study
methodology?06207, As we did not receive any responses, these studies were not

included in this review.

Detailed study characteristics can be seen in Table 2.1 and Supplemental Table 2.2.
The studies include a range of observational designs (22 cross-sectional, 28 cohort,
four case-control), and report on sample sizes between n=9 and n=384,539
patients/controls. The average age of WAD participants was 37.67 (SD 2.25) years

and 42.7% were female.

Thirty-two of the 54 included studies (59%) report the grade of WAD severity using
the Quebec Task Force grading scale (0-4)19. The most commonly reported is WAD2
(7 studies, n=307 total patients) followed by the combination of grades 2-3 (6

studies, n=408 total patients) and grades 1-3 (5 studies, n=283 total patients).
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Sensory detection measures are identified for six major body sites. We group
outcomes recorded over the thenar emminence, phalange I and metacarpophalangeal
joint I into a meta-analysis for ‘thumb’; the phalanges II and metacarpophalangeal
joint II into a meta-analysis for ‘index finger’; and the phalanges V and hypothenar
muscle into a meta-analysis for ‘little finger’. Two studies?%8:299 report outcome
measures using separate values for right and left sides, which are pooled to avoid

inflation during meta-analysis.
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Table 2.1. Study characteristics and outcome measures

Author & Date | Study WAD | Study Measures | Outcomes: mean (SD)
Participants Grade
(QTF)
Sterling (2009) WAD n=85 I-I11 S-LANSS (0-24) | n=12 patients scoring >12
Smith (2013) WAD n=90, II S-LANSS (0-24) = WAD (R; n=58): 11 (IQR 8-17),
controls n=30 (NR; n=32): 13 (IQR 8-16)
ULNT (degrees WAD (R): 29.33 Controls: 4
of elbow (16.30), (6.67)
flexion)* NR: 34 (14.81)
PPT (kPa)* WAD (R): 236 Controls: 375.17
(78.15), (134.38)
WAD (NR): 229.34
(85.92)
Karlsborg WAD n=34 I-1V Neurological n=>5 patients (positive findings of nerve
(1997) Examination pathology)
Henrikson WAD n=20, II-111 Thermal No group mean values provided.
(2013) controls n=10 detection n=>6 with reduced temperature sensitivity;
(Thermotest) n=>5 with increased temperature
sensitivity (facial skin)
Chuang (2002) WAD n=85 NA Electrodiagnostic | n=7 patients (positive findings of nerve
testing pathology)
Smith (2014) WAD n=53, |1II ULNT (degrees WAD: 28.67 Controls: 4 (6.67)
controls n=30 of elbow (15.56)
flexion)*
PPT (kPa)* WAD: 185.33 Controls: 365.33
(63.70) (98.27)
Sterling (2004)  WAD n=80,  ILIIII ULNT (degrees  mild: 26.7 (17.7), Controls: 21.4
controls n=20 of elbow flexion)  moderate: 31.3 (10.8)
(14.9), severe: 36.5
(11.8)
Serrano-Munoz | WAD n=20, | I[-III DN4 (0-10) No Pain (n=5): median 3 (IQR 1.5), Pain
(2019) control n=15 (n=15): median 4 (IQR 3) out of 10.
NPSI (0-10) No Pain (n=>5): median 0 (IQR 2), Pain
(n=15): median 3 (IQR 6) out of 10.
Sterling (2010) = WAD n—62, | ILII | PPT (kPa) (R) 197.6 (71) Controls: 235 (70)
controls n=22 Mild: 220 (77) (time 1)
Moderate /severe:
140.3 (77)
(measures from 3
weeks)
Bowles (2004) WAD n=25 NA Electrodiagnostic | N=25 patients (positive findings of nerve
testing pathology)
Greening (2018) WAD n=9, II S-LANSS (0-24)  Mean: 12.7 (7.5)

controls n—=13

n—4 scores =12

ULNT

Symptomatic side: median n=9, ulnar
n=06; Less symptomatic side: median n=4,
ulnar n=1 (symptom reproduction)
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Hashish (2017) WAD n=903 NA Electrodiagnostic | cervical radiculitis: n= 315; lumbar
testing radiculitis n= 216




threshold 5 Hz
(mA)

46.35 (20.49), little
finger: 42.53
(25.79), tibialis
anterior: 27.89
(17.38)

finger: 35.23
(16.36), little
finger: 34.84
(14.02), tibialis
anterior: 23.11
(10.03)

Chien (2008b)

WAD n=52,
controls n=31

NA

ULNT (degrees
of elbow flexion)

WAD high risk:
51.65 (21.15),
low risk: 29.72
(21.83)

Controls: 11.62
(5.96)

PPT (kPa) WAD high risk: Controls: 300.97
173.21 (68.45), low | (61.26)
risk: 246.66 (91.57)
Thermal WAD index finger Controls index
detection heat: low risk 32.65 | finger heat: 32.35

thresholds (°C)

(1.42), high risk
32.78 (1.98)
Little finger heat:
low risk 33.20
(1.94), high risk
33.14 (2.10)

Index finger cold:
low risk 28.93
(0.75), high risk
28.73 (0.84),
little finger cold:
low risk 28.68
(0.90), high risk
28.63 (0.93)

(1.43), little finger
heat: 32.32 (1.12)

Index finger cold:
29.32 (0.52), little
finger cold: 29.29
(0.50)

Vibration
detection
thresholds (pum)

WAD dorsal 5th:
low risk 0.41 (0.24),
high risk 0.56
(0.57). Palmar 2nd:
low risk 0.38 (0.23),
high risk 0.56
(0.69). Palmar 1st:
low risk 0.51 (0.33),
high risk 0.64
(0.54)

Controls dorsal 5th:
0.29 (0.12),

Palmar 2nd: 0.28
(0.16),

Palmar 1st: 0.41
(0.25)

Current
detection
thresholds 250
Hz (mA)*

WAD elbow: low
risk 40.96 (10.19),
high risk 50.44
(29.62).

Index finger: low
risk 101.16 (26.84),
high risk 124.88
(50.59).

Little finger: low
risk 99.14 (22.59),
high risk 125.09
(82.12).

Controls elbow:
32.61 (8.68), index
finger: 62.16
(25.88), little
finger: 58.82
(22.40), tibia: 41.94
(14.45)
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Tibia: low risk
80.23 (24.62), high
risk 93.68 (60.96)

Greening (2005)

Radanov (1995)

Pettersson
(1994)

Miranda (2016)

WAD n=9,
controls n==8

WAD n=117 | I-III Neurological
examination

WAD n=39

NA

NA

ULNT (degrees | WAD: n=9 Controls: n=0

of elbow flexion) | (positive for (positive for
Symptom Symptom
reproduction) reproduction)

Nerve palpation | WAD carpal Controls: n=0
tunnel: n=6, (positive for
proximal carpal symptom
tunnel n=>5, reproduction)

brachial plexus
n=7 (positive for
Symptom
reproduction)

Ultrasound

Neurological

examination

WAD: significantly reduced longitudinal
(mean=0.38 (0.08) mm, (95% CI=0.20—
0.56 mm)) and transverse nerve
movement (2.57 (0.80) mm, (95%
CI=0.61-4.54 mm)) on the symptomatic
side compared to the control group.

n=17 (tests positive findings of nerve
pathology)

Trigeminal nerve hypoaesthesia n=9
Reduced myotomal strength n=4
UE hypoaesthesia light touch n=15
UE hyporeflexia n=6

At least one abnormal finding n=19

WAD n—=20

NA

Electrodiagnostic
testing

n=20 positive studies for nerve pathology

Braddom (2009)

WAD
n=1,334

NA

Electrodiagnostic
testing

n=1,248 positive for nerve pathology

Coert (1994)

WAD n=157

NA

Electrodiagnostic
testing

n=157 total positive for nerve pathology:




Sterling (2005)

Goudman
(2020)

WAD n=76

WAD n=21,
controls n—18

I-111

carpal tunnel syndrome=68, cubital
tunnel syndrome = 64, radial sensory
nerve = 25

PPT (kPa) Recovered, mild, moderate/severe, (>1
month): 197.6 (70.6), 210.5 (74.7), 140.9
(50.5)
Recovered, mild, mod/severe, (6 months):
231.8 (65.1); 244 (64.6); 169.9 (54.7)
Sympathetic QI (recovered, mild, moderate/severe; >1
vasoconstrictor month): 58.4 (17.2), 52.19 (16.9), 69.68
reflex (18.2)

6 months: 55.7 (16.9); 56.1 (15); 69.44
(17)

SFR (recovered, mild, moderate/severe;
>1 month): 0.75 (0.17), 0.76 (0.18), 0.61
(0.15)

6 months: 0.75 (0.2); 0.76 (0.17); 0.63
(0.14)

Laser evoked
potential

WAD hand Controls hand
(amplitudes,puV): (amplitudes,puV):
nl: -4.67 (2.81), N1 -4.47 (2.37), N2:
N2:-2.54 (1.70), | -3.41 (3.25), P2:
P2: 4.27 (3.11), 5.56 (2.83), N2P2:

N2P2: 6.81 (4.32)  8.97 (5.29)

Latency (msec): Latency (msec):
N1: 224 (53), N2 NI: 252 (56), N2:
(225 (50), P2: 388 | 229 (54), P2: 374
(70) (59)
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Radanov (1994) | WAD n=117 | NA Neurological N=17 patients (positive findings of nerve
examination pathology)

Bekelis (2014) ICD-9 codes n=3,086 patients (peripheral nerve injury)
1n—384,539

Sterling (2003) = WAD n=76, | II-III ULNT (degrees WAD: 26.21 Controls: 12.92
controls n=20 of elbow (11.73) (14.78)

flexion)*
Sympathetic WAD recovered Controls
vasoconstrictor QIL: 54 (149.98), QI: 52.3 (82.25)
reflex* SRF: 0.79 (1.48) SRF: 0.71 (0.80)

mild QI: 53.1

(147.37), SRF: 0.79

(1.57),

mod/severe QI:

64.8 (158.70), SRF:

0.69 (1.31)
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Farrell (2020)

Chuang (1998)

WAD n=24,
controls n—24

WAD n—14

NA

S-LANSS (0-24)

7.5 (6.5)

NPSI (0-100)

26.1 (18.3)

Neurological N=0 patients (positive for nerve
examination pathology)

Thermal WAD cold index Controls cold index
detection finger: 30.17 (1.16), | finger: 30.75 (0.36),

threshold (°C)

warm detection
index finger: 35.02
(1.55)

warm index finger:
33.85 (0.47)

Vibration
detection
threshold
(disappearance)

WAD index: 7.88
(0.27)

Controls index:
7.96 (0.16)

Mechanical pain
threshold (mN)

WAD index: 205.42
(142.47)

Controls index:
161.68 (96.41)

Mechanical WAD index: 1.06 Controls index:
detection (0.82) 0.48 (0.18)
threshold (mN)
Intraepidermal WAD index finger | Controls index
nerve fibre (median (IQR)): (median (IQR)):
density 4.5 (4.9) 7.3 (3.9)
(fibres/mm)
WAD ankle: 7.3 Ankle: 9.3 (3.8)
(3.7)
Dermal WAD index finger Controls index
innervation (median (IQR)): finger (median

Electrodiagnostic

testing

3.7 (2.8) bundles/
mm?

Meissner corpuscles
density: (median
(IQR)): 0.41 (0.51)
corpuscles/mm

(IQR)): 4.9 (2.1)

bundles/ mm?

Meissner corpuscles
density: (median
(IQR)): 0.61 (0.52)
corpuscles/mm

n=14 patients (positive for nerve
pathology)

Saadat (2011)

Sterling (2006a)

WAD n=78

WAD n=76

NA

ICD-9 codes

PPT (kPa)*

injury)

Median nerve (mean/SEM):

n="78 patients (positive peripheral nerve
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<1 month, PTSR: 155.12 (30.82),
resPTSR: 187.55 (105.77), nonPTSR:
201.72 (76.25)

6 months, PTSR: 166.53 (82.12),
resPTSR: 242.78 (76.25), nonPTSR:
230.56 (74.79)

Sympathetic QI (<1 month), PTSR: 70.78 (19.62),
vasoconstrictor resPTSR: 59.75 (20.1), nonPTSR: 55.42
reflex* (19.61)

QI (6 months), PTSR: 70.66 (19.14),
resPTSR: 57.48 (19.86), nonPTSR: 57.48
(19.86)

SFR (<1 month), PTSR: 0.56 (.20),
resPTSR: 0.70 (.20), nonPTSR: 0.75
(0.20)

SFR (6 months), PTSR: 0.60 (0.20),
resPTSR: 0.74 (0.20), nonPTSR: 0.74
(0.20)

Raak (2006) WAD n=17, NA Thermal WAD thenar Controls thenar
controls n=18 detection warm: 35.03 (2.67), = warm: 33.71 (0.57),
threshold (°C) cold 29.42 (2.12). cold: 29.88 (1.26).
trapezius warm trapezius warm:
37.94 (4.39), cold 35.80 (3.13), cold:
28.75 (4.94) 30.28 (1.17)

Kaiser (2012) WAD n=75 NA Electrodiagnostic = n=75 studies (positive for nerve injury)
testing
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Maimaris (1988)

Steinberg (2005)

WAD n=330

Electrodiagnostic
testing

n=18 patients (positive for nerve

pathology)

n=104 studies with abnormal findings

(EMG)

Scott (2005)

WAD n—29

PPT (kPa)*

WAD median:
162.68 (243.90),
ulnar: 281.55

Controls median:
274.55 (255.47),
ulnar: 373.22

(263.94), (285.19),
radial: 191.04 radial: 296.80
(243.90) (232.17)

*mean/sd estimated from graph or transformed from alternatively reported summary statistic.
Abbreviations: (NR): non-recovered; (R): recovered; DN4: Douleur Neuropathique 4; EMG:
electromyography; ICD: International Classification of Diseases; IQR: interquartile range; NCV:
nerve conduction velocity; nonPTSR: non-posttraumatic stress reaction; NPSI: Neuropathic Pain
Symptom Inventory; PPT: pressure pain threshold; PTSD: Posttraumatic Stress Disorder; PTSR:
Posttraumatic stress reaction; QI: quotient interval; QTF: Quebec Task Force; NA: not available;
resPTSR: resolved posttraumatic stress reaction; S-LANSS: Self-complete Leeds Assessment of
Neuropathic Symptoms and Signs; SEM: standard error of the mean; SRF: sympathetic reflex; UE:
upper extremity; ULNT: upper limb neurodynamic test: WAD: whiplash associated disorders.
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2.3.1. Quality assessment

Newcastle-Ottawa Quality Assessment Scales is summarised in Supplemental Table
2.3. The median score is 7 (range 3 - 10) for cross-sectional studies, 5 (range 3 - 8)
for cohort studies, and 5.5 (range 5 - 6) for case-control studies indicating a moderate
risk of bias on average, with studies ranging from low to high risk of bias. The
comparability of subjects and controls based on study design is the most common

limitation. The total score agreement between raters was 87.7%.

2.3.2. Evidence of nerve pathology and neuropathic pain in WAD 1 - 4.
In total, 19 assessments are utilised to assess neuropathic pain or peripheral nerve
pathology. The use of normative values is not required as all meta-analysed studies

included their own control groups.

The findings of studies including all WAD severity grades (1 -4) are categorised by
type of outcome measure (Figure 2.2 and Supplemental Table 2.4). Mechanical,
current, and thermal detection thresholds are measured at multiple sites including
the thumb, index finger, little finger, upper trapezius muscle, and anterior tibialis
muscle and were meta-analysed separately. Neural mechanosensitivity of the median
nerve include data on upper limb neurodynamic testing (measured as degrees of
elbow flexion) and pressure pain thresholds measured over peripheral nerves (PPT;

using an algometer). Individual studies that report participant subcategories (e.g.,
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mild pain vs moderate/severe pain, recovered vs non-recovered, etc) are indicated in

the analyses.

The most commonly used assessments for nerve pathology after whiplash injury are
PPT over peripheral nerves and nerve palpation (17 studies,!3:16,17,104,117-
120,126,163,189,209-214) - electrodiagnostic testing (16 studies,?'1:215-229)  and clinical
neurological examination (16 studies?0-42,117,162,211,223,227,230-237) Four
studies!?:118:212,213 455655 sympathetic vasoconstrictor responses. Two studies use
diagnostic ICD-9 coding for nerve injury and involvement??%23% — Additional
assessments of mnerve pathology from single studies include cutaneous silent
periods?23, laser evoked potentials®?, intraepidermal nerve fibre density*, MRI17,

and ultrasound!®® (Table 2.1 and Supplemental Table 2.4).

2.3.3. Prevalence of neuropathic pain

The prevalence of neuropathic pain signs and symptoms is determined in five studies
by two questionnaires (S-LANSS and DN4). The prevalence scores indicating the
presence of neuropathic pain characteristics have a mean of 34% (range 25-75%,
n=208 in all grades of WAD severity-117.190,191.209 " Two studies use the NPSI to
evaluate the severity of neuropathic pain symptoms with a median score of 3 out of
10 (interquartile range: 6, n=20)' and mean score of 26.1 out of 100 (SD 18.3, n =
24)%0. See Table 2.1 and Supplemental Table 2.4 for a summary of study assessments

and outcomes.
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Table 2.2 includes a summary of the certainly of neuropathic pain for each study
according to the neuropathic pain grading system. Seven studies (13%) include
sufficient tests so that a grading of definite neuropathic pain can be reached in a
subgroup of patients. Nineteen studies (35%) reach a grading of probable and 18 of
possible neuropathic pain (33%). Ten studies (19%) are classed as ‘nerve pathology’
as the absence of sensory testing prevent a firm conclusion of definite neuropathic

pain.

2.34. Prevalence of nerve pathology

The mean prevalence of nerve pathology identified by clinical examination varies
according to the assessment used: neurological examination is 13% (range 0 - 100%,
n = 1,885)40-42,117,162,211,223,227,230-237 and electrodiagnostic testing is 32% (range 10 -
100%, n = 3,921)211:215-229 TCD-9 codes related to nerve pathology and nerve injury
include n = 384,617 patients from two studies with a nerve injury mean prevalence

of 1% (range 1 - 100%)?25:238,

Mechanical Detection

All three locations where vibration detection thresholds are reported demonstrated
significantly impaired vibration thresholds in patients compared to controls (Figure
2.2a). This difference is significant at all locations measured in the hand, including

the thumb (SMD 0.51 [0.29; 0.74] p=0.0032, I> = 0%), index finger (SMD 0.65 [0.30;
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1.00] p<0.005, I? = 25%), and little finger (SMD 0.45 [0.13; 0.78] p=0.0183, 12 = 7%)
compared to controls with heterogeneity that may not be considered important. One
study shows a statistically significant decrease in mechanical detection thresholds

using von Frey hairs but not mechanical pain threshold at the index finger compared

to healthy controls (Table 2.1)40.

Current Detection

Studies measuring current detection thresholds find significant differences at the
index finger (SMD 0.82 [0.25; 1.39] p=0.0165, I2=67%), little finger (SMD 0.84 [0.05;
1.64] p=0.0425, I? =82%), and elbow (SMD 0.49 [0.06; 0.92] p=0.0337, 1> = 43%).
However, the current detection threshold over the tibialis anterior muscle is not
statistically significant between patients and controls (SMD 0.58 [-0.60; 1.75]
p=0.2435, I? = 91%). All current detection measures have moderate to considerable

between study heterogeneity (Figure 2.2b).

Thermal Detection

In total, six studies measure thermal detection in multiple upper extremity locations
(Figure 2.2c). Cold detection thresholds are significantly impaired at the thumb
(SMD -0.66 [-1.08; -0.24] p=0.0023, 1>=57%), index finger (SMD -0.43 [-0.73; -
0.13] p=0.0204, I? =0%), and trapezius muscle (SMD -0.51 [-0.93; -0.10] p= 0.0154,
I?=0%), but not at the little finger (SMD -0.46 [-0.96; 0.04] p=0.0574, I = 0%) in

patients compared to controls.
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Warm detection thresholds show significant impairments at the thumb (0.51 [0.10;
0.93] p=0.0161, 1>=0%), index finger (SMD 0.84 [0.25; 1.42] p=0.0200, I*> = 49%),
and trapezius muscle (SMD 0.45 [0.04; 0.87] p=0.0329, I?>=0%), but not at the little
finger (SMD 0.68 [-0.24; 1.61] p=0.0866, I? = 53%). Between-study heterogeneity
ranges from not considered important to moderate. Thermal detection thresholds at
the tibialis anterior muscle are measured in one study??®, which find a significant

impairment in left-sided but not right-sided warm detection compared to controls.

Neural Mechanosensitivity

Eight studies and a total of n = 527 patients and n = 389 healthy controls are
included in the neural mechanosensitivity meta-analysis. There is a significant
difference in both elbow range of motion during median nerve neurodynamic testing
(SMD 1.68 [0.92; 2.44], p=0.0004, I> = 91%) and PPT over the median nerve at the
elbow (SMD -1.10 [-1.50; -0.70], p<0.0001, I? =78%) compared to controls (Figure
2.2d); both with considerable between-study heterogeneity. The average proportion
of patients who report symptom reproduction upon median nerve palpation was 91%
(range 67% -100%, n = 56 total patients)!17:163.211 and 94% (range 78 - 100%, n =

50 total patients) upon brachial plexus palpation!!7,163,240,
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a. Mechanical Detection

Vibration detection threshold — thumb

Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Grade = All :
Chien et al. 2008b (high risk) 17 0.64 0.5400 31 0.41 0.2500 ——— 060 [0.00; 1.20] 14.1%
Chien et al. 2008b (low risk) 35 0.51 0.3300 31 0.41 0.2500 T 0.33 [-0.15; 0.82] 20.7%
Chien et al. 2009 31 0.79 0.6200 31 0.41 0.2500 ——-0—— 0.79 [0.28;1.31] 18.6%
Chien et al. 2010 50 0.83 0.9200 31 0.41 0.4500 — 0.54 [0.08;0.99] 23.1%
Chien et al. 2008a 50 0.83 1.3400 31 0.41 0.4900 T 0.38 [-0.07;0.83] 23.5%
WAD Il (ranc effects model) 131 )3 ———— ()55 [0.05;1.06] 65.2%
Overall random effects model 183 155 P 0.51 [0.29; 0.74] 100.0%
Heterogeneity: 12 = 0%, ¥ = 0.0099, p = 0.72 | T J L
Residual heterogeneity: 1> = 0%, p = 0.60 -1 05 0 05 1
Vibration detection threshold — index finger

Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Chien et al. 2008b (high risk) 17 0.56 0.6900 31 0.28 0.1600 —+— 0.65 [0.04;1.25] 14.2%
Chien et al. 2008b (low risk) 35 0.38 0.2300 31 0.28 0.1600 - 0.49 [0.00;0.98] 17.7%
Chien et al. 2010 50 0.54 0.5700 31 0.28 0.3300 — 0.52 [0.07;0.98] 19.0%
Chien et al. 2008a 50 0.83 1.3400 31 0.28 0.3300 —— 0.51 [0.05;0.96] 19.0%
Farrell et al. 2020 24 0.12 0.0600 22 0.05 0.0300 i——— 1.43 [0.78;2.09] 13.0%
Chien et al. 2009 31 040 0.2700 31 0.28 0.1600 — 0.53 [0.03;1.04] 17.2%
WAD Il (random effects model) 155 115 —— ) 0.03; 1.3¢ 3.1%
Overall random effects model 207 177 - 0.65 [ 0.30; 1.00] 100.0%
Heterogeneity: /* = 25%, ©* = 0.0711, p = 0.25 J ! I !
Residual heterogeneity: I° = 38%, p = 0.16 2 -1 0 1 2
Vibration detection threshold — little finger

Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Grade = A :
Chien et al. 2008b (high risk) 17 0.56 0.5700 31 0.29 0.1200 ——=*—— 0.76 [0.15;1.37] 14.9%
Chien et al. 2008b (low risk) 35 0.41 0.2400 31 0.29 0.1200 —t 0.61 [0.12;1.11] 20.1%
Grade = WAD |l
Chien et al. 2010 50 0.51 0.5700 31 0.42 0.4500 ——— 0.17 [-0.28; 0.62] 22.9%
Chien et al. 2008a 50 0.51 1.0200 31 0.29 0.7600 -1 0.23 [-0.22; 0.68] 22.8%
Chien et al. 2009 31 0.48 0.4000 31 0.29 0.1200 —=+—— 064 [0.12;1.15] 19.3%
WAD Il (random effects model) 131 93 — 33 [-0.28; 0.94] 65
Overall random effects model 183 155 —_— 0.45 [0.13; 0.78] 100.0%
Heterogeneity: 12=7%, ¥ =0.0317, p =037 I I T L
Residual heterogeneity: /% = 0%, p = 0.54 -1 05 0 05 1
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b. Current Detection

Current detection threshold — index finger

Experimental Control Standardised Mean
Study Total Mean SD Total Mean sD Difference SMD 95%-Cl Weight
Grade = All :
Chien et al. 2008b (high risk) 17 125.09 82.1200 31 62.16 25.8800 ——==—— 117 [0.53;1.81] 17.2%
Chien et al. 2008b (low risk) 35 101.16 26.8400 31 62.16 25.8800 —— 1.46 [0.91;2.01] 19.4%
Chien et al. 2009 31 8479 322300 31 62.16 25.8800 —— 0.76 [0.25;1.28] 20.1%
Chien et al. 2010 50 94.27 170.4600 31 32.38 34.5300 i 0.45 [0.00; 0.90] 21.7%
Chien et al. 2008a 50 94.15 94.0600 31 62.16 51.8200 T 0.39 [-0.06;0.85] 21.7%
WAD Il (random ¢ ‘P‘ 0.52 [0.04; 1.00 3
Overall random effects model 183 155 i 0.82 [ 0.25; 1.39] 100.0%
Heterogeneity: I = 67%, t* = 0.1507, p = 0.02 I J T !
Residual heterogeneity: /% = 0%, p = 0.64 -2 -1 0 1 2
Current detection threshold — little finger

Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Grade = All
Chien et al. 2008b (high risk) 17 125.09 82.1200 31 58.82 22.4000 —— 1.26 [0.61;1.91] 184%
Chien et al. 2008b (low risk) 35 99.14 225900 31 58.82 22.4000 o —==— 1.77 [1.20;2.35] 19.4%
Chien et al. 2009 31 83.65 40.3100 31 60.50 21.8900 —*—— 0.70 [0.19;1.22] 20.2%
Chien et al. 2010 50 87.06 159.0800 31 58.88 59.2600 1 0.21 [-0.24;0.66] 21.0%
Chien et al. 2008a 50 86.61 83.2200 31 58.82 44.8600 T 0.39 [-0.07;0.84] 21.0%
WAD Il (randor ects mode 131 )3 ‘.: 12 [-0 ; 62.:
Overall random effects model 183 155 —_— 0.84 [0.05; 1.64] 100.0%
Heterogeneity: /Z = 82%, % = 0.3378, p < 0.01 I I J !
Residual heterogeneity: I = 10%, p = 0.34 -2 -1 0 1 2
Current detection threshold - elbow

Experimental Control Standardised Mean

Study Total Mean SD Total Mean sD Difference SMD 95%-Cl Weight
Grade = All
Chien et al. 2008b (high risk) 17 50.44 29.6200 31 32.61 8.6800 ——+—— 0.93 [0.31;1.55] 15.9%
Chien et al. 2008b (low risk) 35 40.96 10.1900 31 32.61 8.6800 ——=+—— 0.87 [0.36;1.37] 19.8%
Grac WAD II
Chien et al. 2010 50 46.93 87.6000 31 32.48 29.9700 —HE—+ 0.20 [-0.25;0.65] 22.1%
Chien et al. 2008a 50 47.13 76.6100 31 32.61 17.3900 T 0.23 [-0.21;0.68] 22.1%
Chien et al. 2009 31 41.84 34.1000 31 32.61 8.6800 T 0.37 [-0.14;0.87] 20.0%
WAD Il (random ¢ 1 ) ‘ ), 2¢ 0.05; 0.47] 64.2
Overall random effects model 183 155 — 0.49 [ 0.06; 0.92] 100.0%
Heterogeneity: /% = 43%, * = 0.0722, p = 0.13 R UL
Residual heterogeneity: /2 = 0%, p = 0.96 16 -1 05 0 05 1 15
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Current detection threshold — tibialis anterior

Experimental

Study Total Mean

G le = All
Chien et al. 2008b (high risk)
Chien et al. 2008b (low risk)

17 93.68 60.9600
32 80.23 24.6200

Chien et al. 2010
Chien et al. 2008a
Chien et al. 2009

50 44.30 79.0400

50 44.43 52.0600

31 37.26 14.6400
1

Overall random effects model 180
Heterogeneity: 17 = 91%, v* = 0.8114, p < 0.01
Residual heterogeneity: 12 = 0%, p =043

SD Total Mean SD

Control

31 41.94 14.4500
31 41.94 14.4500

31 41.84 38.3200
31 41.94 28.9400
31 41.94 14.4500

155

Standardised Mean
Difference

—5— 1.87 [1.27;2.46]

95%-Cl Weight

19.2%
19.6%

1.35 [0.69; 2.00]

0.04 [-0.41;0.48] 20.5%
0.06 [-0.39;0.50] 20.5%
-0.32 [-0.82;0.18] 20.2%

).06 [-0.57; (

0.58 [-0.60; 1.75] 100.0%

c. Thermal Detection

Cold detection threshold — thumb

Experimental
Study Total Mean
Grade Al
Raak et al. 2006
Wallin et al. 2012

17 29.42 2.1200
28 29.80 1.3000

Overall fixed effects model 45
Heterogeneity: 1% = 57%, ©° = 0.1278, p=0.13
Residual heterogeneity: 1> = 57%, p = 0.13

Control Standardised Mean
SD Total Mean SD Difference
I
|
18 29.88 1.2600 ———

29 30.70 0.4000 ——#=—+—
47 =

SMD 95%-Cl Weight

-0.26 [-0.93; 0.41] 40.4%
-0.93 [-1.48;-0.38] 59.6%

-0.66 [-1.08; -0.24] 100.0%

Cold detection threshold — index finger

Experimental
Study Total Mean
Grade = WAD Il
Chien et al. 2009
Chien et al. 2010

31 28.99 1.5500
50 28.24 1.2000
Farrell et al. 2020 23 30.17 1.1600
Chien et al. 2008a 50 28.27 6.6800

Overall random effects model 154
Heterogeneity: 1% = 0%, 1% = 0.0109, p = 0.64
Residual heterogeneity: 1% = 0%, p =064

Control Standardised Mean
SD Total Mean SD Difference
31 29.58 0.8500 ——=+——+
31 29.30 3.2300 ——

23 30.75 0.3600 ——+———
31 29.32 1.0400

116 e —

— 1

SMD 95%-Cl Weight

24.0%
28.7%

-0.47 [-0.97; 0.04]
-0.48 [-0.93;-0.02)
-0.66 [-1.26;-0.07) 18.0%
-0.20 [-0.65; 0.25] 29.3%

-0.43 [-0.73; -0.13] 100.0%

Cold detection threshold — little finger

Experimental

Study Total Mean

Chien et al. 2009
Chien et al. 2010
Chien et al. 2008a

31 28.62 2.0500
50 27.80 1.9800
50 27.82 7.5600

Overall random effects model 131
Heterogeneity: 12 = 0%, v = 0.0124, p = 0.50
Residual heterogeneity: 1>=0%, p =0.50

SD Total Mean SD

Standardised Mean
Difference

Control

31 29.56 0.8200 —&-——
31 29.28 3.2800
31 29.29 1.0100

93 _¢'-_-

P U—

SMD 95%-Cl Weight

-0.59 [-1.10;-0.09] 29.2%
-0.57 [-1.03;-0.12] 34.9%
-0.24 [-0.69; 0.21] 35.9%

-0.46 [-0.96; 0.04] 100.0%
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Cold detection threshold — trapezius muscle

Experimental
Total Mean SD Total Mean

Control

Study SD

Raak et al. 2006
Wallin et al. 2012

17 28.75 4.9400
28 29.80 2.3000

Overall fixed effects model 45
Heterogeneity: 1?=0%,1°=0,p=0.73
Residual heterogeneity: 12=0%, p =0.73 -

47

I
18 30.28 1.1700 —————%—
29 30.90 1.4000 ——————

Standardised Mean
Difference

SMD 95%-Cl Weight

-0.42 [-1.09; 0.25] 38.5%
-0.57 [-1.10;-0.04] 61.5%

-0.51 [-0.93; -0.10] 100.0%

Warm detection threshold — thumb

Experimental
Total Mean SD Total Mean

Control

Study SD

Raak et al. 2006
Wallin et al. 2012

17 35.03 2.6700
28 34.10 2.0000

Overall fixed effects model 45
Heterogeneity: 12=0%,1%=0, p =0.55
Residual heterogeneity: 1=0%, p =0.55

18 33.71 0.5700
29 33.50 0.4000

47

Standardised Mean

Difference

SMD 95%-Cl Weight

I
——L%—— 0.68 [-0.01;1.36] 37.1%
T — 0.41 [-0.11;0.94] 62.9%

0.51 [0.10; 0.93] 100.0%

I

0 05 1

Warm detection threshold — index finger
Experimental
Total Mean SD Total Mean

Control
Study sD
Gi WAD ||

Chien et al. 2009
Chien et al. 2010

Farrell et al. 2020
Chien et al. 2008a

31 34.91 2.2900
50 34.93 4.8100
23 35.02 1.5500
50 34.91 5.5600

31 32.35 1.4300
31 32.32 3.2900
23 33.85 0.4700
31 32.35 2.8700

Overall random effects model 154 116

Heterogeneity: I° = 49%, ©° = 0.0807, p = 0.12

Standardised Mean

Difference

SMD 95%-Cl Weight

—8— 1.32 [0.77; 1.88]

23.4%
- 0.60 [0.14; 1.06] 27.8%
—#——  1.00 [0.39;1.62] 20.9%
- 0.54 [0.08;0.99) 27.9%
———  0.84 [0.25; 1.42] 100.0%

I

Residual heterogeneity: /° = 49%, p = 0.12 -15-1-050 05 1 15
Warm detection threshold — little finger
Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight

Grade = WAD I
Chien et al. 2009
Chien et al. 2010
Chien et al. 2008a

31 34.34 2.2000
50 34.70 4.9400
50 34.71 6.5100

31 32.32 1.1200
31 32.32 3.7300
31 32.32 2.2400
Overall random effects model 131 93
Heterogeneity: 1% = 53%, v* = 0.0860, p = 0.12

—*_ 1.14 [0.60; 1.68]

30.2%
—— 0.52 [0.07;0.98] 34.9%
R 0.45 [-0.01;0.90] 35.0%

I

—'-I—T__T 0.68 [-0.24; 1.61] 100.0%

Residual heterogeneity: /% = 53%, p = 0.12 15 -1 -05 0 05 1 15
Warm detection threshold — trapezius muscle
Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight

17 37.94 4.3900
28 35.90 2.5000

18 35.80 3.1300
29 35.10 1.4000

Raak et al. 2006
Wallin et al. 2012

Overall fixed effects model 45 47
Heterogeneity: 1?=0%,1°=0,p =0.71

Residual heterogeneity: 12=0%, p=0.71

1
~————— 055 [-0.13;1.23] 37.5%

——8—— 039 [-0.13;0.92] 62.5%
1
—— 0.45 [ 0.04; 0.87] 100.0%
[ I I |
05 0 05 1
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d. Neural Mechanosensitivity

Upper limb neurodynamic testing — median nerve

Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Gra All :
Sterling et al. 2002 156 26.21 11.7300 95 12.92 24.7800 : 0.74 [0.48;1.01] 7.6%
Sterling et al. 2004 (mild) 36 26.70 17.7000 20 21.40 10.8000 - 0.33 [-0.22;0.88) 7.3%
Sterling et al. 2004 (mod) 32 31.30 14.9000 20 21.40 10.8000 L 0.72 [0.15;1.30) 7.3%
Sterling et al. 2004 (severe) 12 36.50 11.8000 20 21.40 10.8000 = 1.32 [0.52;2.11] 7.0%
Chien et al. 2008b (high risk) 17 51.65 21.1500 31 11.62 5.9600 | = 2.94 [2.09;3.80] 6.9%
Chien et al. 2008b (low risk) 35 29.72 21.8300 31 11.62 5.9600 = 1.09 [0.57;1.61]) 7.4%
Sterling et al. 2003 (recovered) 29 23.95 24000 20 20.67 3.1200 = 1.19 [0.57;1.81] 7.2%
Sterling et al. 2003 (mild) 30 33.97 26000 20 20.67 3.1200 : —+— 465 [3.54,5.75] 6.4%
Sterling et al. 2003 (mod/severe) 17 34.27 3.4000 20 20.67 3.1200 i —E— 409 [291;5.27) 6.3%
Grade = WAD || H
Smith et al. 2014 53 28.67 155600 30 4.00 6.6700 3 1.87 [1.33;2.40) 7.3%
Chien et al. 2009 31 22.30 27.4000 31 11.00 5.9000 i 0.56 [0.05;1.07) 7.4%
Chien et al. 2008a 50 21.30 25.5000 31 11.00 5.2100 .- 0.50 [0.05;0.96] 7.4%
Smith et al. 2013 (Recovered) 58 29.33 16.3000 30 4.00 6.6700 - 1.82 [1.30;2.34) 7.4%
Smith et al. 2013 (Non-recovered) 32 34.00 14.8100 30 4.00 6.6700 ¥ 255 [1.87;3.23) 7.1%
WAD Il (random effects model) 2 — 1.44 [ 0.33; 2.55] 36.7
Overall random effects model 588 429 - 1.68 [ 0.92; 2.44] 100.0%
Heterogeneity: 12 = 91%, v* = 1.6253, p < 0.01 et LI
Residual heterogeneity: /> = 91%, p < 0.01 4 2 0 2 4

Pressure pain threshold — median nerve

Experimental Control Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
( le = All :
Sterling et al. 2010 (recovered) 25 197.60 71.0000 22 235.00 70.0000 —T -0.52 [-1.10; 0.06] 8.2%
Sterling et al. 2010 (mild) 17 220.00 77.0000 22 235.00 70.0000 | — B — -0.20 [-0.84; 0.43] 7.9%
Sterling et al. 2010 (mod/severe) 20 140.30 77.0000 22 235.00 70.0000 —— -1.27 [-1.93;-0.60] 7.7%
Chien et al. 2008b (high risk) 17 173.21 68.4500 31 300.97 61.2600 —+—: -1.97 [-2.69;-1.25] 7.4%
Chien et al. 2008b (low risk) 35 246.66 91.5700 31 300.97 61.2600 e -0.68 [-1.18;-0.18] 8.7%
Smith et al. 2014 53 185.33 63.7000 30 365.33 98.2700 —+— -2.29 [-2.86;-1.72) 83%
Chien et al. 2009 31 212.67 99.1700 31 300.97 61.2600 — -1.06 [-1.59;-0.52] 8.5%
Chien et al. 2010 50 187.90 87.9000 31 301.00 45.0000 B -1.50 [-2.01;-1.00] 8.7%
Chien et al. 2008a 50 196.00 173.4400 31 300.97 122.7000 n_ -0.67 [-1.13;-0.21] 9.0%
Smith et al. 2013 (recovered) 58 236.00 78.1500 30 375.17 134.3800 — -1.37 [-1.86;-0.88] 8.8%
Smith et al. 2013 (Non-recovered) 32 229.34 85.9200 30 375.17 134.3800 — -1.29 [-1.84;-0.74] 8.4%
Scott et al. 2005 29 162.86 243.9000 20 274.55 255.4700 T -0.44 [-1.02; 0.13] 8.3%
WAD Il (random effects model) 30 2( — 1.23 [-1.78; -0.67] 60.0
Overall random effects model 417 331 - -1.10 [-1.50; -0.70] 100.0%
Heterogeneity: 1> =78%,1° = 0.3194, p <0.01
Residual heterogeneity: /> = 77%, p < 0.01 2 -1 0 1 2

Figure 2.2. Meta-analysis of detection threshold measures and neural mechanosensitivity.
Studies are subgrouped based on the Quebec Task Force grading scale. Overall effects, standardised
mean differences (SMD), 95% confidence intervals (CI), and I? heterogeneity are summarised for
two meta-analyses: 1) including the overall data from all studies independent of WAD grades (“All”)
and 2) for studies only including patients with grade 2 (“WADZ2”).
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2.3.5. Other assessments

Four studies (n = 293)13:118:212213 555658 sympathetic vasoconstrictor response with
a mean quotient of integral of 59.42 (SD 7.13) and sympathetic reflex quotient of
0.72 (SD 0.70) listed in Supplemental Table 2.4. One study (n = 20) assessing
cutaneous silent periods find abnormalities suggestive of peripheral nerve
involvement??3. In contrast, another study (n = 21) measuring laser evoked
potentials does not find a difference between patients with WAD 1-3 and healthy
controls??”. Five additional studies use sensory testing parameters that are not
comparable for meta-analysis?10:234.241-243 byt most findings are consistent with the

presence of a sensory deficit; complete outcome details provided in Table 2.1.

Two imaging studies both report signs of nerve involvement. Using MRI, one study
finds greater T2-weighted signal intensity of the brachial plexus and median nerve
at the wrist compared to controls''”. Another imaging study using high frequency
ultrasound identifies biomechanical changes to median nerve excursion at the
forearm and wrist!63. Lastly, a significant decrease in intraepidermal nerve fibre and
dermal nerve bundle densities are apparent in skin biopsies of the index finger

compared to controls®.

2.3.6. Evidence of nerve pathology and neuropathic pain in WAD?2.
Eight studies report separate data for patients classified as only WAD2 and are sub-

grouped for meta-analysis (Figure 2.2 and Supplemental Table 2.4). Additional
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assessments of peripheral nerve pathology in WAD2 include mechanical detection
using von Frey hairs®; T2-weighted signal intensity of the peripheral nerves using
MRI'7; biomechanical changes to nerve excursion using high frequency
ultrasound!®3; and structural intraepidermal nerve fibre and dermal nerve bundle

density using skin biopsies 4.

Prevalence of Neuropathic Pain

Using the S-LANSS, mean prevalence scores indicating the presence of neuropathic
pain characteristics are 34% (range 25% - 36%, n = 123) in WAD240:117.209 One
study used the NPSI and reports a mean (SD) of 26.1 (18.3) out of 100 (n = 24)%0.
Using the TASP neuropathic pain grading system, two studies (25%) have sufficient
tests to reach the grade of definite neuropathic pain in at least a subgroup of
patients. Three studies (38%) reach a grade of probable neuropathic pain. Three
studies (38%) are classified as possible neuropathic pain. As all studies include

reports of pain and sensory testing results, no studies are classed as ‘nerve pathology’

(Table 2.2).
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Table 2. Certainty of neuropathic pain at study level according to the IASP Neuropathic Pain

Grading System.

Possible Probable Definite
History neurologic lesion &
Article neuroanatomically plausible Sensory signs Diagnostic tests Outcome
Sterling Patients after whiplash NA NA
2009 injury reporting neck pain,
S-LANSS (34% positive)
Possible
Smith 2013 Patients after whiplash NA NA
injury reporting neck pain,
S-LANSS (36% positive)
Possible
Karlsborg Patients after whiplash n=>5/34 patients with | NA
1997 injury reporting neck pain upper extremity
sensory loss (light
touch) Probable
Henrikson Patients after whiplash n=>5/20 reduced NA
2013 injury reporting neck pain temperature
sensitivity Probable
Chuang Included patients after NA n=7/85 positive
2002 whiplash injury measuring NCV and EMG
the brachial plexus findings of nerve Nerve
pathology pathology
Smith 2014 Patients after whiplash NA NA
injury reporting neck pain,
21% reporting upper
extremity symptoms Possible
Sterling Patients after whiplash NA NA
2004 injuring reporting neck pain i
Possible
Serrano- Pain after whiplash injury, NA NA
Munoz 2019 | DN4 (n=15/20 indicating
neuropathic pain), and
NPSI questionnaires
(median score pain group:
3/10) Possible
Sterling Patients after whiplash NA NA
2010 injuring reporting neck
pain, 48% reporting upper
limb symptoms Possible
Bowles 2004 | Included patients after NA n=25/25
whiplash injury measuring patients with
the brachial plexus positive EMG
findings of nerve Nerve
pathology pathology
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Greening Patients after whiplash n=4/9 (44.4%) MRI: increased
2018 injury reporting painful reduced cutaneous T2 signal
symptoms in upper limb, S- | sensation in median intensity
LANSS questionnaire nerve brachial plexus
(n=4/9 patients indicating and median
neuropathic pain) nerve at wrist Definite
Hashish Patient after whiplash NA Positive EMG
2017 injury referred to pain clinic testing: cervical
for cervical and lumbar radiculitis: n=
nerve assessment 315/903; lumbar
radiculitis n= Nerve
216/903 pathology
Chien 2009 Patients after whiplash Abnormal upper NA
injury reporting neck pain, extremity thermal,
45% reporting arm pain vibration, and
current detection
thresholds Probable
Chien 2008b | Patients after whiplash Abnormal upper NA
injury reporting neck pain extremity thermal,
vibration, and
current detection
thresholds Probable
Vaegter Patients after whiplash Abnormal upper NA
2018 injury reporting spinal pain | extremity warm
detection thresholds
Probable
Greening Patients after whiplash NA NA
2005 injury reporting neck and
arm pain Possible
Pedler 2013 | Patients after whiplash NA NA
injury reporting pain Bomsilole
Radanov Patients with pain after n=17/117 patients NA
1995 whiplash injury, 49% neurologic deficit
reporting shoulder pain, (sensory loss, reflex
92% reporting neck pain, loss, paresis)
15% reporting dermatomal
paraesthesia, tingling
Probable
Alpar 2002 Patients after whiplash n=38/38 with n=11/38
injury reporting neck and hypoaesthesia to patients had
shoulder pain light touch abnormal EMG
and pin prick and NCV results
(median nerve
distribution) Definite
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Pettersson Patients after whiplash Trigeminal nerve NA
1994 injury reporting neck pain, hypoaesthesia
69% shoulder pain n=9/39
Reduced myotomal
strength n=4/39
UE hypoaesthesia
light touch n=15/39
UE hyporeflexia
n=6/39 Probable
Midha 1997 | Included patients after NA n= 16/16
whiplash injury measuring abnormal EMG
the brachial plexus or NCV results Nerve
pathology
Miranda Included patients after NA n=20/20
2016 whiplash injury abnormal EMG
and NCV
studies for nerve Nerve
pathology pathology
Jonsson Patients after whiplash n=19/24 patients NA
1994 injury reporting neck pain, with decreased
79% radiating arm pain strength, sensation,
or reflexes Probable
Braddom Patients after whiplash NA n=1,248/1,334
2009 injury referred to pain clinic abnormal EMG
for cervical and lumbar studies for nerve
nerve assessment pathology Nerve
pathology
Kaiser 2014 | Included patients after NA n=12/12
whiplash injury measuring abnormal EMG
the brachial plexus and NCV
studies for nerve Nerve
pathology pathology
Coert 1994 Included patients after NA n=157/157
whiplash injury measuring abnormal EMG
the median, radial, or ulnar or NCV for Nerve
nerves nerve pathology pathology
Sterling Patients after whiplash NA NA
2006b injury reporting neck pain,
20% reported shoulder pain
Possible
Sterling Patients after whiplash NA NA
2005 injury reporting neck pain,
30% reporting shoulder pain
Possible
Sturzenegger | Patients after whiplash N=17/137 patients NA
1994 injury reporting pain, 35% had neurologic deficit
reported neurologic (sensory loss, reflex
symptoms, 49% reported loss, or paresis with
shoulder pain radicular
distribution) Probable
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Goudman
2020

Patients after whiplash
injury reporting pain

NA

No significant
differences in
laser evoked

potentials Possible
Sterner 2001 | Patients after whiplash n=14/43 patients NA
injury reporting pain, 47% abnormal thermal
report radiating pain in detection and
arms and hands, 59% report | n=11/43 patients
paraesthesia in arms and abnormal vibration
hands detection (trigeminal
nerve)
Probable
Radanov Patients after whiplash N=17/117 patients NA
1994 injury reporting neck pain, neurologic deficit in
49% reported shoulder pain | radicular pattern
(weakness,
hyporeflexia, or
hypoaesthesia)
Probable
Sterling Patients after whiplash n=23/156 patients NA
2002 injury reporting pain (weakness,
hyporeflexia, or
hypoaesthesia)
Probable
Bekelis 2014 | Patients after whiplash NA NA
injury, n=3,086 patients
ICD-9 codes for peripheral
nerve injury Possible
Lo 2007 Patients after whiplash n=10,/20 patients n=2/20 with
injury reporting neck pain (weakness, abnormal EMG
hyporeflexia, or testing, n=18
hypoaesthesia) with at least one
abnormal
recording of
cutaneous silent
periods Definite
Sterling Patients after whiplash NA NA
2003 injury reporting neck pain i
Possible
Chien 2010 Patients after whiplash Reduced thermal, NA
injury reporting neck pain, vibration, and
45% reported radiating arm | current detection
pain thresholds Probable
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Farrell 2020

Patients after whiplash
injury reporting neck pain,

N=0/24 patients
with abnormal

Reduced dermal
and

46% shoulder or arm pain, strength, reflexes, intraepidermal
17% forearm or hand pain, and light touch nerve fibre
S-LANSS and NPSI sensation. Findings of | density (skin
questionnaires reduced thermal and | biopsy)
mechanical pain
thresholds
Definite
Squires 1996 | Patients after whiplash n=4/37 patients NA
injury reporting pain, 45% (weakness,
report paraesthesia hyporeflexia, or
hypoaesthesia)
Probable
Chuang Included patients after NA n=14/14
1998 whiplash injury measuring abnormal EMG
the brachial plexus and NCV
studies for nerve Nerve
pathology pathology
Sturzenegger | Patients after whiplash n=17/117 patients NA
1995 injury reporting neck pain (weakness,
hyporeflexia, or
hypoaesthesia)
Probable
Saadat 2011 | Included patients after NA NA
whiplash injury, n=78
patients positive for
peripheral nerve injury
using ICD-9 codes Possible
Moog 2002 Patients after whiplash n=0/43 patients with | NA
injury reporting pain inability to detect
light touch, punctate
pressure, warm and
cold detection
Possible
Sterling Patients after whiplash NA NA
2006a injury reporting neck pain )
Possible
Wallin 2012 | Patients after whiplash Reduced thermal NA
injury reporting neck and detection thresholds
shoulder pain
Probable
Raak 2006 Patients after whiplash Reduced thermal NA
injury reporting pain detection thresholds
Probable
Mailis 1995 Patients after whiplash NA NA
injury reporting pain, 84%
reported paraesthesia
Possible
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Kaiser 2012 | Included patients after NA n="75/75
whiplash injury measuring abnormal EMG
the brachial plexus or NCV studies Nerve
for nerve injury) pathology
Chien 2008a | Patients after whiplash Reduced thermal, NA
injury reporting neck pain, vibration, and
45% reported radiating arm | current detection
pain thresholds Probable
Maimaris Patients after whiplash n=18/102 patients NA
1988 injury reporting pain, 46% (weakness,
reported shoulder pain hyporeflexia, or
hypoaesthesia)
Probable
Ovadia 2002 | Patients after whiplash n=20/866 patients n=127/866 with
injury reporting pain, 25% (weakness, abnormal EMG
reporting shoulder pain, hyporeflexia, or findings
36% reporting upper limb hypoaesthesia)
pain Definite
Steinberg Patients after whiplash NA n=104,/330 with
2005 injury reporting pain, 7% abnormal EMG
reported radiating shoulder findings Nerve
pain pathology
Terzis 2009 Included patients with pain | NA n=25/25
after whiplash injury abnormal NCV
measuring the brachial and EMG
plexus findings for Nerve
nerve pathology pathology
Scott 2005 Patients after whiplash NA NA
injury reporting pain Bomsilole

Abbreviations: Douleur Neuropathique 4 (DN4), Electromyography (EMG), Not available (NA),
Nerve conduction velocity (NCV), Neuropathic Pain Symptom Inventory (NPSI), Self-complete Leeds
Assessment of Neuropathic Symptoms and Signs (S-LANSS). Nerve pathology indicates studies that
reported outcomes of diagnostic tests confirming a lesion of the somatosensory nervous system
(definite neuropathic pain) but did not report sensory signs (probable neuropathic pain).

Mechanical Detection

Vibration detection thresholds are measured at the thumb, index and little fingers
(Figure 2.2a). Overall, there are significantly impaired vibration detection thresholds
at the thumb (SMD 0.55 [0.05; 1.06] p=0.0422, I? = 0%) and index finger (SMD 0.71
[0.03; 1.38] p= 0.0446, I? = 53%), but no difference at the little finger (0.33 [-0.28;
0.94] p=0.1448, 1?2 =2%) compared to controls. Heterogeneity ranges from might not

be important to moderate. As previously reported, one study including only WAD2
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finds a significant reduction in mechanical detection using von Frey hairs but

preserved mechanical pain at the index finger compared to controls®.

Current Detection

Current detection thresholds of WAD2 are significantly higher at the index finger
(SMD 0.52 [0.04; 1.00] p=0.0427, I2 = 0%) and elbow (SMD 0.26 [0.05; 0.47]
p=0.0332; I? = 0%), but not at the little finger (SMD 0.42 [-0.18; 1.02] p=0.0961, I?
= 0%) or tibialis anterior muscle (SMD -0.06 [-0.57; 0.44] p=0.6537, I? = 0%)

compared to healthy controls (Figure 2.2b). Overall heterogeneity was very low.

Thermal Detection

The previously described thermal detection thresholds for the index and little fingers

include only WAD2 and can be seen in Figure 2.2c.

Neural Mechanosensitivity

Six studies report PPT of the median nerve at the elbow and four studies report
median nerve neurodynamic testing (Figure 2.2d). Compared to controls, there are
significantly restricted elbow range of motion during median nerve neurodynamic
testing (SMD 1.44 [0.33; 2.55] p=0.0225, I? = 90%) and lower median nerve PPT
(SMD -1.23 [-1.78; -0.67] p=0.0016, 12 =79%) in patients with WAD2. Both analyses
demonstrate substantial heterogeneity. The proportion of patients who report

symptom reproduction upon nerve palpation of the brachial plexus and median nerve
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range from 78% - 88.9% and 55.6% - 66.7%, respectively in two studies (n =

18)117,163_

Other assessments

Single studies using MRI, high frequency ultrasound and skin biopsies all find

indications of nerve involvement (Table 2.1 and Supplemental Table 2.4).

2.4. Discussion

My systematic review including 54 studies in 390,644 patients suggests that after
whiplash injury, a subset of people demonstrate signs of peripheral nerve injury and
neuropathic pain. These findings were seen irrespective of whiplash severity grading,
and importantly, were also present in WAD2. These data contradict the traditional
definition of WAD2, which is defined by an absence of nerve involvement. The
included studies utilised a varied set of clinical measures and questionnaires to
identify signs of nerve pathology and neuropathic pain. The mean prevalence
estimates of nerve pathology in WAD ranged from 1% (ICD-9 codes) to 32%
(electrodiagnostic testing). The prevalence of neuropathic pain measured with
questionnaires ranged from 34% to 75%. Measures of nerve function revealed
abnormalities in large nerve fibre apparent by the presence of muscle weakness,
hyporeflexia, hypoaesthesia to light touch and vibration, and abnormal
electrodiagnostic testing. Small nerve fibre pathology was recognised via reduced

temperature, pin prick, current detection thresholds, and decreased intraepidermal
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nerve fibre density. Several studies demonstrated heightened nerve
mechanosensitivity, and imaging studies suggested altered nerve movement and

structural abnormalities using high frequency ultrasound and MRI, respectively.

Neuropathic pain is reported by a significant group of patients with WAD.

Pooled from four studies and 208 patients, the S-LANSS identified 34% of patients
with predominant neuropathic pain characteristics. When using the DNA4
questionnaire, one study found estimates of neuropathic pain as high as 75% in a
smaller sample size (n = 20)'%0. The prevalence of neuropathic pain appears in
contrast to the low prevalence of nerve pathology from ICD-9 codes (1%). This
disparity, though, is primarily based on one large retrospective study (n = 384,539)
using ICD-9 codes which only included peripheral nerve injuries in WAD that were
present with an accompanying upper or lower extremity fracture??®. Conversely,
estimates of neuropathic pain from questionnaires closely align with nerve pathology

using electrodiagnostic testing (32%).

The neuropathic pain grading system!?* helps to determine the certainty of
neuropathic pain. Unfortunately, no study used the grading system at patient level.
We therefore performed retrospective grading at study level, thus providing
information about at least a subset of patients. Most studies met the possible
neuropathic pain category, assuming the history of a whiplash injury itself has the

potential to include nerve involvement for a subset of patients'® and that pain
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referral to the neck or upper limbs is neuroanatomically plausible as it is unlikely
that single root levels are involved!6:123:136 Fourteen studies provided evidence of
sensory signs in the upper extremity or neck predominantly though quantitative
sensory testing. Although quantitative sensory testing cannot conclusively
demonstrate neuropathic pain, they are considered a confirmatory diagnostic test in
the grading system to reach the category of ‘probable’ neuropathic pain!94244, Lastly,
18 studies confirmed a lesion of the somatosensory nervous system through
diagnostic tests (e.g., electrodiagnostic tests, MRI). As many of these studies (10)
did not include sensory testing, we took a conservative approach and only classified

eight as ‘definite’ neuropathic pain.

Taken together, the data from questionnaires and retrospective neuropathic pain
grading suggest that a significant portion of patients with WAD experience at least
possible neuropathic pain. This illustrates the importance of clinical screening for

neuropathic pain symptoms.

Sensory loss of function is apparent across a range of modalities.

A hallmark of nerve pathology and peripheral neuropathic pain is the presence of
sensory loss of function in the anatomical territory of the suspected lesion of the
peripheral nervous system'¥*. We did not include gain of function measures (thermal
and mechanical pain thresholds, wind-up ratios, etc) as hyperalgesia is not only a

feature of neuropathic but also nociceptive?#5246 or nociplastic pain247248. QOverall,
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the sensory testing results show a loss of function affecting both large (vibration,
light touch) and small nerve fibres (temperature) in patients with WAD compared
to healthy controls. Sensory dysfunction was present throughout the entire upper
extremity, but most consistently seen in thumb and index finger. Lower extremity
sensory assessment included current and thermal detection thresholds at the tibialis
anterior, which was not significantly different from controls. This suggests there is
altered sensory processing in at least a subset of patients after whiplash injury. One
explanation for these functional sensory deficits may be structural nerve fibre loss,

which was identified in one study taking skin biopsies??.

Similar findings of loss of function dominate a range of focal nerve injuries, including
lumbar radiculopathy?*, carpal tunnel syndrome?®®, and various traumatic
peripheral nerve lesions?!. As such, a direct nerve injury resulting from the collision
may explain the identified loss of function. The theory that whiplash injury causes
peripheral nerve injury is supported by sensory testing, neurological examination,
and electrodiagnostic testing!6:217:231  Both preclinical and clinical data suggest
sensory hypoaesthesia?5? can occur as early as one week after peripheral nerve injury.
These sensory abnormalities may indicate functional or structural nerve pathology,

such as ischaemia253254 demyelination or axon degeneration25%256,

Alternatively, upper extremity sensory loss of function may be a downstream effect

that develops from secondary mechanisms rather than from a direct nerve injury.
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Indeed, subtle sensory hypoaesthesia has been identified in non-neuropathic
conditions 27258 and in non-painful limbs of unilateral peripheral neuropathies?>. It
has been speculated that such hypoaesthesia in the absence of an apparent nerve
lesion could be attributed to central mechanisms??, which are known to not only

modulate painful but also non-painful sensory input?58:260,

Another potential secondary mechanism explaining sensory loss of function is
inflammatory processes triggered after a motor vehicle crash®261.262" Elevated
systemic inflammation has previously been linked with widespread sensory
hypoaesthesia in other painful conditions such as fibromyalgial®® and complex
regional pain syndrome!%®, Indeed, preclinical models of traumatic nerve injury
suggest that pathological neuroinflammation has a role in inducing axonal
degeneration263:264, This hypothesis is supported by radiological findings of increased
T2 signal intensity of the brachial plexus and median nerve in patients with chronic
WADY7 which has been interpreted as a clinical correlate of neuroinflammation?26°,
Additionally, increased levels of serum inflammatory markers have been identified

from patients with chronic WAD?1:262,

As such, systemic or central mechanisms, in addition to direct traumatic nerve
injury, may explain the reported sensory abnormalities. Further studies evaluating
the temporal development and spatial distribution of neural loss of function could
shed light on the nature of mechanisms driving the sensory hypoaesthesia in WAD.

In individual patients, the findings of sensory hypoaesthesia need to be considered

74



in the context of the patient’s history, clinical presentation, and additional

assessments.

Clinical findings of nerve mechanosensitivity are present in some patients after
whiplash injury.

This review identified the presence of heightened median nerve mechanosensitivity
to nerve elongation or pressure. Such nerve mechanosensitivity in patients is
consistent with findings of nociceptive axonal mechanical sensitivity reported in
animal models of localised peripheral neuroinflammation?66-268, Although these
findings may demonstrate nerve involvement, they do not necessarily confirm direct
nerve pathology or neuropathic pain as nerve mechanosensitivity can also be present
in patients without apparent nerve injury. Consistent with this, PPT over peripheral
nerves has shown heightened sensitivity in both neuropathic!®9:269.270 and
traditionally non-neuropathic pain conditions, such as tension-type headache?™ and
epicondylalgia?%?. Furthermore, upper limb neurodynamic tests do not demonstrate
diagnostic accuracy in detecting peripheral neuropathic pain?’? as they can be
negative in patients with clear nerve involvement?”® or positive in patients with
traditionally non-neuropathic conditions such as non-specific neck and arm pain27
and fibromyalgia?™. Therefore, although the findings of heightened nerve
mechanosensitivity in WAD are intriguing and warrant further exploration, care
must be taken in their interpretation regarding neuropathic pain or structural nerve

pathology.
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Neuropathic pain and nerve dysfunction is present irrespective of WAD severity
grading.

Whereas nerve pathology and neuropathic pain may not be surprising in patients
with WAD3 (defined by the presence of neurological signs), our findings strongly
suggest there is nerve involvement even in some patients with WAD2. This was
apparent by the self-reports of neuropathic pain in 34% of WAD2 patients
(LANSS)40:117209 " Tn  addition, multiple measures showed abnormal findings,
including reduced neural excursion on ultrasound!®® and increased T2 weighted
signal intensity on MRI'7, reduced nerve fibre density from skin biopsy 163, and
measures of sensory hypoaesthesial?-40:120.189 ~Of note, the findings in the WAD?2
cohort were comparable to the analysis including all WAD grades, suggesting that

the findings are not purely driven by more severe WAD grades.

Our findings directly challenge the widely used Quebec Task Force definition, in
which patients with WAD2 are characterised by musculoskeletal signs including
decreased range of motion and point tenderness in the absence of neurological
deficits!0. Although still utilised, the Quebec Task Force classification system has
long received criticism regarding its over-simplified classifications276277 with
suggestions to modify grade 2 for over twenty years'®?. More modern classifications
have been proposed incorporating recent advances in psychological and physiological
variables related to recovery!#18%, Nevertheless, the original Quebec Task Force

grading system remains popular because of its simplicity!!. This may be contributing
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to the diagnostic difficulties and poor clinical outcomes of WAD and importantly
WAD?2, which is the most prevalent group of WAD severity!®8. Taking our findings
into account, the current grading system likely oversimplifies a heterogenous group

of patients which may require distinct treatment approaches.

Clinical implications

This review suggests that not all patients may fit the traditionally defined categories
of WAD 1 — 419, As we identified dysfunction in both the large and small nerve
fibres, a comprehensive clinical neurological examination extending beyond the
traditional light touch, muscle strength and reflex testing and including small fibre
tests (e.g., thermal thresholds) is critical for these patients. Small fibre pathology
has been shown to precede findings of inherent large fibre pathology in patients with
focal nerve injury??827_  but this remains to be shown for patients with WAD.
Furthermore, we may have to consider the sensitivity of the traditional neurological
examination in detecting sensory loss. Our findings suggest that quantitative sensory
testing methods demonstrate dysfunctions in patients who are classified as having
no neurological deficit upon routine clinical neurological examination. It remains to
be explored whether more sensitive detection of sensory changes impacts the

prediction of patient outcomes or choice of intervention.

An incomplete clinical assessment may also create dissonance between subjective

reports of mneuropathic symptoms that lack corresponding objective findings.

77



Qualitative reports of patient challenges highlight difficulties with feeling understood
or properly treated, which contribute to prolonged distress and trauma?®. Similarly,
some patients reported their WAD symptoms did not match the management
strategies suggested by their healthcare provider?®!. Including a detailed evaluation
may improve personal patient challenges and may also help direct more targeted

management strategies.

Importantly, the management of neuropathic pain differs from nociceptive pain?82,
Current treatment guidelines for WAD2 do not include management strategies for
nerve-related pathology or neuropathic pain®283, Qur findings suggest that this may
need to be considered for a subset of patients. There are currently several efforts
underway to examine the benefit of targeted neuropathic treatments for patients
with WAD192.284 " Sych studies are required to determine whether interventions
targeting neuropathic pain and nerve pathology may be beneficial in a subset of

patients.

Limitations

The primary limitations of this study are the overall risk of bias and some data
heterogeneity. Many studies had a risk of bias, which was often due to small sample
sizes and comparability of selected outcome groups. High data heterogeneity was
seen in some meta-analyses, particularly regarding nerve mechanosensitivity. It is

also important to consider potential publication bias. Negative findings for nerve
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pathology and neuropathic pain might be less likely to be reported. Lastly,
limitations in generalisability involve the inclusion of only English language articles,
single author screening for initial abstract eligibility, and that some meta-analyses

included studies from only one research group.

Conclusions

Our data suggest that nerve pathology and signs of neuropathic pain are present in
a subset of patients after whiplash injury. Importantly, this included patients
categorised as WAD2, who are traditionally classified by the lack of neurological
signs. Therefore, including detailed clinical assessments and clinically screening for
neuropathic pain is recommended for patients with WAD. Future research including
large prospective cohorts is needed to identify underlying mechanisms of nerve
pathology and neuropathic pain and to evaluate whether targeting treatments at
neuropathic pain and nerve pathology improves clinical outcomes of this specific

subgroup of patients with whiplash injuries.
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Supplemental Content

Supplemental Table 2.1. Example search strategies for all included search engines.

PubMed

S1 (MH “Whiplash”) OR (MH “neck injuries)

S2 (MH Cohort studies) OR (MH Case-control studies) OR (MH observational study) OR
(MH Cross-sectional studies)

S3 S1 AND S2

S4 (MH peripheral nervous system disease) OR (MH somatosensory disorder) OR (MH
neuropathic pain) OR (MH nerve disorder)

S5 (MH magnetic resonance imaging) OR (MH diffusion tensor imaging) OR (MH
ultrasonography)

S6 (‘painDETECT’ OR, ‘Douleur Neuropathique en 4 question’ OR ‘DN4’ OR ‘S-LANSS’
OR ‘Neuropathic Pain Symptom Inventory’ OR ‘Neuropathic Pain Questionnaire’ OR
‘ID Pain’ OR ‘Neuropathic Pain Scale’)

S7 (MH quantitative sensory testing) OR (neurological examination) OR (MH muscle
strength) OR (MH electrodiagnosis) OR (MH neural conduction) OR (‘dermatome OR
‘myotome’) OR (sympathetic reflexes) OR (small fibre neuropathy OR small fiber
neuropathy OR small fibre sensory neuropathy OR small fiber sensory neuropathy OR
small fibre pathology OR small fiber pathology) OR (intraneural change)

S8 (MH prevalence) OR (MH incidence) OR (MH epidemiology)

S9 S3 AND 54

S10 S3 and S5

S11 S3 AND S6

S12 S3 AND S7

S13 S3 AND S4 AND S8

Embase and MEDLINE

1 'whiplash'/exp OR 'traffic accident'/exp OR 'whiplash associated disorder'/exp
'cohort study'/exp OR 'case control study’/exp OR 'observational
study'/exp OR 'cross-sectional study'/exp

3 1 and 2

4 'peripheral nervous system disease' OR 'somatosensory disorder'/exp OR 'neuropathic
pain'/exp OR 'nerve disorder' OR 'neuralgia'/exp OR 'peripheral nerve injury'/exp
OR 'cervical plexus'/exp OR 'spinal nerve roots'/exp

5 ‘neurological exam’/exp OR ‘muscle strength’/exp OR 'electrodiagnosis’/exp OR ‘neural
conduction’” OR ‘dermatome’ OR ‘myotome’ OR ‘sympathetic reflex’ OR 'small fibre
neuropathy’ OR ‘small fiber neuropathy’ OR ‘small fibre sensory neuropathy’ OR ‘small
fiber sensory neuropathy’ OR 'small fibre pathology’ OR ‘small fiber pathology’ OR
‘intra neural change’ OR 'quantitative sensory testing’ OR ‘muscle weakness’ OR
‘sensory testing’

6 'douleur neuropathique 4 questions' OR 'leeds assessment of neuropathic symptoms and
signs' OR 'paindetect' OR 'dn4' OR 'lanss' OR 's-lanss' OR 'meuropathic pain symptom
inventory' OR 'meuropathic pain questionnaire' OR 'id pain' OR 'neuropathic pain scale'

7 'magnetic resonance imaging' /exp OR 'diffusion tensor
imaging'/exp OR 'ultrasonography'/exp

8 'prevalence' /exp OR 'incidence'/exp OR 'epidemiology’'/exp

9 3&4

10 3&5

11 3&6

12 3&7
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| 13

[3,4,&38

Cinahl (EBSCO)

S1 Whiplash OR Whiplash injuries OR whiplash disorders OR motor vehicle collision

S2 MW cohort study OR case-control study OR observational study OR cross-sectional
study

S3 (MW cohort study OR case-control study OR observational study OR. cross-sectional
study) AND (S1 AND S2)

S4 Peripheral nervous system disease OR somatosensory disorder OR neuropathic pain OR
nerve disorder OR neuralgia OR peripheral nerve injury OR cervical plexus OR spinal
nerve roots

S5 Neurological examination OR muscle strength OR electrodiagnosis OR neural
conduction OR “dermatome” OR “myotome” OR “sympathetic reflexes” OR “small fibre
neuropathy” OR “small fiber neuropathy” OR small fibre sensory neuropathy” OR “small
fiber sensory neuropathy” OR “intraneural change” OR “quantitative sensory testing”
OR muscle weakness OR sensory testing

S6 “Douleur Neuropathique 4 Questionnaire” OR “Leeds Assessment of Neuropathic
Symptoms and Signs” OR “painDETECT” OR “DN4” OR “LANSS” OR S-LANSS” OR
“Neuropathic Pain Symptom Inventory” OR “Neuropathic Pain Questionnaire” OR “ID
Pain” OR “Neuropathic Pain Scale”

S7 Magnetic resonance imaging OR diffusion tensor imaging R ultrasonography

S8 Prevalence OR incidence OR epidemiology

S9 S3 AND 5S4

S10 S3 AND S5

S11 S3 AND S6

S12 S3 AND S7

S13 S3 AND S4 AND S8
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Supplemental Table 2.2. Characteristics of included studies: design and population

characteristics
Author & Study Study Female Age of participants (years):
Date Design Participants | participants | mean (SD)
Sterling Cross-
(2009) sectional WAD n=85 WAD n = 54 | WAD=36.27 (12.69)
WAD n=90, | WAD n=58, | WAD recovered= 44.3 (10.4),
Cross- controls controls Non-recovered=45.4 (9.7),
Smith (2013) | sectional n=30 n=21 controls=44.2 (9.7)
Karlsborg
(1997) Cohort WAD n=34 WAD n=20 WAD=35.5
WAD n=20,
Henrikson controls
(2013) Cohort n=10 WAD n=10 | NA
Chuang Cross-
(2002) sectional WAD n=85 NA NA
WAD n=53, | WAD n=36,
controls controls WAD=44.7 (10.9),
Smith (2014) | Cohort n=30 n=21 controls=44.2 (9.7)
WAD n=80, | WAD n=56,
Sterling controls controls WAD=33.5 (14.7),
(2004) Cohort n=20 n=11 controls= 39.5 (14.6)
WAD n=20, WAD No Pain (n=5)=40.8
Serrano- controls WAD n=16, | (4.6), Pain (n=15)=39.7 (3.1),
Munoz (2019) | Cohort n=15 controls n=9 | controls=40.5 (3.4)
WAD n=62, | WAD n= 36,
Sterling controls controls n= WAD=36.1 (13.13),
(2010) Cohort n=22 14 controls=40.1 (13.6)
Cross-
Bowles (2004) | sectional WAD n=25 | WAD =5 WAD = 37.5 (15.5)
WAD n= 9,
Greening Cross- controls n = | WAD n=6, WAD =46.8 (2.9),
(2018) sectional 13 controls n= 6 | controls=38.9 (10.8)
Hashish Cross-
(2017) sectional WAD n=903 | WAD n=488 | WAD=34.3 (18.04)
WAD n=31, | WAD n=25,
Cross- controls controls WAD=35.3 (10.7),
Chien (2009) | sectional n=31 n=25 controls=31.4 (8.9)
WAD n=52, | WAD n=32,
Cross- controls controls WAD=36.3 (13.1),
Chien (2008b) | sectional n=31 n=25 controls=31.4 (8.9)
Vaegter Cross-
(2018) sectional WAD n=108 | WAD n=58 WAD=45.7 (11.6)
Greening Cross- WAD n=9, WAD n=5, WAD=37.2 (9.87),
(2005) sectional controls n=8 | controls n=4 | controls=40.8 (8.2)
WAD n=64, | WAD n=35,
Cross- controls controls WAD=44.7 (12.6),
Pedler (2013) | sectional n=24 n=14 controls=40.3 (13.4)
Radanovf
(1995) Cohort WAD n=117 | WAD n=68 | WAD =30.7 (9.6)
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WAD n=38, | WAD n=28,
controls controls
Alpar (2002) Cohort n=30 n=18 WAD=37.5, controls=34.2
Pettersson
(1994) Cohort WAD n=39 WAD n=20 WAD=32 (range: 18-52)
Cross-
Midha (1997) | sectional WAD n=16 NA NA
Miranda Cross-
(2016) sectional WAD n=20 NA NA
Jonsson
(1994) Cohort WAD n=24 WAD n=13 WAD=36.5 (9.6)
Braddom WAD
(2009) Case-control | n=1,334 NA WAD= 40
Cross-
Kaiser (2014) | sectional WAD n=12 NA NA
Cross-
Coert (1994) sectional WAD n=157 | NA NA
Sterling
(2006) Cohort WAD n=65 | WAD n=56 | WAD=36.27 (12.69)
Sterling
(2005) Cohort WAD n=76 | WAD n=53 | WAD=36.27 (12.69)
Sturzenegger
(1994) Cohort WAD n=137 | WAD n=81 WAD=30.8 (9.6)
WAD n=21, | WAD n=10,
Goudman controls controls WAD=45.8 (40.41-51.08),
(2020) Case-control | n=18 n=11 controls=46.8 (27.73 - 51.21)
Sterner (2001) | Cohort WAD n=43 WAD n=24 WAD=36.2 (23-62 )
Radanov
(1994) Cohort WAD n=117 | WAD n=68 WAD=30.8 (9.6)
WAD n—156, | WAD n—127,
Sterling controls controls WAD=37.43 (9.3),
(2002) Cohort n=95 n=>50 controls=38.95 (14.47)
WAD WAD
Bekelis (2014) | Cohort n=384,539 n=164,292 WAD=40.45 (19.33)
Lo (2007) Cohort WAD n=20 | WAD n=10 | WAD=42 (23-60)
WAD n=76, | WAD n=54,
Sterling controls controls WAD=36.27 (12.69),
(2003) Cohort n=20 n=12 controls=40.1 (13.6)
WAD n=50, | WAD n=39,
Cross- controls controls WAD=37.2 (10.4),
Chien (2010) | sectional n=31 n=25 controls=31.4 (8.9)
WAD n=24,
Cross- controls WAD=49 (15 IQR),
Farrell (2020) | sectional n=24 WAD n=16 controls=50 (17 IQR)
WAD symptomatic=40.7,
Squires (1996) | Cohort WAD n=37 | NA WAD asymptomatic=30.7
Chuang Cross-
(1998) sectional WAD n=14 WAD n=6 WAD=38.26 (14.85)
Sturzenegger
(1995) Cohort WAD n=117 | WAD n=73 WAD=30.8 (9.5)
Cross-
Saadat (2011) | sectional WAD n=78 NA NA
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WAD n=43, | WAD n=28,
controls controls WAD=37 (12-66),
Moog (2002) Case-control | n=43 n=28 controls=NA
Sterling
(2006) Cohort WAD n=76 WAD n=53 WAD=33.5 (14.7)
Wallin (2012) | Cohort WAD n=28, | WAD n=28 WAD=40.1 (7.1)
WAD n=17, WAD n=16,
controls controls WAD=50.8 (11.3),
Raak (2006) Cohort n=18 n=17 controls=44.8 (10.2)
Mailis (1995) | Cohort WAD n=32 WAD n=23 WAD=27.5 (23-55)
Cross-
Kaiser (2012) | sectional WAD n=75 WAD n=10 NA
WAD n=50, | WAD n=39,
Cross- controls controls WAD=37.2 (10.4),
Chien (2008a) | sectional n=31 n=25 controls=31.4 (8.9)
Maimaris
(1988) Cohort WAD n=102 | WAD n=58 WAD=37 (17-72)
Ovadia (2002) | Cohort WAD n=866 | WAD n=439 | WAD=38 (26-50)
Steinberg
(2005) Cohort WAD n=330 | WAD n=193 | WAD=19 (18)
Cross-
Terzis (2009) | sectional WAD n=25 NA NA
WAD n=29 WAD n=17
controls controls WAD=41.6 (10),
Scott (2005) Case-control | n=20 n=12 controls=31.25 (10)

Supplemental Table 2.3. Quality Assessment using the Newcastle-Ottawa Scales

Author Year Selection Comparability Outcome | Total score

Cross-sectional (/5) (/2) (/3) ( /10)
Sterling et al. 2009 4 0 3 7
Smith et al. 2013 4 2 2 8
Chuang et al. 2002 3 1 3 7
Bowles et al. 2004 2 0 3 5
Greening et al. 2018 4 2 3 9
Hashish et al. 2017 2 0 2 4
Chien A et al. 2009 4 1 2 7
Chien et al. 2008 4 1 2 7
Vaegter et al. 2018 5 0 2 7
Greening et al. 2005 4 1 3 8
Pedler et al. 2013 5 1 2 8
Midha 1997 3 0 2 5
Miranda et al. 2016 3 0 0 3
Kaiser et al. 2014 3 0 3 6
Coert et al. 1994 3 0 2 5
Chien et al. 2010 4 1 2 7
Farrell et al. 2020 5 2 3 10
Chuang et al. 1998 2 0 2 4
Saadat et al. 2011 2 1 2 5
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Kaiser et al. 2012 3 0 3 6
Chien et al. 2008 4 1 3 8
Terziset al. 2009 3 0 0 3
Cohort (/9 (2 (3 (/9)
Karlsborg et al. 1997 2 0 3 )
Henrikson et al. 2013 0 1 3 4
Jull et al. 2014 3 2 3 8
Sterling et al. 2004 4 1 3 8
Serrano-Munoz 2019 3 1 2 6
Sterling 2010 3 1 3 7
Radanov et al. 1995 2 1 2 5
Alpar et al. 2002 2 0 3 5
Pettersson et al. 1994 2 0 3 5
Jonsson et al. 1994 2 0 3 5
Sterling et al. 2006 2 1 3 6
Sterling et al. 2005 2 1 3 6
Sturzenegger et al. 1994 3 1 1 5
Sterner et al. 2001 2 0 1 3
Radanov et al. 1994 3 1 2 6
Sterling et al. 2002 4 0 2 6
Bekelis et al. 2014 3 0 1 4
Lo et al. 2007 3 1 3 7
Sterling et al. 2003 2 1 3 6
Squires et al. 1996 1 0 2 3
Sturzenegger et al. 1995 3 1 2 6
Sterling et al. 2006 2 1 2 5
Wallin et al. 2012 1 1 2 4
Raak et al. 2006 1 0 2 3
Mailis et al. 1995 2 1 2 5
Maimaris et al. 1988 2 0 2 4
Ovadia et al. 2002 2 0 3 5
Steinberg et al. 2005 2 0 3 )
Case-control (/4) (/2) (/3) (/9)
Braddom et al. 2009 3 1 2 6
Goudman et al. 2020 3 1 1 5
Moog et al. 2002 4 1 1 6
Scott et al. 2005 3 1 1 5
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Supplemental Table 2.4. Synthesis of results by type of outcome measure.
Please note this does not include the sensory testing studies which are reported in Figure 2.2.

Numb
er of Number of | WAD
Measure studies | participants | grade | Outcome Interpretation
S-LANSS 4 208 I-II1 A combined total n=71 | 34% of both the
WAD participants had total WAD
positive scores =>12. population as well
When subdivided by as patients with
WAD2, 42 of 123 WAD2 had scores
participants had scores suggestive of
>12. neuropathic pain
(=12)
DN4 1 20 I-III | No Pain (n=5): median | 75% (of 20
3 (IQR 1.5), Pain participants) had
(n=15): median 4 (IQR | scores suggestive of
3) out of 10. neuropathic pain
(=4).
NPSI 2 44 I-II1 WAD I-III: No Pain Overall,
(n=>5): median 0 (IQR participants had
2), Pain (n=15): median | low severity (3/10
3 (IQR 6) out of 10. and 26.1/100) of
neuropathic pain
WAD2: Mean (SD) symptoms.
score: 26.1 (18.3) out of
100.
Neurological 16 1,885 -Iv n=241 pooled patients 13% of pooled
examination had positive findings WAD patients had
positive findings
Electrodiagnostic 16 3,921 I-I11 n=1,249 pooled 32% of pooled
testing participants had positive | WAD participants
findings of peripheral had positive
nerve pathology findings
Magnetic resonance 1 9 I Greater T2 signal These findings
imaging intensity (brachial suggest that
plexus, median nerve - patients with
wrist): WAD mean= chronic whiplash
0.52 £+ 0.13 and 2.09 £ may have
0.33, respectively) peripheral nerve
compared to the control | pathology
group (mean= 0.45 + measured at the
0.07 and 1.38 4+ 0.31, wrist and brachial
respectively; P<.05). plexus.
Ultrasound 1 9 I WAD participants had The results suggest
significantly reduced nerve sliding
longitudinal [mean=0.38 | impairments at
(0.08) mm, (95% both the forearm
CI=0.20-0.56 mm)| and | and the wrist
transverse nerve compared to
movement [2.57 (0.80) healthy controls.
mm, (95% CI=0.61-4.54
mm)]| on the
symptomatic side
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compared to the control
group.

Sympathetic 293 II-IIT | SVR results: Quotient of | These findings may

vasoconstrictor reflex Integrals (QI) mean suggest
59.42 (7.13). sympathetic nerve
Sympathetic Reflex dysfunction.
(SFR)= 0.72 (.70)

Laser evoked 21 I-111 No between-group This study did not

potentials differences (WAD and find a functional
controls) for stimulus deficit in sensory
intensity (A-delta afferent a-delta
fibers), amplitudes and nerve fibers.
latencies of laser evoked
potential wave
components.

ICD-9 codes (nerve 384,617 NA n=3,164 participants 1% of pooled WAD

injury) with ICD-9 codes for data showed signs
peripheral nerve injury of nerve injury or

neuropathic pain
identified through
ICD-9 codes.

Cutaneous silent 20 I-111 18 of 20 participants These findings may

periods demonstrated abnormal | indicate peripheral
findings of at least one nerve dysfunction,
CSP recording but larger studies
(measured at hand and are needed.
foot).

Intraepidermal nerve 24 I Index finger: WAD IENFD

fiber density median (IQR) IENFD demonstrated
4.5 (4.9) fibres/mm structural
compared with 7.3 (3.9) | peripheral nerve
fibres/mm for the pathology at the
control group (p = .010, | index finger of
r = .37.) Ankle: WAD participants with
mean [SD|: IENFD 7.3 WAD2.

[3.7] fibres/mm); control
group: 9.3 [3.8] fibres/
mm (p = .09).

Nerve palpation 88 I-II1 An average of 91% Median nerve and
(range 67-100%, n=>56 brachial plexus
total patients) and 94% | palpation
(range 78-100%, n=>50 reproduced pain
total patients) had and symptoms
symptom reproduction suggestive of
with palpation of the neural
median nerve and mechanosensitivity
brachial plexus in a majority of
respectively. patients in the
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included four
studies.

Abbreviations: CSP: Cutaneous silent period; DN4: Douleur Neuropathique 4; ICD: International
Classification of Diseases; IENFD: intraepidermal nerve fibre density; IQR: interquartile range;
NPSI: Neuropathic Pain Symptom Inventory; NA: not available; SD: standard deviation; S-LANSS:
Self-complete Leeds Assessment of Neuropathic Symptoms and Signs; WAD: whiplash associated
disorders.
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3

Blood-based biomarkers of nerve pathology in

peripheral neuropathy.

3.1. Introduction

Peripheral neuropathies are common conditions with an estimated prevalence up to
7% in the general population?® and an increasing global burden with older age.%6
Patients with peripheral neuropathy often experience significant pain, weakness, and
paraesthesia that can result in poor balance, limited mobility, increased risk of lower-
limb amputation, and shorter mean survival compared to age- and sex-matched
controls.?8” The complex clinical presentations of peripheral neuropathies can lead

to delayed or missed diagnosis?®® and often have limited treatment strategies.?8?

For central neurological conditions, biomarkers have led to significant advances in
the diagnosis, prognosis, and management of numerous conditions including
Alzheimer’s Disease,??? traumatic brain injury,??! Multiple Sclerosis,???2 and
Amyotrophic Lateral Sclerosis (ALS).?% Although biomarker research was initially
limited to cerebrospinal fluid (CSF), advanced immuno-assays have enabled the
identification of blood-based biomarkers.2%* These blood-based assays enable the
detection of biomarkers related to the peripheral nervous system. Contrasting the

expanding evidence for their efficacy in the central nervous system, the role of
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biomarkers in peripheral nerve disorders is currently less well understood.
Specifically, the identification and role of peripheral nerve biomarkers in peripheral

neuropathies remains unclear.

The aim of this review was therefore to assess differences in the concentrations of
blood-based biomarkers associated with nerve involvement in patients with

peripheral neuropathy compared to control participants.

3.2. Methods
The reporting of this review followed the updated PRISMA 2020 guidelines' and

was preregistered on PROSPERO (CRD42021288101).

3.2.1. Data sources
Ovid, MEDLINE, Embase, and CINAHL were searched from inception to September
23, 2021, for studies published in English. Search strategies were developed with a

medical librarian and are provided in Supplemental Table 3.1.

3.2.2. Study selection

Observational studies reporting on a quantitative blood-based measure of a
biomarker associated with nerve involvement in patients with peripheral neuropathy
versus a comparative control group (healthy or comorbid control group without

peripheral neuropathy or central nervous system diagnosis) were included. Patients
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were considered to have peripheral neuropathy if the study reported the use of
established diagnostic criteria or confirmed neurological contributions through a

clinical neurological examination, electrodiagnostic, or quantitative sensory testing.

Exclusion criteria included: 1) participants less than 18 years old; 2) participants
with a concomitant central nervous system disorder; 3) studies without a control
group or only including a comorbid control group with neuropathy; 4) studies that
did not include biomarkers associated with nerve involvement; 5) data from non-
blood bio-samples (e.g., urine, CSF, saliva); 6) non-quantitative methods to assess
biomarker concentrations (e.g., explorative proteomics or western blot); and 7) case
series, conference abstracts, and randomised controlled trials. When studies met all
inclusion criteria but included a mixture of paediatric and adult patients, we
contacted the study authors to obtain separate biomarker data for the adult

population.

Two reviewers (Joel Fundaun and Miguel Molina Alvarez) initially screened study
eligibility using titles/abstracts, followed by full texts. Disagreements in selection

were resolved by discussion or by mediation of a third reviewer (Annina Schmid).

3.2.3. Quality assessment
Study quality and risk of bias was assessed using the Newcastle-Ottawa Scale for

observational studies including cohort, case-control, and cross-sectional study
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designs. These scales assess selection, comparability, and outcome. Case-control and
cohort studies are scored from 0 to 9 with higher scores suggesting lower risk of bias.
This score does not include established cut-offs. An adapted Newcastle-Ottawa
Quality Assessment Scales for cross-sectional studies??® was used, which is scored
out of 10 and has recommended cut-off scores from 0-3 indicating high risk, 4-7 as
moderate risk, and 8-10 as low risk. Two independent reviewers assessed each study
for risk of bias (Joel Fundaun and Melissa Kolski). Disagreements between reviewers

were resolved through consensus or by mediation of a third reviewer (Annina

Schmid).

3.24. Biomarker selection

Only biomarkers associated with nerve involvement were selected for inclusion and
analysis. Biomarkers associated with neuropathy but not directly indicating nerve
involvement were excluded (e.g., cytokines, chemokines). When the neural
relationship of a protein biomarker was unclear, its physiological function and tissue
expression were cross-referenced using the Human Protein  Atlas?%

(https://www.proteinatlas.org/). Studies reporting the use of microRNA were

screened for neural cell expression using the freely available database reporting
expression of animal central nervous system tissue

(https://mirna.wustl.edu/search/?name=mir-1825). Neural cell specificity was then

cross-referenced with another available RNA database (rnacentral.org). Biomarkers
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whose predominant role and function are outside of the nervous system were

excluded.

3.2.5. Data extraction

Data were extracted into a standardised spreadsheet. Extracted data included study
and participant characteristics (study design, participant age and sex, timing of
sample collection); criteria and duration of peripheral neuropathy diagnosis;
analytical platform for biomarker detection (e.g., Simoa, ELISA); biomarker
concentration for patients and controls; and biomarker diagnostic accuracy (e.g.,
sensitivity, specificity, positive and negative predictive values). When patient
populations were compared to multiple control groups, the healthy control group

(without disease) was selected as the comparator.

Biomarker concentrations reported as means and standard deviations (SD) were
extracted when possible. As per Cochrane Handbook,'¥? alternative summary
statistics were transformed to means and SD using recommended calculations!®” or
estimated using Plot Digitizer Software!?® when only reported graphically. Data were
extracted by one reviewer (Joel Fundaun) and independently checked by another
reviewer (Melissa Kolski). Attempt to contact study authors was done to obtain any

missing or unclear data.
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3.2.6. Statistical analysis

All statistical calculations were performed in R20? using the packages “Meta” and
“Metafor”.2%* Data were meta-analysed when at least two studies reported on the
same biomarker, even if different assays were used. A random-effects model with
restricted maximum likelihood and inverse variance weighting methods was used to
analyse biomarker data included from more than two studies. The Knapp-Hartung
adjustment was used to control for the standard error of the pooled effect. A fixed-
effect model was used to meta-analyse biomarker data when only two studies were
included to properly account for between-study variance.?0> Effect estimates using
standardised mean differences (SMDs) and 95% confidence intervals [CIs| were
calculated for biomarker concentrations using Hedge’s g to correct for bias from
small sample sizes. Statistical significance was set at P < 0.05. Heterogeneity was
calculated using I? statistics and interpreted as “might not be important” (0% - 40%),
“moderate” (30% - 60%), “substantial” (50% - 90%), and “considerable” (75% -

100%).199

Pre-planned subgroup meta-analysis according to type of peripheral neuropathy was
performed when two or more studies analysed the same biomarker in a similar
diagnosis of peripheral neuropathy. Like the primary analysis, overall effect estimates
of the concentration of each biomarker were calculated within each sub-group of
peripheral neuropathies compared to controls (SMD and 95% CI). In individual

studies that compared two or more subgroups of patients with peripheral neuropathy

94



to one control group, the number of control participants were divided by the number

of patient subgroups.'¥?

A post-hoc analysis of primarily axonal and demyelinating peripheral neuropathy
subtypes was performed. All included articles were assessed for distinct diagnostic
classification of primarily axonal or demyelinating peripheral neuropathy subtypes.
Subtype analysis was not performed if an article included peripheral neuropathy
subtypes that were considered to be mixed (without separate group data provided),
uncertain, or equivocal diagnostic classifications. As reported in the main-text
methods, data extraction (section 2.5) and meta-analysis (section 2.6) were
performed if two or more studies reported data of the same primary subtype (axonal

or demyelinating) and the same biomarker.

Based on these criteria, the only biomarker that could be meta-analysed was
neurofilament light chain. Supplemental Table 3.5 includes the concentrations and
varying diagnostic criteria used to distinguish primarily axonal and demyelinating

subtypes for each study. Results are presented in Supplemental Figure 3.1.

I also pre-planned to meta-analyse diagnostic accuracy data from at least two studies
using the same biomarker. However, these data were not meta-analysed, as all
included studies reporting diagnostic accuracy data used different diagnostic cut-off

thresholds and had high between-study heterogeneity.
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Results from single studies unable to be meta-analysed were narratively synthesised
using the principles of the “Guidance on the Conduct of Narrative Synthesis in

Systematic Reviews: A Product from the ESRC Methods Programme (2006).2!
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Identification of studies via databases and registers
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Figure 3.1. PRISMA flow diagram.
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3.3. Results

2,216 non-duplicated records were screened resulting in 36 studies being included
after eligibility assessment, including 2,301 patients with peripheral neuropathy and
2,113 control participants (Figure 3.1). Participant characteristics are detailed in
Supplemental Table 3.2. The most commonly reported type of peripheral neuropathy
is diabetic neuropathy (13 studies??7-309) followed by Charcot-Marie-Tooth Disease
(6 studies310-319) " Guillain-Barre Syndrome (6 studies3V2:316-320) " chronic inflammatory
demyelinating polyneuropathy (5 studieg30?310321-323) © acute  inflammatory
demyelinating polyneuropathy (3 studies?02319321) " and hereditary transthyretin-
mediated amyloidosis with polyneuropathy (3 studies??4326). Single studies include
hexane-induced neuropathy,??7 critical illness polyneuropathy,328 acute motor axonal
neuropathy,?!® axonal sensori-motor mneuropathy,?? vasculitic neuropathy,3??
rheumatoid arthritis with neuropathy,?3° leprosy with neuropathy,33! and a cohort
including various neuropathies®3? (Table 3.1). Data from three microRNA biomarker
studies are excluded, as the examined markers are not exclusive to the nervous
system and involve a diverse range of physiological functions in numerous disease

states (e.g., cancer, cardiac, immune system disorders).

From all studies, 16 different blood-based biomarkers associated with nerve
involvement measured in either serum or plasma are identified. Neurofilament light
chain (NfL) is the most studied biomarker (17 studies), followed by brain derived

neurotrophic factor, S100B, and neuron-specific enolase (3 studies each). Biomarkers
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from 2 studies include nerve growth factor, neural cellular adhesion molecule, glial
fibrillary acidic protein, transmembrane protease serine 5, and neurofilament heavy
chain (Table 3.1). Biomarkers that are identified from single studies are listed and

summarised in Supplemental Table 3.3.

Study risk of bias from median Newcastle-Ottawa Quality Assessment Scales scores

is 6 (range 2-8) for case-control studies, 8 (range 5-9) for cross-sectional studies, and

7 (range 4-9) for cohort studies (Supplemental Table 3.4).
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Table 3.1. Study characteristics including type of neuropathy and concentrations of blood

biomarkers.
Source
(author,

year)

Diagnosis
(number)

Control

type
(number)

Biomarker
(blood measure,
assay)

Patient
concentration:
mean (SD)

Control
concentration:
mean (SD)

Afarideh | Diabetic Healthy, S100B (serum, S100B: 212.42 S100B: 65.5 (30.59)
et al, neuropathy, | n=45 ELISA) (76.79) pg/mL* | pg/mL*
2019 n=44
Altmann | GBS, n=27 | Patients Neurofilament 118.9 (141.29) 9.07 (3.24) pg/mL*
et al, without light chain pg/mL*
2020 neuropath | (serum, Simoa)
y, n=22
Azoulay Diabetic Diabetic BDNF (serum, 14.34 (4.54) 18.92 (5.47) ng/mL
et al, neuropathy, | without ELISA) ng/mL
2020 n=23 neuropath
y, n=67
Bischof et | Vasculitic Healthy, Neurofilament 586.91 (784.51) 25.62 (11.43)
al, 2018 neuropathy, | n=30 light chain pg/mL pg/mL*
n=11 (serum, Simoa)
Celikbilek | Diabetic Healthy, S100B, GFAP S100B: 9.79 S100B: 14.88 (9.16)
et al, neuropathy, | n=>50 (serum, ELISA) (1.75) pg/mL* pg/mL*
2014 n=37 GFAP: 0 GFAP: 0 (707.12)
(608.28) ng/mL* | ng/mL*
Ghafouri- | AIDP and , | Healthy, BDNF (serum, AIDP: -9.77 -10.18 (6.35)
Fard et n=>22 n=49 real-time PCR) (L.61)* expression levels
al, 2021 CIDP, expression levels
n=31 CIDP: -7.51
(2.09) expression
levels
Frithiof Critical Critical Neurofilament NfL: 631.43 NfL: 156.83
et al, illness illness light chain, tau, (545.88) pg/mL* | (135.49) pg/mL*
2021 polyneurop | without GFAP (plasma, GFAP: 181.93 GFAP: 90.26
athy, n=11 | neuropath | Simoa) (121.65) pg/mL* | (45.36) pg/mL*
y, n=7 Tau: 3.67 (4.16) | Tau: 1.27 (0.79)
pg/mL* pg/mL*
Hayashi CIDP, Healthy, Neurofilament 166.6 (337.8) 12.2 (6.3) pg/mL*
et al, n=11 n="7 light chain pg/mL*
2021 (serum, Simoa)
Jadhav et | Leprosy Healthy, S100 (serum, 56.86 (39.6) au 28.7 (28.5) au
al, 2011 with n=160 ELISA)
neuropathy,
n=48
Kapoor et | Hereditary | Healthy, Neurofilament 68.4 (71.29) 15.45 (7.262)
al, 2019 transthyreti | n=16 light chain pg/mL pg/mL
n (plasma, Simoa)
amyloidosis
neuropathy,
n=20
Kim et AIDP, Healthy, p75 neurotrophin | p75 CIDP: 256 p75: 73.69 (40.58)
al, 2019 | n=14 n=20 receptor, NCAM | (31.26) pg/mL | pg/mL
CIDP, (serum, ELISA) AIDP: 207.3
n=36 (37.85) pg/mL
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AMAN, CMT1a: 12.74
n=20 (5.315) pg/mL
CMT, AMAN: 128.83
n=39 (88.76) pg/mL*
NCAM: CIDP: NCAM: 2298 (303)
4960 (476) pg/mL
pg/mL
AIDP: 4729
(661) pg/mL
CMT1a: 6663
(277) pg/mL
AMAN: 3095
(2242.89)
pg/mL*
Kortvelye | GBS-high, | Non- Neurofilament GBS-albumin 50.7 (32.75) pg/mL
ssy et al, | n=3 neuropath | light chain low: 2871.6
2020 GBS-low, y, n=19 (serum, Simoa) (3,946.0) pg/mL
n=18 GBS-albumin
high: 397.4
(537.9) pg/mL
Liet al, | Diabetic Diabetic | GAP-43 (serum, | 0.821 (0.561) - | 1.064 (0.367) -
2021 neuropathy, | without real-time PCR) expression levels | expression levels
n=56 neuropath
y, n=24
Li et Diabetic Healthy, NSE (serum, 10.8 (2.8) ug/L | 8.7 (1.7) ug/L
al,25 neuropathy, | n=136 electrochemilumin
2013 n=214 escence
immunoassay
automatic
analyser)
Lieverloo | CIDP — Healthy, Neurofilament Induction: 47.33 | 24.03 (10.80)
et al, Induction, n=30 light chain (38.18) pg/mL* | pg/mL*
2019 n=29 (serum, Simoa) Maintenance:
29.7 (14.06)
Maintenanc pg/mL*
e, n=24 Remission: 30.67
(18.02) pg/mL*
Remission,
n=27
Mariotto | Various Healthy, Neurofilament 22.93 (21.11) 6.63 (3.29) pg/mL*
et al, peripheral n=37 light chain pg/mL*
2020 neuropathie (serum, Simoa)
s, n=37
Martin- GBS, n=98 | Healthy, Neurofilament 93.86 (156.28) 9.67 (6.42) pg/mL*
Aguilar n=>53 light chain pg/mL*
et al, (serum, Simoa)
2021
Mateos- | GBS, n—8 | Healthy, | Piccolo (serum, | 4.0517 (1.2155) | 0.0005 (0.0001)
Hernande n=4 ELISA) ug/mg ug/mg
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z et al,

2016
Millere et | CMT, Healthy, Neurofilament 13.86 (9.81) 5.62 (1.97) pg/ml
al, 2021 | n=83 n=>56 light chain pg/ml
(plasma, Simoa)
Xiaowei Hexane- Healthy, human myelin 407.21 (93.60) 203.04 (86.49)
et al, induced n=106 protein P0 pg/mL* pg/mL*
2014 peripheral (serum, ELISA)
neuropathy,
n=18
Niezgoda | Demyelinati | Healthy, Neural cellular Demyelinating;: 1,549.1 (295.4)
et al, ng n=20 adhesion molecule | 4,588.7 (1,763.6) | ng/mL
2017 polyneurop (serum, ELISA) ng/mL
athy, n==80 Axonal: 3,138.4
(1,221.3) ng/mL
Axonal
polyneurop Diabetic: 2,869.7
athy, n=40 (923.5) ng/mL
Diabetic
polyneurop
athy, n=20
Ozuguz Diabetic Non- Nerve growth 13.1 (2.6) 14.2 (4.7) pg/mL
et al, neuropathy, | neurologic | factor (serum, pg/mL
2016 n=26 al disease, | ELISA)
n="70
Rossor et | CMT, Healthy, Neurofilament 27.4 (22.04) Mean: 21.5 (18.64)
al, 2016 n=90 n="79 heavy chain ng/mL* ng/mL*
(plasma, ELISA)
Maia et Hereditary | Healthy, Neurofilament 1: 29.34 (47.37) | 5.57 (4.44) pg/mL
al, 2020 transthyreti | n=16 light chain pg/mL
n-mediated (plasma, Simoa) 2: 117.06 (98.18)
amyloidosis pg/mL
with
polyneurop
athy, group
1 n=18
Group 2
n=26
Salih et Rheumatoi | Healthy, Anti- IgG: 4.86 (2.76) | IgG: 2.29 (1.58)
al, 2000 d arthritis n=28 neuroblastoma a.u.* a.u.*
with cell antibodies IgM: 1.85 (2.49) | IgM: 1.06 (1.15)
peripheral (serum, ELISA) a.u.* a.u.*
neuropathy,
n=28
Sandelius | CMT, Healthy, Neurofilament 25.63 (12.07) 15.57 (7.48)
et al, n="75 n=67 light chain pg/mL* ng/mL*
2018 (plasma, Simoa)
Sandhu | Diabetic Healthy, | NSE (whole 0.0067 (0.0038) | 0.0094 (0.0048)
et al, neuropathy, | n=26 blood, PCR) expression expression levels*
2008 n=24 levels*
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Qiao et Diabetic Non- Neurofilament 739.98 (791.28) 378.56 (329.28)
al, 2015 neuropathy, | neurologic | heavy chain pg/mL* pg/mL*
n=23 al disease, | (serum, ELISA)
n==62
Sessa et GBS, n=61 | Healthy, Myelin-associated | 0.208 (0.606) 0.003 (0.020)
al, 1997 n=40 B4 integrin
(serum, ELISA)
Sun et Diabetic Healthy, Nerve growth NGF: 42.7(4.9) NGF: 64.3 (11.7)
al,30 neuropathy, | n=110 factor, BDNF pg/mL pg/mL
2018 n=65 (serum, ELISA) BDNF: 1,739.8 BDNF: 2,246.7
(132.9) pg/mL (331.5) pg/mL
Ticau et | Hereditary | Healthy, Neurofilament 69.43 (60.50) 16.25 (45.87)
al, 2021 | transthyreti | n=57 light chain pg/mL pg/mL
n-mediated (plasma, Simoa)
amyloidosis
with
polyneurop
athy,
n=159
Wang et | CMT, Healthy, Transmembrane TMPRSS5 TMPRSS5 (NPX)
al, 2020 Group 1 Group 1 protease serine 5, | (NPX): Group Control 1: 3.32
n=20 n=20 Neurofilament 1: 4.37 (0.62)* (0.50)*
Group 2 Group 2 light chain Group 2: 4.42 Control 2: 3.43
n=31 n=24 (plasma, Olink (0.49)* (0.648)*
immuno PCR, NfL (NPX): NfL (NPX)
Simoa) Group 1: 3.60 Control 1: 2.91
(0.38)* (0.43)*
Group 2: 3.52 Control 2: 2.84
(0.76)* (0.44)*
Wang et CMT, Healthy, Transmembrane TMPRSS5 TMPRSS5 (NPX):
al, 2021 TMRSS5 TMRSS5 | protease serine 5, | (NPX): 4.63 3.57 (0.52)*
n= 65 n=>52 Neurofilament (0.74)*
light chain NfL (NPX): 3.5 | NfL (NPX): 2.83
NfL n=41 NIL n=40 | (plasma, Olink (0.60)* (0.45)*
immuno PCR,
Simoa)
Ziegler et | Diabetic Healthy, Neurotrophin-3 0.87 (0.40) NPX | 1.03 (0.34) NPX
al, 2019 neuropathy, | n=354 (serum, OLINK
n=304 Inflammation
multiplex
immunoassay)
Morgenst | Diabetic Healthy, Neurofilament NfL: 14.69 (8.5) | NfL: 9.88 (3.72)
ern et al, | neuropathy, | n=30 light chain, pg/ml pg/ml
2021 n=63 Myelin protein Myelin protein Myelin protein zero:
zero (serum, zero: 4.189 7.720 (2.609)
Simoa) (2.528) expression levels
expression levels | mRNA
mRNA
Celikbilek | Pre-diabetic | Healthy, Neurofilament NfL: 0.0163 NfL: 0.004 (0.009)*
et al, neuropathy, | n=30 light chain, (0.0158)* mRNA expression
2014 n=22 Neuron-specific mRNA
enolase expression
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(serum, real-time | NSE: 0.209 NSE: 0.145 (0.204)*
PCR) (0.078)* mRNA | mRNA expression
expression

Legend: Acute inflammatory demyelinating polyneuropathy (AIDP); Acute motor axonal neuropathy
(AMAN); Arbitrary units (AU); Brain derived neurotrophic factors (BDNF); Charcot-Marie-Tooth
Disease (CMT); Chronic inflammatory demyelinating polyneuropathy (CIPD); Enzyme-linked
immunosorbent assay (ELISA); Growth association protein 43 (GAP-43); Glial fibrillary acidic
protein (GFAP); Guillain-Barre Syndrome (GBS); Neural cell adhesion molecule (NCAM);
Neurofilament light chain (NfL); Neuron-specific enolase (NSE); normalised protein expression
(NPX); Polymerase chain reaction (PCR); Single Molecule array (Simoa); Transmembrane protease
serine 5 (TMPRSS5). *indicates means estimated from graphs/figures.

3.3.1. Biomarker meta-analyses

Blood-based biomarkers that are significantly increased in patients with peripheral
neuropathy compared to control participants include NfL (SMD 0.93 [0.82; 1.05] P<
0.001, I? = 0%, Figure 3.2), neurofilament heavy chain (SMD 0.41 [0.15; 0.67] P <
0.01, I? = 54%), and transmembrane protease serine 5 (SMD 1.68 [1.43; 1.93] P <
0.01, I = 0%) with between-study heterogeneity ranging from not important to
moderate (Figure 3.3). In contrast, nerve growth factor is the only biomarker that
shows a significant decrease in patients with peripheral neuropathy compared to
controls (SMD -1.38 [-1.68; -1.09] P < 0.001, 1> = 98%) with considerable

heterogeneity (Figure 3.3).
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Neurofilament light chain

Source SMD (95% Cl) Decreased Increased
Guillain-Barre Syndrome
Altmann et al,*® 2020 1.03[0.43; 1.63] S
Kortvelyessy et al, (albumin low)*' 2020 0.86 [ 0.05; 1.67) ——
Kortvelyessy et al, (albumin high)*' 2020 1.32[-0.13; 2.77] :
Martin-Aguilar et al,*® 2021 0.66 [ 0.32; 1.01] -

Total (random effects) 0.79 [ 0.45; 1.12] -
Vasculitic neuropathy :

Bischof et al,>® 2020 1.39[0.63; 2.14] s
Chronic inflammatory demyelinating polyneuropathy

Hayashi et al,*® 2021 0.55 [-0.42; 1.52) .

Lieverloo et al, (induction)*” 2019 0.68 [-0.06; 1.41] s
Lieverloo et al, (maintenance)*’ 2019 0.42 [-0.33; 1.16] —
Lieverloo et al, (remission)47 2019 0.39[-0.34; 1.13] ——I——

Total (random effects) 0.51 [ 0.29; 0.73] =
Hereditary transthyretin amyloidosis neuropathy

Kapoor et al,*® 2019 0.97 [0.27; 1.67] —a—
Maia et al, (grade 1)* 2020 0.58 [-0.27; 1.43] =

Maia et al, (grade >2)*° 2020 1.25[0.40; 2.11] e
Ticau et al,”™ 2021 0.93[0.61; 1.24] —.—

Total (random effects) 0.93 [ 0.66; 1.20] =
Various neuropathies

Mariotto et al,*® 2020 1.07 [ 0.58; 1.56] —i-—
Charcot-Marie-Tooth Disease

Millere et al,*® 2021 1.07 [ 0.70; 1.43] E =
Sandelius et al*” 2018 0.98 [ 0.63; 1.33] -
Wang et al, (cohort 1)*® 2020 1.67 [ 0.94; 2.40] ——
Wang et al, (cohort 2)% 2020 1.05[0.48; 1.62] o=
Wang et al,* 2021 1.25[0.77; 1.73] BN I
Total (random effects) 1.11 [ 0.86; 1.36] =
Critical iliness neuropathy

Frithiof et al,>? 2021 1.03[0.01; 2.05] L
Diabetic neuropathy
Morgenstern et al,*? 2021 0.65[0.21;1.10] —
Celikbilek et al,*® 2014 0.98 [ 0.40; 1.57] —a—
Total (fixed effect) 0.77[0.42; 1.13] —

Total (random effects) 0.93 [ 0.82; 1.05] S
Heterogeneity: %3, = 18.54 (P = .61), I? = 0% f T T 1
Test for subgroup differences (fixed effect): P = .12 -2 -1 0 1 2
Test for subgroup differences (random effects): P <.001 Standardised Mean Difference (95% ClI)

Figure 3.2. Meta-analysis of neurofilament light chain in patients with peripheral neuropathy
compared to controls. Overall effects, standardised mean differences (SMDs), 95% confidence intervals
(CIs), and heterogeneity (I?) are summarised and further sub-grouped based on the type of peripheral
neuropathy.
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Neurofilament heavy chain

Source SMD (95% ClI) Decreased Increased

Diabetic neuropathy

Qiao et al,*® 2015 0.72(0.23; 1.21) e S
Charcot Marie Tooth

Rossor et al,*® 2016 0.29 [-0.02; 0.59) R

Total (fixed effect) 0.41 [ 0.15; 0.67] s
Heterogeneity: ° = 2.19 (P = .14), I? = 54% J T l I

z =3.09 (P =.002) -1 0.5 0 0.5 1

Standardised Mean Difference (95% CI)

Transmembrane protease serine 5

Source SMD (95% ClI) Decreased Increased
Charcot-Marie-Tooth

Wang et al,* 2020 1.83 [1.08; 2.58) S
Wang et al,* 2020 1.73[1.10; 2.36] B
Wang et al,* 2021 1.62[1.19; 2.04] N N
Total (random effects) 1.68 [1.43; 1.93] =

Heterogeneity: 32 = 0.26 (P = .88), I° = 0% ' I I !
-2 -1 0 1 2
Standardised Mean Difference (95% CI)

Nerve growth factor

Source SMD (95% CI) Decreased Increased
Diabetic neuropathy i

Ozuguz et al,*’ 2016 -0.26 [-0.71; 0.19] ;

Sun et al,* 2018 -2.20 [-2.59;-1.82) "l |

Total (fixed effect) -1.38 [-1.68; -1.09] -

Heterogeneity: ° = 41.34 (P < .001), 1* = 98% ' I ! J |
-2 -1 0 1 2
Standardised Mean Difference (95% CI)

Figure 3.3. Meta-analyses of blood-based biomarkers that demonstrated a statistically significant
difference of concentrations in patients with peripheral neuropathy compared to controls. Overall
effects, standardised mean differences (SMDs), 95% confidence intervals (Cls), and heterogeneity (I?)
are summarised for each biomarker and further sub-grouped based on the type of peripheral

neuropathy. The scales for standardised mean differences vary by biomarker.
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Several biomarkers are not significantly different in patients with peripheral neuropathy
compared to controls (Figure 3.4). This includes myelin protein zero (SMD 0.13 [-0.24;
0.50] P = 0.50, I2 = 99%), S100B (SMD 1.10 [-3.08; 5.28] P = 0.38, I2 = 98%), brain
derived neurotrophic factor (SMD -0.52 [-2.23; 1.19] P = 0.40, I? = 95%), glial fibrillary
acidic protein (SMD 0.13 [-0.26; 0.52] P = 0.50, I? = 60%), neural cellular adhesion
molecule (SMD 4.09 [-0.54; 8.73] P = 0.07, I?> = 94%), and neuron-specific enolase
(SMD -0.00 [-1.99; 1.98] P = 0.10, I? = 94%). All studies have substantial to

considerable heterogeneity.
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Glial fibrillary acldic protein
Source

SMD (95% CI)
Critical liness Neuropathy
Frithvof at al, = 2021 087 [0.13; 1.87]
Diabetic Neuu;galhy
Celkbikk et al,”” 2014 0.00 [-0.43; 0.43|
0.00 [-0.43; 0.43)
Total (fixed effect) 0.13 [-0.26; 0.52)

Heataroganaity: y: = 247 (P = 12), 1" = 60%

r T T I T T 1

<15 -1 05 0 05 1 15
Standardised Mean Difference (95% CI)
Neuron-specific enolase
Source SMD (56% C1) Docreased  Increasod
Diabetic neuropathy
Lintal™ 2013 088 044; 100 —
Sndru ot @ 2008 0.61]41.18 .0.04] B
Colsbilok o1 al V2014 0.35]0.81; 0.2
Total {random etfects) £.00-1.99; 1.59) ———
Heterogenaty. 75 = 3163 4P < 0011 IF = 0a%, y T 1

ol 05 o Qs 1
Stordardised Moan Dilerence (85% CI)

Myelin protein zero
Source SMD (85% CI) Decreased  Incressed
Diabetic neuropathy :
Morgarstem et al,“ 2021 -1.37 (-1.85; -0.86] - :
Hexane-induced neuropathy
Xisowei ot al, ™' 2014 232[1.74; 2.90] i —-—
Total (fixed etpct) 0.13[-0.24; 0.50] -

Heteropeneity: 1, = 8256 (7 < .001), 1 = B3

-2 -1 o 1 2
Standardised Mean Diferance (95% CI)

s1008
Source SMD (95% C1) Decreased  Increased
Diabetic Neuropathy
Afarichoh 1 8 % 2019 287 238, 338 =
Caliktrbek ot a1 ™ 2014 -0.49 [ -0.82; 0.06] -
Total (fxed etfect) 053 [ 0.60; 1.25) -
Leprosy with
Jadnav et al* 2011 052] 059; 1.26) -
Total (random sffects) 1.10 [ -3.08; S.28)
Husmogenedy: o = 98.03 (P < .001), 17 = 5% F T T v
4 2 1 0 1 2 3
Standardsed Mean Diference (95% C1)
Source SMD (85% CI) Decreased  Increased
Chwonic infl v ] pathy
®im ot al ™ 2019 566(4.07; 725 -
Acute v I thy
Kim o1 al, ™ 2010 380218, 551] -
Acute motor axonal neuropathy
Kim a1 al ™ 2010 038 [061; 1.35) [ ]
Charcol-Marie-Tooth
Kim o1 al ™ 2010 15.33[11.28; 18.81) e
Demyelinating ’relynlumuhy
MNergocs o al ™ 2017 1768 [0.69, 263] =
Diabetic mo:ulhy
Mezgods et ol ™ 2017 157 (059 254] -
Axonal polynesropathy
Mezgoda et al ™ 2017 137(082: 222]
Total (random effects) 400 -0.54; 0.73)
Hutwogarety: 1 = 9809 (P < 001), 17 = B% Tt T
-5 -0 5 0 5 10 15
Stardardsed Mean Otterence (85% CI}
Brain derived neurotrophic factor
Source SMD (95% CI) Decreased Increased
Diabetic neuropathy
Azulay et al, ™ 2020 -0.88 [-1.36.-0.37| i
Sunatal® 2018 -1.83 [-2.20; -1.47] —l— !
Total (fixed effect) -1.49 [-1.78; -1.20] -~
Chronic infl y demy ing poly pathy
Ghafour\-Fard ot al,** 2021 0.580.05; 1.12) e
Acute inflammatory demyelinating polyneuropathy i
Ghafourk-Fard et al,** 2021 0.09 [-0.49; 0.66] R
Total (random effects) -0.52 [-2.23; 1.19]
Heterogeneity: 1 = 65.45 (P <.001), |¥ « 95% T T T 1
-2 -1 o 1 2

Standardised Mean Difference (95% CI)

Figure 3.4. Meta-analyses of blood-based biomarkers that did not demonstrate a statistically significant
difference of concentrations in patients with peripheral neuropathy compared to controls. Overall effects,
standardised mean differences (SMDs), 95% confidence intervals (Cls), and heterogeneity (I?) are
summarised for each biomarker and further sub-grouped based on the type of peripheral neuropathy.
The scales for standardised mean differences vary by biomarker.
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3.3.2. Diagnostic subgroup meta-analyses

When separately analysed to detect subgroup differences based on type of peripheral
neuropathy (Figures 2.2 -2. 4), diabetic neuropathy has increased NfL (SMD 0.77 [0.42;
1.13] P < 0.001, I2 = 0%) and S100B (SMD 0.93 [0.60; 1.25] P < 0.001, I> = 99%).
Nerve growth factor (SMD -1.38 [-1.68; -1.09] P < 0.001, I? = 98%) and brain derived
neurotrophic factor (-1.49 [-1.78; -1.20] P < 0.001, I? = 90%) are decreased. No
significant difference is identified in neuron-specific enolase compared to controls (SMD

-0.0025 [-1.99; 1.98] P = 0.10, I2 = 94%, Table 3.1).

In patients with Guillain-Barre Syndrome, there is a significant increase in NfL (SMD
0.79 [0.45; 1.12] P < 0.01, I? = 0%). Similarly, patients with chronic inflammatory
demyelinating polyneuropathy have significantly increased NfLL (SMD 0.51 [0.29; 0.73]
P < 0.01, I? = 0%). NfL concentrations of predominantly axonal and demyelinating
peripheral neuropathy subtypes do not differ (Supplemental Table 3.5 and

Supplemental Figure 3.1).

Patients with Charcot-Marie-Tooth Disease have significantly increased NfL (SMD 1.11

[0.86; 1.36] P < 0.001, I? = 0%) and transmembrane protease serine 5 (SMD 1.68 [1.43;

1.93] P < 0.01, I? = 0%) compared to controls.
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Lastly, patients with hereditary transthyretin-mediated amyloidosis with
polyneuropathy have significantly increased levels of NfLL (SMD 0.93 [0.66; 1.20] P <

0.01, I? = 0%) compared to controls.

3.3.3. Diagnostic accuracy

Meta-analyses of biomarker diagnostic accuracy cannot be performed due to significant
differences in concentration cut-off values between studies (e.g., NfL range: 8.9 — 155
pg/mL) and varying peripheral neuropathy diagnoses. Biomarker concentration cut-off
values and corresponding diagnostic accuracy data are listed in Supplemental Table

3.6.

3.4. Discussion

My systematic review with meta-analysis identified 16 blood-based biomarkers from 36
studies including 2,301 patients with peripheral neuropathy and 2,113 control
participants. My meta-analyses identified four biomarkers that were significantly
altered in patients with peripheral neuropathy compared to controls. Among those,
NfLL was consistently upregulated in peripheral neuropathy with a large effect size
(based on 17 studies and 8 types of neuropathies). Neurofilament heavy chain,
transmembrane protease serine 5, and nerve growth factor were also significantly
dysregulated with magnitudes of effect ranging from moderate to large. However, these

results were derived from only two studies with higher heterogeneity.

110



Neurofilament light chain seems a promising biomarker for peripheral neuropathies.
My findings, taken from 854 patients with peripheral neuropathy and 561 controls,
strongly suggest that a blood-based measure of NfL is a useful biomarker in patients
with peripheral neuropathy. Increased concentrations of NfLL were consistently
identified in each type of peripheral neuropathy using varying methods of blood
collection (e.g., plasma, serum) and immuno-assays (e.g., ELISA, Simoa). These
findings in peripheral neuropathies are aligned with strong evidence demonstrating
increased concentrations of NfLL in several central nervous system conditions, including
ALS,290:333 Alzheimer’s Disease,?99:334 Multiple Sclerosis,??%:292 and traumatic brain
injury.??1:335 NfL’s functional role in axonal growth and stability and its high expression
in neuronal tissue®3% (Supplemental Figure 3.2) make it a robust neuronal biomarker.337
My data corroborate using NfLL as a blood-based biomarker not only for central but

also for peripheral neuropathies.

Additional biomarkers associated with peripheral neuropathies.

My meta-analyses highlighted additional biomarkers that may be useful in peripheral
neuropathies. Neurofilament heavy chain, transmembrane protein serine 5, and nerve
growth factor were significantly altered in patients with peripheral neuropathy
compared to controls. Biomarkers that were not significantly altered (e.g., brain derived
neurotrophic factor, glial fibrillary acidic protein, neural cellular adhesion molecule)
may be more limited as a blood-based measure of nerve involvement due to their diverse

neurological functions.?38-340 However, firm conclusions regarding the use of these
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biomarkers cannot be drawn as all meta-analyses besides NfLL were taken from a small
number of studies with significant between-study heterogeneity. Further research is
needed to understand the role of these biomarkers in the context of different types of

peripheral neuropathies.

Potential clinical implications and considerations for future research.

FEarly detection

There is growing evidence for the use of biomarkers in the early detection of nerve
involvement. Numerous studies have shown that NfL. is a reliable measure of nerve
involvement in the pre-symptomatic stage of central nervous system diseases, including
frontotemporal dementia,3*! Alzheimer’s disease,?*2 Multiple Sclerosis,?*3 and ALS.333
To date, the role of blood biomarkers for the early or pre-symptomatic detection of
peripheral neuropathy remains understudied. We only identified one such study
assessing potential early signs of neuropathy in prediabetic patients.?%? This study
identified increased expression of NfLL in prediabetic patients compared to healthy
controls. Therefore, more studies are needed to understand biomarkers’ ability to detect

pre-symptomatic pathology.

Diagnosis
Patients with peripheral neuropathy often have comorbid conditions (e.g.,
cardiovascular, immune, metabolic dysfunction) making it difficult to detect and

diagnose neuropathy.?** For example, it is currently estimated that physicians only
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recognise neuropathy symptoms in less than one-third of patients presenting with
symptomatic diabetic neuropathy;3** supporting the need for improved diagnostic
tools. Initial CSF-based diagnostic studies using NfL highlighted its discriminatory
ability in multiple neurological conditions.?? Advanced immuno-assays can now
reliably detect lower concentrations of NfLL in the blood and strongly correlate with
CSF concentrations.292:346 Similarly, a recent study using plasma NfL confirmed
significant diagnostic implications in multiple neurodegenerative conditions.?34
Although study heterogeneity limited my ability to meta-analyse diagnostic cut-off
thresholds, numerous studies in my systematic review demonstrated strong diagnostic
accuracy. This included using NfL to discriminate between patients with and without
vasculitic neuropathy,??? symptomatic versus asymptomatic hereditary transthyretin-
mediated amyloidosis with polyneuropathy,3?® and between Charcot-Marie-Tooth
Disease and healthy controls.311:314315 Future research considering the optimal type of
blood analysis (e.g., serum, plasma) and immunological assay (e.g., ELISA, Simoa) is
needed to develop generally accepted clinical diagnostic cut-off scores for patients with
different types of peripheral neuropathy. Of note, NfLh did not seem to be a good marker
to differentiate primarily axonal from demyelinating types of neuropathies with

elevated levels in both types.

Prognosis
Biomarkers could serve important roles in evaluating the severity and prognosis of

peripheral neuropathies. Although meta-analysing this was out of scope for this review,

113



several included studies showed a significant correlation between NfLL and disease
severity  (Charcot-Marie-Tooth — Disease, 13314 Guillain-Barre =~ Syndrome316:319).
Additionally, two studies in patients with diabetic neuropathy identified significant
correlations between increased NfL concentrations and neuropathic pain,3?? as well as
a hyperalgesic pain phenotype.??® Although few studies included long-term follow-up
data, one study in Guillain-Barre syndrome highlighted NfL'’s ability to predict

patients’ ability to walk or run independently one year after disease onset.31?

Treatment stratification

Biomarkers may also be used to improve treatment through patient stratification. The
pathophysiology of neuropathies is diverse and requires unique, individualised
treatments. Identifying robust clinical biomarkers could lead to improved quality and
cost-effectiveness of care.3*” Further development and validation is currently required
before biomarkers can be used for patient stratification in clinical neurology.?*® The
identification of promising biomarker candidates in this review provides an important
initial step to progress towards personalised management for people with peripheral

neuropathies.

Limitations
There are limitations to consider when interpreting my results. First, publication bias
may prevent the reporting of negative results of biomarker data. Additionally, only

English language publications were included and between-study heterogeneity in
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smaller studies (e.g., methodological heterogeneity) may limit the generalisability of
my findings. The overall quality of included studies was high. Limited reporting or
adjustment of confounding variables between participants and controls was the primary
limitation, which was only identified in five of 36 studies. Lastly, it is important to
consider the pathophysiological differences in peripheral neuropathies. This needs to
be remembered when interpreting the overall meta-analyses of certain biomarkers, as

some markers may be more useful in certain neuropathies than others.

3.5. Conclusions

In this systematic review and meta-analysis, my findings supported the use of NfL as
a blood-based biomarker of nerve involvement in patients with peripheral neuropathy.
When compared to other nerve-related biomarkers, NfLL was consistently increased in
patients with varying types of peripheral neuropathies compared to control
participants. Neurofilament heavy chain, transmembrane protease serine 5, and nerve
growth factor were also significantly altered in peripheral neuropathy, although these
results are based on few studies. Future research is required to assess the temporal
patterns, diagnostic accuracy, and prognostic ability of these biomarkers in patients

with peripheral neuropathy and peripheral nerve injuries.
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Supplementary Material

Supplemental Table 3.1. Search strategies for all included search engines

Medline

1. | “Peripheral Nervous System Diseases"[Mesh] OR "Autoimmune Diseases of the Nervous
System"|[Mesh] OR "peripheral neuropathy" OR "peripheral nerve disorder" OR
"peripheral nervous system" OR "peripheral nerve"

2.| (("blood"[Subheading] OR "blood"[All Fields] OR "blood"[MeSH Terms|) AND
("biomarkers"[MeSH Terms| OR "biomarkers"[All Fields| OR "biomarker"[All Fields|)) OR
"Biomarkers"[Mesh] OR "biomarker" OR "biologic marker" OR “biological marker” OR
"blood biomarker" OR "serum biomarker"

3. | Cohort studies OR Case-control studies OR observational study OR Cross-sectional studies
4. | "Central Nervous System Diseases"|[Mesh| OR "Cranial Nerve Diseases'"[Mesh] OR
"Multiple Sclerosis"|[Mesh]|

5./ 1 AND 2 AND 3 NOT 4

Ovid and Embase

1. | Exp Peripheral Nervous System Diseases/ OR peripheral nerve disorder® OR peripheral
nerve disease® OR peripheral neuropath* OR poly neuropath®* OR neuralgia OR peripheral
nerve injur*®

2. | Exp Biomarkers/bl OR (Blood/ and Biomarker/) or biomark* or biologic* marker* or
blood biomarker* or serum biomarker*

3. | Exp Central Nervous System Diseases/ OR exp Cranial Nerve Diseases/ OR exp Multiple
Sclerosis/

4.1 1 AND 2 NOT 3

Cinahl

1. | Exp Peripheral Nervous System Diseases/ OR peripheral nerve disorder® OR peripheral
nerve disease® OR peripheral neuropath* OR poly neuropath®* OR neuralgia OR peripheral
nerve injur*®
2. | Exp Biomarkers/bl OR (Blood/ and Biomarker/) or biomark* or biologic* marker* or
blood biomarker* or serum biomarker*
3. | Exp Central Nervous System Diseases/ OR exp Cranial Nerve Diseases/ OR exp Multiple
Sclerosis/
4.1 AND 2 NOT 3
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Supplemental Table 3.2. Summary of diagnostic criteria and cohort characteristics at study-level

Source Diagnosis Diagnostic criteria Mean Participant Control
(neuropathy duration of characteristics characteristi
group) diagnosis at  (mean age, cs

sample number (mean age,
collection female) number
(neuropathy female)
group)

Afarideh et | Diabetic NCV, EMG, h- 10 years 56.5 years, 38.1 years,

al, 2019 neuropathy reflex, strength, n=17 n=45
sensation (Mythili
exam score)

Altmann et | GBS Neurologic Within 5 55 years, NA 36 years, NA

al, 2020 examination, days of
Brighton criteria hospitalisatio
(levels 1 or 2), n
NCV

Azoulay et | Diabetic Fasting glucose 10.4 years 60.5 years, 60.5 years,

al, 2020 neuropathy levels, NCV, n=34 (total n=34 (total
reduced neuropathy cohort) cohort)
score, small nerve
fibre testing

Bischof et Vasculitic Neurologic At time of 57.3 years, NA (age

al, 2018 neuropathy examination and diagnosis n="7 matched
Symptom score, controls)
peripheral nerve
biopsy, clinical
presentation

Celikbilek | Diabetic Fasting glucose, NA 56.2 years, 58.9, n=34

et al, 2014 | neuropathy NCV, EMG n=50 (full

diabetic
cohort)

Ghafouri- AIDP and Clinical NA 36.2 years, 35.3 years,

Fard et al, | CIDP examination, n=6 AIDP, n=11

2021 electrophysiology, n=11 CIDP
CSF, NINDS
classification

Frithiof et | Critical Critical Illness >11 days 64 years 51 years

al, 2021 illness Neuropathy from (median), n=0 | (median),

polyneuropat | guidelines (Bolton admission n=1
hy 2005, Lacomis
2000), EMG, NCV

Hayashi et | CIDP EFNS/PNS 2010 16.0 weeks 59.6 years 58.0 years

al, 2021 criteria (median) (median), n=6 | (median),

n=3

Jadhav et Leprosy with | Ridley-Jopling NA NA NA

al, 2011 neuropathy classification,
strength testing,
monofilament
testing
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Kapoor et Hereditary Genetic testing, NA 65.8 years 67 years
al, 2019 transthyretin | Rasch modified (median), n=8 | (median),
amyloidosis CMT examination, n=1
neuropathy neuropathy
impairment score
Kim et al, | AIDP, CIDP, | EFNS/PNS 2010 NA NA, AIDP NA, n=14
2019 AMAN, criteria; GBS n=3,
CMT classification CIDP n=10,
criteria (Wakerley AMAN n=7,
2014; Ho 1995). CMT, n=17
Kortvelyes | GBS-high Presenting with at NA GBS-high 58.4 | 64.7 years,
sy et al, least bilateral or years, n=0; n=9
2020 GBS-low flaccid weakness of
limbs accompanied GBS-low 60.7
by decreased or years, n=>6
absent tendon
reflexes, CSF cell
count under 50
cells/ul,
monophasic course
and time between
onset-nadir of 12 h
to 28 days,
Brighton
collaboration
criteria 1 and 2
Li et al, Diabetic ADA diagnosis 9.9 years 61.6 years, 50.1 years,
2021 neuropathy criteria for diabetes, n=25 n=13
neurologic exam,
NCV
Li et al, Diabetic WHO classification | 7.3 years 52.3 years 52.5
2013 neuropathy of diabetes, ADA (median), (median),
diabetic n="70 n=47
neuropathy,
neurologic
examination, QST,
NCV
Lieverloo CIDP - EFNS/PNS 2010 Induction: 22 | Induction 61 62 years,
et al, 2019 | Induction criteria, neurologic | months years, n==8 n=11
exam, NCV (median)
Maintenance Maintenance
Maintenance: | 59 years, n="7
Remission 71 months
(median) Remission 63
years, n=4
Remission:
39 months in
remission
(median)
Mariotto et | Various Neurologic NA 65.1 years, NA
al, 2020 peripheral examination, sural n=12
neuropathies | nerve biopsy,
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Mateos-
Hernandez
et al, 2016

Xiaowei et | Hexane-

al, 2014 induced
peripheral
neuropathy

Ozuguz et | Diabetic
al, 2016 neuropathy

neurophysiological
evaluation

Clinical
examination

Diagnostic Criteria
of Occupational
Chronic n-hexane
Poisoning (GBZ84-
2002)

MNSI, vibration
sensation, ankle
reflexes,
monofilament
testing (10g)

119

57 years, n=4

28.6 years, 26.6 years,
n=18 n=106 (total
cohort)

38 years, n=14




Maia et al, | Hereditary Genetic testing, Group 1 - Group 1 — 33.5 years,
2020 transthyretin | neurologic PND1: 1.4 PND 1: 41.0 n="7
-mediated examination, years, PND 2 | years, n=7,
amyloidosis polyneuropathy and 3: 4.1 PND: 2 and 3:
with disability score years 53.5 years,n==8
polyneuropat
hy Group 2 - Group 2 -PND
PND 1: 2.0 1: 574, n=1,
years, PND 2 | PND 2 and 3:
and 3: 3.9 62.0 years,
years, PND n=4, PND 4:
4: 5.4 years 63.8 years ,
n=1
Salih et al, | Rheumatoid | American College of | 11.4 years 64 years, n=18 | 61 years,
2000 arthritis with | Rheumatology n=22
peripheral revised criteria
neuropathy (1987), NCV,
EMG, neurologic
symptom and
disability scores
Sandelius CMT Genetically NA 46.2 years, 47.0 years,
et al, 2018 confirmed CMT, n=39 n=46
NCV
Sandhu et | Diabetic Clinical 18.1 years 59.6 years, 44.2 years,
al, 2008 neuropathy examination n=>6 n==8
Qiao et al, | Diabetic WHO diabetes 11.0 years 61.6 years, 64.5 years,
2015 neuropathy diagnosis criteria, (median) n=15 n=33
neuropathy
symptom and
disability scores,
clinical
examination, QST,
NCV, EMG
Sessa et al, | GBS GBS diagnostic 2-7 days: NA NA
1997 criteria (Asbury n=36
and Cornblath, patients,
1990)
8-14 days:
n=19
patients,
15-21 days:
n=>6 patients
Sun et al, Diabetic WHO and ADA 12.7 years 58.2 years, 57.3 years,
2018 neuropathy diabetes n=35 n=63
classification,
clinical

examination, NCV,
EMG
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motor nerve
conduction studies,
score of >4 on the
Douleur
Neuropathique 4
questionnaire

Ticau et al, | Hereditary Neuropathy NA 60.5 years, 58.6 years,
2021 transthyretin | Impairment Score 5 n=47 n=15
-mediated -130,
amyloidosis polyneuropathy
with disability score
polyneuropat | <IIIb
hy
Wang et CMT Clinical NA Group 1: 47.4 Group 1: 47.1
al, 2020 examination, NCV, years years
confirmatory
genetic testing, Group 2: 42.1 Group 2: 49.4
Rasch modified years, n—=32 years, n= 18
CMT Neuropathy (total) (total cohort)
and Examination
Scores
Wang et CMT Clinical NA 46.7 years, 46.9 years,
al, 2021 examination, NCV, n=61 (total n=33
confirmatory cohort)
genetic testing,
Rasch modified
CMT Neuropathy
and Examination
Scores
Ziegler et Diabetic ADA criteria, 13.5 years 68.0 years, 68.9 years,
al, 2019 neuropathy electrophysiological n=228 n=313
testing, QST, skin
biopsies, NCV
Morgenster | Diabetic German Diabetes 11.9 years 62.6 years, 58.0 years,
n et al, neuropathy Association criteria, n=23 n=16
2021 neuropathy deficit
score, neuropathy
Symptom score,
QST, EMG
Celikbilek | Pre-diabetic | Fasting glucose as NA 54.1 years, 59.3 years,
et al, 2014 | neuropathy defined by ADA, n=35 (entire n=17
sensory and cohort)

Legend: Acute inflammatory demyelinating polyneuropathy (AIDP); Acute motor axonal neuropathy
(AMAN); American Diabetes Association (ADA); Cerebrospinal fluid (CSF); Charcot-Marie-Tooth
Disease (CMT); Chronic inflammatory demyelinating polyneuropathy (CIPD); Electromyography
(EMG); European Federation of Neurological Societies/Peripheral Nerve Society (EFNS/PNS);
Guillain-Barre Syndrome (GBS); Michigan Neuropathy Screening Instrument (MNSI); National
Institute of Neurological Disorders and Stroke (NINDS); Nerve conduction velocity (NCV); Not
available (NA); Polyneuropathy disability score (PND); Quantitative sensory testing (QST); World
Health Organization (WHO)
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Supplemental Table 3.3. Summary of biomarker results reported in single studies

Biomarker

Diagnosis

Reported results compared to

controls

Myelin associated
integrin

Guillain-Barre Syndrome

Increased

Piccolo

Guillain-Barre Syndrome

Increased

Anti-neuroblastoma cell
antibodies

Rheumatoid arthritis with peripheral
neuropathy

Increased

Acute inflammatory demyelinating

Increased
polyneuropathy
P75 neurotrophin Chronic inflammatory demyelinating Increased
receptor polyneuropathy
Charcot-Marie-Tooth Disease No significant difference
Tau Critical illness polyneuropathy No significant difference
GAP-43 Diabetic neuropathy Decreased
Acute inflammatory demyelinating Downregulated
polyneuropathy
BACE1
Chronic inflammatory demyelinating Downregulated
polyneuropathy
Neurotrophin-3 Diabetic neuropathy Decreased
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Supplemental Table 3.4. Quality Assessment using the Newcastle-Ottawa Scales

Author (year) Selection | Comparability | Outcome Total score

Case-control (/4) (/2) (/3 (/9)

~—

Afarideh et al. (2019)

Altman et al. (2020)

Azoulay et al. (2020)

Bischof et al. (2018)

Celikbilek et al. (2014)

Ghafouri-Fard et al. (2021)

Hayashi et al. (2021)

Kapoor et al. (2019)

Kim et al. (2019)

Kortvelyessy et al. (2020)

Li et al. (2021)

Mariotto et al. (2020)

Mateos-Hernandez et al. (2016)

Millere et al. (2021)

Niezgoda et al. (2017)

Rossor et al. (2016)

Salih et al. (2000)

O[NNI RINNO]IRIN| R R[OOI NN

Sandhu et al. (2008)
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Li et al. (2013)

Xiaowei et al. (2014)
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Maia et al. (2020)
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Sandelius et al. (2018)
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Morgenstern et al. (2021)
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Supplemental Table 3.5. Diagnostic criteria and neurofilament light chain concentrations used in
the subgroup meta-analysis comparing primarily axonal versus demyelinating peripheral

neuropathies.

Source
(author,
year)

Diagnosis
(number)

Diagnostic
criteria

(number)

Patient
concentration:
mean (SD)

Control
concentration:
mean (SD)

Control type

Altmann et | GBS Neurologic Patients Demyelinating: 9.07 (3.24)
al, 2020 Demyelinati | examination, without 161.64 (124.83) pg/mL*
ng, (n=17) | Brighton criteria | neuropathy, | pg/mL*
(levels 1 or 2), n=22
Axonal, NCV
(n=5) Axonal: 62.96
(50.25) pg/mL*
Martin- GBS NINDS Healthy, AMAN: 386.67 9.67 (6.42)
Aguilar et | AMAN, classification, n=>53 (381.74) pg/mL* | pg/mL*
al, 2021 (n=12) Brighton AMSAN: 589.85
diagnostic (1274.50)
AMSAN, criteria, NCV pg/mL*
(n=7)
AIDP: 93.57
ATIDP, (183.90) pg/mL*
(n=>58)
Sandelius CMT Genetically Healthy, CMT1: 25.23 15.57 (7.48)
et al, 2018 | CMT1 - confirmed CMT, | n=67 (11.80)* pg/mL | ng/mL*
demyelinati | NCV
ng, (n—48) CMT2: 25.93
(12.31)* pg/mL
CMT?2 -
axonal,
(n=27)
Lieverloo CIDP EFNS/PNS Healthy, Induction: 47.33 | 24.03 (10.80)
et al, 2019 | Induction, 2010 criteria, n=30 (38.18) pg/mL* | pg/mL*
n=29 neurologic exam,
NCV Maintenance:
Maintenanc 29.7 (14.06)
e, n=24 pg/mL*
Remission: 30.67
Remission, (18.02) pg/mL*
n=27
Hayashi et | CIDP, EFNS/PNS Healthy, n=7 | 166.6 (337.8) 12.2 (6.3)
al, 2021 n=11 2010 criteria pg/mL* pg/mL*
Wang et CMT1, Clinical Healthy, (NPX): Group (NPX)
al, 2020 Group 1 examination, Group 1 1: 3.60 (0.38)* Control 1: 2.91
n=20 NCV, n=20 (0.43)*
Group 2 confirmatory Group 2 Group 2: 3.52 Control 2: 2.84
n=31 genetic testing, n=24 (0.76)* (0.44)*
Rasch modified
CMT
Neuropathy and
Examination
Scores
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Legend: Legend: Acute inflammatory demyelinating polyneuropathy (AIDP); Acute motor axonal
neuropathy (AMAN); Acute motor-sensory axonal neuropathy (AMSAN); Brain derived neurotrophic
factor (BDNF); Charcot-Marie-Tooth Disease (CMT); Charcot-Marie-Tooth Disease Type 1 (CMT1);
Charcot-Marie-Tooth Disease Type 2 (CMT2); Chronic inflammatory demyelinating polyneuropathy
(CIPD); European Federation of Neurological Societies/Peripheral Nerve Society (EFNS/PNS);
Guillain-Barre Syndrome (GBS); National Institute of Neurological Disorders and Stroke (NINDS);
Nerve conduction velocity (NCV); Neural cellular adhesion molecule (NCAM); Neurofilament light
chain (NfL); Normalised protein expression (NPX); *indicates means estimated from graphs/figures
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Supplemental Table 3.6. Descriptive synthesis of biomarker diagnostic accuracy.

Study Diagnosis Comparison | Biomarker | Cut-off | Sensitivity & Area
specificity under
curve
Bischof | Vasculitic Healthy NfL 155 Sensitivity 82%, | 0.96
(2018) neuropathy controls pg/mL specificity 100%
Millere | Charcot- Healthy NfL 8.9 Sensitivity 74%, | 0.88 (95%
(2021) Marie-Tooth | controls pg/ml specificity 95% CI: 0.83-
Disease 0.93)
Maia hATTR Cohort 1: NfL 10.6 Sensitivity 0.99
(2020) amyloidosis PND 0 vs =1 pg/mL | 96.2%,
with specificity 93.8%
polyneuropat
hy
hATTR Cohort 2: NfL 75.7 Sensitivity 0.86
amyloidosis PND 1 =>2 pg/mL | 84.6%,
with specificity 80.0%
polyneuropat
hy
Sandeliu | Charcot- healthy NfL 20 Sensitivity 71%, | 0.76
s (2018) | Marie-Tooth | controls pg/mL specificity 75%
Disease
Ticau hATTR Healthy NfL 37 false-positive 0.96 (95%
(2021) amyloidosis controls pg/mL rate 3.6%, true- | CI
with positive rate 0.96-0.97)
polyneuropat 84.9%
hy
Wang Charcot- Healthy NfL NA NA 0.81
(2020) Marie-Tooth | controls (95% CI
disease 0.72-0.90)
TMPRSS5 | NA NA 0.91 (95%
CI 0.85-
0.97)
Wang Charcot- Healthy NfL NA NA 0.80 (95%
(2021) Marie-Tooth | controls CI0.70 -
disease 0.90)
TMPRSS5 | NA NA 0.87 (95%
CI: 0.80-
94)
Ghafour | AIDP healthy BDNF NA Sensitivity 23%, | 0.56
i-Fard controls Specificity 95%
(2021) CIDP Sensitivity 41%, | 0.68
Specificity 93%
Sun Diabetic Healthy BDNF 1981.05 | Sensitivity 0.93
(2018) neuropathy controls pg/mL 98.5%,
specificity 74.5%
NGF 50.25 Sensitivity 0.93
pg/mL 96.9%,
specificity 77.3%
Li Diabetic Diabetic NSE 10.1 Sensitivity 0.73 (95%
(2013) neuropathy without pg/L 66.3%, CI 0.68-
neuropathy specificity 72.5% | 0.77)
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Kim CIDP CMT P75 56.45 Sensitivity 0.97

(2019) pg/mL | 92.1%,
specificity 95%
AMAN 103.4 Sensitivity 0.78

pg/mL 63.2%,
specificity 85%

AIDP 103.4 Sensitivity 0.37
pg/mL 84.6%,
specificity 40%

Charcot- CIDP Neural 7038.7 Sensitivity 0.67
Marie-Tooth cellular pg/mL 39.5%,
Disease adhesion specificity 100%
AIDP molecule 6896.1pg | Sensitivity 0.85
/mL 42.1%,
specificity 100%
AMAN 3937.1 Sensitivity 0.85

pg/mL 97.4%,
specificity 72.2%

Legend: Acute inflammatory demyelinating polyneuropathy (AIDP); Acute motor axonal neuropathy
(AMAN); Brain derived neurotrophic factor (BDNF); Chronic inflammatory demyelinating
polyneuropathy (CIDP); Confidence interval (CI); hereditary transthyretin-mediated (hATTR); Not
available (NA); Nerve growth factor (NGF); Neurofilament light chain (NfL); Neuron-specific enolase
(NSE); Polyneuropathy disability score (PND); Transmembrane protease serine 5 (TMPRSS5)
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Source

Axonal

Altmann et al,*® 2020
Sandelius et al*’ 2018
Martin-Aguilar et al,*® 2021
Martin-Aguilar et al,*® 2021
Total

Demyelinatin%
Altmann et al,*® 2020

Hayashi et al,*® 2021

Lieverloo et al, (induction)*’ 2019
Lieverloo et al, (maintenance)*’ 2019
Lieverloo et al, (7remission)47 2019
Sandelius et al®’ 2018

Wang et al, (cohort 1)38 2020

Wang et al, gcohort 2)38 2020

Wang et al,®® 2021

Martin-Aguilar et al,*® 2021

Total

Total

SMD (95% Cl)

2.57 [ 1.35; 3.79]
1.11[0.63; 1.58]
1.27[0.60; 1.93]
0.74[0.35;1.12]
1.22[0.18; 2.27]

1.82[1.06; 2.58]
0.55 [-0.42; 1.52]
0.68 [-0.06; 1.41]
0.42 [-0.33; 1.16]
0.39 [-0.34; 1.13]
1.01[0.61; 1.40]
1.67 [ 0.94; 2.40]
1.05[0.48; 1.62]
1.25[0.77; 1.73]
0.63[0.24; 1.01]
0.95 [ 0.62; 1.29]

1.01[0.73; 1.29]

Heterogeneity: 32, = 27.70 (P = .010), I* = 53%

Test for subgroup differences: P = .45

Decreased Increased

+m+++o—+w

[ I I I 1

3 -2 A1 0 1 2 3
Standardised Mean Difference (95% ClI)

Supplemental Figure 3.1. Meta-analysis of neurofilament light chain comparing axonal and
demyelinating subtypes in patients with peripheral neuropathy compared to controls.
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Bulk tissue gene expression for NEFL (ENSG00000277586.2)
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Supplemental Figure 3.2. Bulk tissue gene expression profile for neurofilament light chain (NEFL)
according to GTEx Portal (accessed on June 6, 2022)6.
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4

Protocol & methodology for a longitudinal cohort

study in people with WAD?2.

4.1. Aims
The primary aims of this longitudinal, multi-centre cohort study are to identify the

temporal development of nerve pathology and assess its prognostic role in participants

with WAD?2.

4.2. Objectives
The specific objectives of this longitudinal cohort study are to:

1. Identify clinical signs of nerve pathology and neuropathic pain using standard
clinical assessment and quantitative sensory testing (QST) during the acute
and chronic stages.

2. Determine the presence of small nerve fibre pathology during the acute and
chronic stages using skin biopsies.

3. Assess the temporal profile of a serum measure of nerve pathology using
neurofilament light chain (NfL).

4. Evaluate whether serologic or bedside sensory testing during the acute stage

predicts neck-related disability at six months.
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5. Identify whether bedside sensory tests can detect functional somatosensory
nerve pathology as determined from QST.
6. Identify a molecular signature of persisting moderate-severe symptoms in

WAD?2 using RNA sequencing from blood samples.

4.3. Background of study development and funding

The study team’s breakthrough findings of neuroinflammation in chronic WAD2!17 led
to their successfully funded Versus Arthritis Pain Challenge Grant. The aim of this
grant is to determine if neuronal and systemic inflammation are present in participants
with WAD2. And, if present acutely, assess their ability to predict pain persistence.
Nerve inflammation will be measured using advanced MRI techniques (neurography)
and a blood draw will examine systemic levels of inflammation. This is done using the
combined whiplash cohort collected in Oxford and Sussex. This unique multicentre
cohort provides an exciting opportunity to ask further critical questions emerging from

the most novel findings of nerve pathology after whiplash injury.

DPhil Project

My DPhil project builds upon the Versus Arthritis Whiplash Cohort but answers novel
objectives by comprehensively assessing signs of nerve pathology after whiplash injury.
I will assess the use of both clinical and laboratory-based measures of nerve pathology
to predict pain persistence. My study utilises a comprehensive set of assessments to

evaluate both structural and functional nerve pathology in WAD?2.

131



4.4. Prospective cohort study design and overview

This study used a prospective multicentre study design including a minimum of 69
participants with WAD2. Testing was completed at university research facilities in
Oxford and Brighton, United Kingdom. Complete study protocol details have been
published?* and were pre-registered at ClinicalTrials.gov (protocol version is V2 25
September 2020). Ethical approval was received from the South Central — Oxford C
Ethics Committee (18/SC/0263) and London-Brighton & Sussex Research Ethics
Committee (20/PR/0625). Study data were entered and managed using REDCap

electronic database3°0.

I organised and led all participant recruitment and assessment for the Oxford cohort.
Recruitment and participant assessment from Brighton was completed by a clinical
researcher (Dr Colette Ridehalgh [CR]) at the Brighton and Sussex Medical School.
Following data collection, I performed the entirety of all experiments and analysis

described henceforth (summarised in Figure 4.1).

Initial assessment Follow-up assessment
(<1 month) (6 months)
Recovered ‘

Whiplash - Deep phenotyping Questionnaires/
patients (n=69) phenotyping

Non-recovered ‘

Healthy L Deep phenotyping
controls (n=42)

Figure 4.1. Study flowchart for initial and follow-up assessment.
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Participants were recruited through the Accident and Emergency Departments from
Oxford University Hospitals and University Hospitals Sussex. Participants who
sustained a motor vehicle collision were contacted by the corresponding University
Hospitals research team regarding permission to be contacted for study participation.
The participants were then contacted by me or the clinical researcher in Brighton to
assess eligibility. Inclusion criteria was people ages 18 - 85 with a clinical diagnosis of
acute WAD2 within 4 weeks of injury. Exclusion criteria for whiplash participants
included pregnancy; history of cervical/arm pain lasting >3 months; pain from a
previous whiplash injury within the previous 12-months; diagnosis of a peripheral
neuropathy; history of systemic illness that is known to cause small fibre pathology or

neuropathy (e.g., diabetic neuropathy).

A minimum of forty-two healthy age- and gender-matched control participants were
recruited through advertisements and local universities (Oxford and Brighton) to
provide normative data. Healthy control participants must not have had any of the
above-mentioned exclusion criteria in addition to no previous whiplash injury, and no
history of treatment for cervical or thoracic spine, or upper limb pain within the past
3 months. Additional normative healthy control data for QST, skin biopsies, and serum
samples were used from a previously published cohort recruited within Oxford and
obtained by Professor Annina Schmid (AS)?. Previously collected healthy control

participant data used in my cohort included 25 participants for QST, 18 participants
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for skin biopsies and 11 participants for serum NfL. All other healthy control data was

collected as part of the prospective whiplash study between me and CR.

Baseline appointment

Initial baseline assessment for participants with WAD2 included completing a set of
self-reported outcome measures, detailed demographic and medical history, clinical
assessment, QST, and skin and blood samples. Healthy control participant assessment
included the same testing, aside from self-reported questionnaires. Detailed description

of each baseline testing component is described below.

Follow-up assessment
All whiplash participants were invited for follow-up testing six months after the date
of their whiplash injury. I repeated all baseline testing, including a validated question

regarding their perception of recovery?°!.

Determining ‘recovery’

The concept of recovery is inherently subjective and difficult to objectively quantify.
Furthermore, previous longitudinal whiplash cohorts have used various methods of
defining recovery (e.g., pain scales, NDI, recovery questionnaires)3°2-3%4. All outcome
measures were kept continuous for linear regression analyses, in keeping with current
guidelines!®. My differential gene expression analysis however required dichotomising

participant samples into two groups based on levels of recovery six-months after injury.
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To create this dichotomisation, 1 evaluated different previously used definitions of
recovery. This included measures of participant reports of recovery using the
aforementioned recovery question, persistent neck-related disability using the NDI,
continued pain using the painDETECT average pain question (numeric pain rating
scale 0-10); and persistent whiplash-related symptoms reported at follow-up
appointment (VAS 0-100). I carried out a sensitivity analysis to compare different
outcome definitions. I assessed the robustness of the impact of definitions based on the
coefficient estimates of logistic regressions. The log odds of each are shown in Figure
4.2. Overall, the estimates had large confidence intervals but also showed similar

coeflicient estimates between outcome definitions for most variables.

Overall, I assessed five different definitions of recovery. These included 1) global
recovery question indicating ‘all better’; 2) global recovery question including ‘all
better’ or ‘quite a bit of improvement’; 3) NDI scores < 5; 4) average pain scores <
3/10 (from painDETECT questionnaire); and 5) whiplash-related symptoms < 30/100
(VAS). Since the coefficient estimates were similar across definitions, I based my
classification of recovery on whiplash-related symptoms. This choice was informed by
a recent comparative RNA-sequencing study of persistent pain in WAD3%4, which also
utilised whiplash-related symptoms. Dichotomising participants using whiplash-related
symptoms also yielded small variance and similar point estimates compared to the

other definitions (Figure 4.2). As a result, six-month follow-up participants with
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whiplash-related symptoms < 30/100 (VAS) were classified as 'minimal pain', and

participants with scores of 30 or higher were classed as 'moderate/severe pain'.

Sx_rad
¢
3 —dr
sex
o
sensory change ,
_ A Group
||
4 GRC1
[0}
= Eﬁ A GRC1-2
3 Physio -
8 e - \DI<5
©® pPDQ<3
2& Sx <30
PCS_total VA
EQ5D_self care ===
o
age F‘
0.0 25 5.0 75

Estimate

Figure 4.2. Coefficient estimates from logistic regression models evaluating different definitions of
recovery and selected clinical variables.

Abbreviations: GRC: Global rating of recovery question (1= ‘all better [cured|’; 2= ‘There has been
quite a bit of improvement’); NDI: Neck Disability Index (scores < 5/ 50, PDQ: painDETECT
questionnaire (average pain < 3/10), Sx: whiplash-related symptoms (visual analogue scale < 30/100
used); sx_rad: whiplash-related radiating symptoms; sensory change: subjectively reported change in
sensation due to whiplash injury (e.g., numbness, tingling); physio: reports of physiotherapy use for
whiplash-related symptoms; PCS _total: Pain Catastrophisation Scale total score; EQ5D _self care: self-
care question within the EQ-5D-5L Questionnaire.

4.5. Clinical phenotyping

Self-reported outcome measures
All outcome measures were selected through consensus with the collaborating research

team in Brighton. The range of outcome measures cover questions relating to the six

136



core domains recommended for tracking outcomes following whiplash injury3®. These
domains include physical functioning, perceived recovery, work and social functioning,
psychological functioning, quality of life and pain.

Self-reported neck disability was evaluated using the Neck Disability Index (NDI, zero
is no disability; 50 is complete disability)*?. T used previously described NDI disability
scoring of mild <5, moderate 5-14, and severe >15212. The NDI has shown to be a
reliable, valid, and responsive measure for self-reported disability following whiplash
injury®®. The painDETECT questionnaire was used to screen for neuropathic pain
components (rated 0 - 38, scores >18 categorised as likely neuropathic pain®*7) and has

shown to be a reliable screening tool for neuropathic pain3.

Psychological functioning was evaluated using a broad set of measures. Trauma-related
distress was evaluated using the Impact of Events Scale-Revised (IES-R) and short
posttraumatic stress inventory (PTSD-8). IES-R scores > 33 /88 suggests that PTSD is
probable3. The PTSD-8 suggested a score of >18/32 had the best predictive value to
be symptomatic for PTSD3%, Pain-related worrying was assessed using the Pain
Catastrophisation Scale (PCS, cut-off score >30/52 for significant pain-related
worrying)36l.  The level of negative emotional states was measured using the
Depression, Anxiety and Stress Scale (DASS42). Each of the three DASS42 subscales
is scored out of 42 with mild scores <6, moderate 7-12, an severe >13362, Of which, all
psychological functioning measures have shown good psychometric properties after

trauma360-363364 and whiplash injuries36°.
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Quality of life was evaluated using the EQ-5D-5L questionnaire36® which has been
shown to be a responsive and reliable measure in numerous musculoskeletal
conditions3%”. Per recommended guidelines3%, T calculated the EQ-5D-5L health-related
index value (0: as bad as being dead, 1: full health) using the most recently published

value set for England?®® using the R package eq5d369.

Perceived recovery was evaluated using a single question asking, “How do you feel you
are recovering from your injury?” This question was shown to be associated with pain,
functional limitations, and depression in a large cohort of people following whiplash

injury3°L.

Background information

I collected detailed demographic and medical histories of each participant, including
age, sex, height/weight, occupation, dominant handedness, past medical history,
current medication use, and current or previous nerve injury or involvement. A copy
of the clinical research form developed for WAD2 participants in this study is included
in Appendix B. Participants after whiplash injury were asked details regarding the
presence and distribution of pain and/or symptoms, and subjective reports of radiating

symptoms and sensory changes (e.g., paraesthesia or weakness).
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The distribution of symptoms was recorded via a participant-completed pain body
diagram as well as VAS of current whiplash-related symptoms (0 — 100 mm).
Participants after whiplash were also asked about the motor vehicle crash
characteristics, crash-related litigation, current work status, imaging or other medical

investigations, and any current management for symptoms.

Neuropathic pain grading

The certainty of neuropathic pain was classified for each WAD2 participant according
to the Neuropathic Pain Grading System published by the Neuropathic Pain Special
Interest Group of the International Association for the Study of Pain (Figure 4.3).194
In brief, grading of possible neuropathic pain includes pain descriptors related to
neuropathic pain (e.g., burning, tingling, shooting) and a neuroanatomically plausible
pain distribution. Probable neuropathic pain includes negative sensory signs in the
primary pain location identified through bedside neurological assessment. A grading of
the next higher category can only be reached if the previous categories were met.
Participants were characterised as ‘unlikely’ neuropathic pain if no neuropathic pain

descriptors were reported.

The likelihood of neuropathic pain was also graded using the painDETECT

questionnaire with the previously published grading criteria with scores > 18/38

categorised as ‘a neuropathic pain component is likely’3%7,
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Unlikely

1. No nerve-related pain descriptors

A 4

Possible

1. Nerve related pain descriptors (e.g., burning, tingling, shooting)
2. Neuroanatomically plausible pain distribution

Probable

1. Negative sensory signs in the primary pain area
(e.g., hypoaesthesia)

Figure 4.3. Neuropathic Pain Grading System published by the Neuropathic Pain Special Interest Group
of the International Association for the Study of Pain.

Clinical assessment

A summary of the locations and grading for all clinical tests are summarised in Table
4.1. A brief musculoskeletal assessment including active range of motion of the cervical
spine and bilateral upper extremities was performed. Active movement was graded on
a four-point categorical scale: 0: full movement; 1: full movement with symptoms; 2:

reduced movement without symptoms; 3: reduced movement with symptoms.

I performed a neurological assessment of the bilateral upper extremities within the C5
- T1 innervation territories. I chose to perform a bedside neurological assessment to
investigate signs of neurological dysfunction using standard clinical tools and to
compare with reference standards for assessing somatosensory dysfunction (QST). The
neurological assessment included cutaneous sensation using cotton wool and pin prick

(using Neurotips). Myotomal isometric muscle strength was graded using the six-point
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ordinal MRC grading scale (0: no muscle contraction, 5: normal power)37. Deep tendon
reflexes of the biceps and triceps muscles were tested and graded using the National
Institute of Neurological Disorders and Stroke five-point ordinal scale (0: absent reflex,
4: enhanced reflex, including clonus)3”™. Pin prick (using Neurotips) and thermal
sensation using warm and cool coins were assessed at the index finger and self-reported
main pain area, as previously described and validated3™2. In brief, both the Neurotip
and thermal coins were tested bilaterally. Each test was first performed on the side
contralateral to their most symptomatic upper extremity. Both pinprick and thermal
tests were graded on a four-point ordinal scale (0: Absent; 1: Reduced; 2: Normal; 3:
Enhanced). If participants reported equal laterality to their symptoms, familiarisation
to the Neurotip and thermal coins was performed near the superior aspect of their

chest and clavicle.

The Neurotip was applied perpendicular to the skin with adequate pressure to blanch
but not penetrate the skin. Participants were asked if the sharp sensation was
comparable to the site of familiarisation (e.g., less affected contralateral upper
extremity or chest). Thermal sensation was then tested using two metal coins (50 pence
pieces). One coin was left at room temperature (cool coin) and one coin was left in the
pocket of the clinical researcher for at least 30 minutes (warm coin). Each coin was
placed on the proximal phalanx of each index finger and in the participants’ self-
reported main pain area. Participants were asked to compare the perceived

temperature of the coin to the initially tested less symptomatic side. If a participant
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reported a sensation as abnormal, the test was then repeated a maximum of two times
to confirm the initially reported finding. I selected the index finger as it has previously
shown somatosensory dysfunction in chronic WAD using QST1640.120, The main pain
area was selected to measure sensory signs for the Neuropathic Pain Grading System

(Figure 4.3).

I categorised neurological assessment results as normal, loss of function (reduced
sensation, strength, or reflexes), gain of function (increased response to sensation or

reflex testing), or mixed (signs of both loss and gain of function).

I also classified neurological loss of function for each corresponding test according to
the following criteria: subjectively reported reduced cutaneous sensation to light touch
or pin prick37; Isometric muscle strength values less than five from the MRC grading
scale3™; biceps or triceps muscle deep tendon reflex values less than two out of four3™;
subjectively reported decrease in warm or cold temperature sensation compared to the

less affected side using previously validated coins37.

Neurological gain of function was categorised for each corresponding test according to
the following criteria: subjectively reported increase in cutaneous sensation to light
touch (e.g., reports of paraesthesia or allodynia) or pin prick (e.g., increased painful

sensation); biceps or triceps muscle deep tendon reflex values greater than two out of

four3™,
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Table 4.1. Summary of clinical assessment measures and corresponding grading scales.

Site Test Grading

0: full movement; 1: full movement with symptoms; 2:
ROM reduced movement without symptoms; 3 reduced
movement with symptoms.

0: No contraction; 1: Flicker or trace of contraction; 2:
Active movement, with gravity eliminated; 3: Active

Muscle strength . . . .
C5-T1 & movement against gravity; 4: Active movement against
innervation gravity and resistance; 5: Normal power.
territory

0: no response; 1: slight response; 2: brisk, normal

Deep tendon reflexes .
response; 3: very brisk response.

Cutaneous sensation
(cotton wool, pin prick, 0: Absent; 1: Reduced; 2: Normal; 3: Enhanced
thermal coins)

Cutaneous sensation

Main pain area
11 paill ar (pin prick & thermal coins)

0: Absent; 1: Reduced; 2: Normal; 3: Enhanced.

Cutaneous sensation

Index finger (pin prick & thermal coins)

0: Absent; 1: Reduced; 2: Normal; 3: Enhanced.

Quantitative sensory testing

I performed QST according to the German Network for Neuropathic Pain protocol®?.
The full QST protocol was performed on the ventral aspect of the proximal phalanx of
the index finger. The index finger was chosen as has previously shown changes in
chronic WAD6:40.120 Participants with WAD2 in our study were tested and on the

most symptomatic side; healthy controls were tested on their non-dominant side.

Warm and cold detection thresholds (WDT, CDT), cold and heat pain thresholds
(CPT, HPT), and thermal sensory limen (TSL) were measured using a Thermotester
(Somedic, Sweden). I measured mechanical (MDT) and vibration detection thresholds
(VDT) using von Frey filaments (Optihair 2 MRC Systems, Germany), and a rydel

Seiffer tuning fork (Wagner, USA), respectively. Pressure pain thresholds (PPT) using
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a handheld algometer (Wagner Force dial, USA) and mechanical pain sensitivity (MPS)
using weighted pinprick stimulators (MRC Systems, Germany) were measured. I also
quantified the number of paradoxical heat sensations during TSL and the presence of

dynamic mechanical allodynia.

CDT, WDT, and PPT were performed over the contralateral lower limb (upper
anterolateral aspect of the tibia) to assess for potential widespread sensory changes. A
recent systematic review of temporal QST measures in WAD showed heightened PPT
at the tibialis only in those who developed persistent symptoms!5®. No previous studies
in this review assessed lower extremity somatosensory loss of function. As such, I chose
to assess both loss and gain of function over the skin of the tibialis anterior muscle to

assess these differences in my longitudinal cohort.

Psychometric properties of clinical assessments

Clinical assessments of neurological function, including reflexes, myotomal strength,
and cutaneous light touch sensation have previously been shown to have moderate to
substantial reliability (sensory testing: kappa = 0.53; manual muscle testing: kappa =
0.68)376. The pinprick and thermal coin testing have been shown to be a valid method
to detect somatosensory dysfunction3™ and small-fibre degeneration®2. The QST
protocol has shown to have high intra- and good inter-tester reliability377-379, In

addition, our QST protocol has shown good long-term stability over time37.
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Standardisation across sites
All clinical assessments were initially piloted with the clinical researcher at the
Brighton and Sussex Medical School (CR). Both sites used identical testing equipment,

as described above.

Histological analysis

I performed two 3mm diameter skin biopsies taken from the ventrolateral aspect of the
proximal phalanx of the index finger and 10cm above the contralateral lateral malleolus
in sterile conditions using local anaesthesia (1% lidocaine, 1 — 2.0 mL).

The index finger skin was selected because of its innervation by the potentially affected
nerves in the neck and has previously shown small fibre pathology in chronic WAD240.
The biopsies were fixed in periodate-lysine-paraformaldehyde for 30 minutes followed
by washing samples in 0.1 M phosphate buffer. The tissue was then embedded in OCT

compound and stored at -80° Celsius.

I cut 50pm sections and performed immunohistochemistry, as previously described 27.
In brief, I blocked skin sections in 5% fish gelatine solution for one hour. Next, I added
the primary antibodies for protein gene product 9.5 (PGP9.5, Zytomed 1:200) and
myelin basic protein (MBP, Abcam 1:500) for overnight incubation. Following three
one-hour wash cycles in PBS, secondary antibodies were added to free floating tissue
sections and incubated overnight (Alexa 488, 1:1000, Abcam; Cy3, Stratech, 1:500).

See full protocol in the attached Appendix C.
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I evaluated the integrity of intraepidermal and dermal nerve fibres as previously
detailed?59:279:3%80  and blinded to participant allocation. In brief, I calculated
intraepidermal nerve fibre density from three samples per participant with the average
expressed as epidermal fibres/mm, per recommended guidelines3®. T also counted the
number of Meissner corpuscles and expressed per millimetre of epidermis at the index
finger.2™ All skin samples were collected and stored in accordance with the Human

Tissue Act.

As reported above, 16 healthy control skin samples were used from a previous study
investigating carpal tunnel syndrome??. To ensure rating was accurate between
previously counted samples, both assessors (AS and JF') counted the same nine sections
of stained skin samples. Overall, we had excellent inter-rater reliability (ICC = 0.92).
In addition, eight samples from the carpal tunnel syndrome healthy control cohort were
proportionally age-matched for a direct comparison of intraepidermal nerve fibre
density (fibres/mm). There was no significant difference in the counts between the

carpal tunnel syndrome and whiplash cohort (p = 0.33).

Serum marker of axonal injury

I analysed serum levels of the neuronal protein neurofilament light chain (NfL) using
the Simoa SR-X System (Quanterix, Billerica, MA, USA). Blood measures of NfLL have
never been measured in participants after whiplash injury. Thus, there was no estimate

of NfLL protein concentrations for this population. Because of this, I chose the Simoa
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platform for its superior detection threshold capacity (limit of detection: 0.0552 pg/mL
vs MSD R-PLEX lower limit of detection 5.5 pg/mL). Recent studies have also shown

it to be more sensitive than ELISA or other electrochemiluminescence platforms33!.

To perform, blood was first collected from the cubital fossa into a BD Vacutainer SST
tube (BD Vacutainer Tube SST Advance) and was processed by centrifuge at 3,000
rpm at 4°C for 10 minutes. Serum was then extracted and stored at -80°C in compliance

with the Human Tissue Act 2004.

I analysed protein concentrations of NfL using the Simoa SR-X and NF-Light v2
Advantage Kit (Quanterix, Billerica, MA, USA), included in Appendix D. Accordingly,
I thawed all serum samples at room temperature and spun at 10,000g for 5 minutes. I
prepared the Quanterix canonical plate, including the addition of prepared calibrators,
controls, and samples. I then aliquoted serum samples in duplicate followed by adding
the capture bead and NfL. antibody detector solutions with 30-minute incubation. I
then added streptavidin-fs-galactosidase and Rersorufin f-Dgalactopyranoside reagents
and washed twice. Following a 10-minute plate drying period, I loaded all samples into

the Quanterix SR-X system for analysis.

RNA extraction

To further understand the biological processes of persistent pain after whiplash injury,

I performed RNA sequencing followed by differential gene expression analysis from
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blood samples of WAD?2 participants to identify transcriptional changes in the minimal
vs moderate-severe persistent pain. Persisting moderate-severe pain was determined
using participant-reported whiplash symptom visual analogue scale (VAS) > 30/100,
as previously used in WAD?%* and described above in detail. The minimal pain and
moderate/severe pain groups were sex-matched (n = 7 females per group) with no
significant differences in ages between groups (p = 0.86). The moderate/severe
persistent pain group had a mean whiplash-related symptoms of 44.7/100 (SD 14.7)
using the VAS. The mean whiplash-related symptoms for the minimal persistent pain
group was 4.8/100 (SD 5.7). Per selection for RNA extraction, there was a statistically
significant difference in whiplash-related symptoms at follow-up using an independent

two-tailed t-test (p < 0.001).

Blood for RNA-sequencing was collected from the cubital fossa in participants using
Tempus™ Blood RNA Tubes (ThermoFisher, num. 4342792, Massachusetts, USA).
Blood samples were initially shaken for approximately 10 seconds after collection to
stabilise RNA. Samples were stored at minus 20° Celsius until processing. I extracted
RNA using the Tempus Spin RNA Isolation Kit (ThermoFisher, num. 4380204, United
Kingdom). Blood samples were thawed and diluted with 1x PBS, vortexed and
centrifuged. I then removed the supernatant and resuspended the RNA pellet. The
resuspended RNA was then purified and eluted using a microcentrifuge. Extracted
RNA was stored at minus 80°C in Nucleic Acid Purification Solution until sequencing.

A full RNA extraction protocol is included in Appendix E.
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4.6. Statistical analysis

A summary of the primary objectives, analysis, and estimated samples sizes are
provided in Table 4.1. All reporting followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guidelines for observational cohort
studies?®2. Data was analysed using R software (version 4.0.3). Data normality was
assessed using the Kolmogorov-Smirnov test and visual inspection. The distribution of
clinical phenotypic data was calculated for parametric and non-parametric data as
mean /standard deviation (SD) and median/interquartile range (IQR), respectively.
The fraction of missing data was <5%, so missing values were discarded and imputation

procedures were not required$3:384, Statistical significance is set at P<0.05.

Table 4.2. Summary of the sample size estimations and statistical analysis plan for each primary
study objective.

Objective Sample size Statistical analysis

1. Clinical Descriptive statistics (mean/SD,
assessment median/IQR)

2. Intraepidermal 68 WAD?2 participants and 34 healthy Independent /paired t-tests or non-
nerve fibre density control participants parametric alternatives

Power 0.80, 0=0.05 effect size=0.53

3. Serum 15 WAD?2 participants and 15 healthy Two-tailed independent /paired t-
neurofilament light control participants tests or Mann Whitney/Wilcoxon
chain rank-sum.

Effect size=1.4, 95% power —0.95.

0=0.05

4. Prognostic role 69 acute WAD2 participants Regression models with four
of nerve pathology predictor variables (neurofilament

Power 0.80, effect size 2=0.15, 13% light chain, age, sex, initial NDI

squared partial correlation of score)

5. Clinical tests of Sensitivity, specificity, positive
small fibre nerve predictive value, negative predictive
pathology value, positive likelihood ratio, and

negative likelihood ratio
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6. RNA-sequencing | n=15 participants per group (recovered
of blood samples and non-recovered)

minimum fold change log2 = 2.0, FDR
5%, 100 reads per prognostic gene, 0.16
dispersion.

Objective 1 — Detailed clinical assessment

Clinical neurological assessment: Neurological assessment results were descriptively
reported and presented as the percentage of individuals with normal, loss, or gain of

function.

QST: Data transformation and analysis for all QST parameters followed previously
recommended methods for clinical testing37385, All testing parameters, excluding
CPT, HPT, and VDT, were log transformed to achieve normal distribution. MPS
values included the addition of a constant 0.1 to avoid losing zero-rated values. QST
z-scores were calculated using at least n = 7 healthy controls per age decade3®6. A lack
of variance for VDT within the 20-year-old age decade did not allow for z-score
calculation due to ceiling effect in VDT measure. Therefore, VDT z-scores for 20- and
30-year-olds were derived from a combined total mean and standard deviation
incorporating both decades into one calculation. The remaining VDT z-scores were

calculated for each decade.

I compared each QST parameter for acute WAD2 and healthy control participants

using two-sided independent t-tests. Longitudinal changes in QST parameters
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comparing acute, follow-up, and control participants were assessed using ANOVA with

post hoc testing.

I clustered QST parameters into one of four previously established deterministic
sensory phenotypic profiles: ‘normal’, ‘sensory loss’, ‘thermal hyperalgesia’, and
‘mechanical hyperalgesia’®®7. In brief, the probability value for each QST parameter
was calculated and averaged for each of the aforementioned sensory phenotypes. The
final phenotypic cluster allocation was determined by allocating each participant into

their highest probability phenotype.

Objective 2 — Small fibre nerve pathology using skin biopsies.

To assess whether nerve pathology occurs acutely after injury, I evaluated epidermal
nerve fibre density as a reflection of small fibre pathology. I completed two comparisons:
1) comparing skin innervation between acute WAD2 participants and age- and gender-
matched healthy control participants and 2) comparing epidermal nerve fibre densities
within WAD2 participants comparing the acute to chronic stages. Mann-Whitney U
tests were used to compare acute WAD2 and control intraepidermal nerve fibre
densities. Changes in nerve fibre density between acute, follow-up, and control
participants were assessed using aligned ranks transformation ANOVA with post hoc

testing.
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Objective 3 - Serum NfL

To identify a blood-based measure of nerve pathology, I compared serum concentrations
of NfLL 1) between acute WAD2 and age-matched healthy control participants and 2)
between acute and chronic WAD2 participants. I used a Mann Whitney U test to
compare median serum concentrations of NfLL for acute WAD2 and controls. Changes
in NfL concentrations of comparing acute, follow-up, and control participants was done

using aligned ranks transformation ANOVA with post hoc testing.

Z-scores for serum NfL were calculated for all participants as previously described3®8.
In brief, serum NfL z-scores were calculated by adjusting serum NfL concentrations for
age and BMI. Normative data was derived from a large general population cohort
without diagnosis of central nervous system disease or other major diseases (N = 4,532
control participants)3®®. Similar serological analytical approaches were used between
participants in the current and previous healthy control study; however, two versions
of the Simoa NfL. assays (NF-light assay vl and v2) were used resulting in slight
divergence in variability. This was adjusted for by multiplying NF-light v2
concentrations by a factor of 0.89, based on technical recommendations from the

supplier (Simoa, Quanterix, USA).

I performed three main exploratory analyses to better understand the role of acute

NfL levels in my WAD?2 cohort.
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1) To identify a blood-based measure of nerve pathology, I compared serum NfL z-
scores 1) between people with acute WAD2 and age-matched healthy control
participants using an independent two-sided t-test and 2) within WAD2
participants (acute vs follow-up stage) and healthy controls using ANOVA with
post hoc testing.

2) I compared clinical variables associated with high vs low acute NfL z-score
values. To do so, I dichotomised NfL z-scores in WAD2 participants using the
following cut-offs, as previously identified3®8. All z-scores >1.5 (corresponding
with the top 10%) were classified as having ‘elevated NfL’. Z-scores <1.5 were
classified as ‘baseline NfL’. I then used kernel density estimation plots to assess
the distributions between elevated and baseline NfL levels. I chose kernel density
estimation as a nonparametric method to assess exploratory trends in my data.

3) T assessed the ability of clinical neurological assessments to predict NfL z-scores
in the acute stage. I used linear regression to analyse clinical nerve pathology
measures (bedside sensory detection thresholds) predicting acute NfL z-score
values for participants with WAD2. I calculated the coefficient estimate,

standard error, and p-value for each parameter.

Objective 4 — Prognostic role of nerve pathology
I used the NDI as my clinical endpoint to determine the prognosis of participants with

WAD2. The NDI has been extensively used for prognosis in WAD!3:5859 and is

recommended as a core outcome measure in current guidelines for whiplash-related
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outcome selection?. NDI scores were kept as a continuous variable for analysis, per
current guidelines.!®6 Statistical methods followed international guidance for prognostic

factor study design and analysis (PROGRESS framework)!®6.

I assessed the prognostic role of NfL as well as bedside sensory tests of nerve pathology.
I chose to use NfLL as a quantitative biological measure of neural pathology. Blood-
based measures of NfLL have been shown to be highly prognostic in a range of
pathological conditions, including TBI?*®, Alzheimer’s Disease??, and Multiple
Sclerosis®®®. As NfL is not readily available in the clinic, I selected thermal and pin
prick sensation at the index finger as surrogate bedside measures of nerve pathology
that is easily measured in the clinic. My systematic review in WAD (Chapter 2) showed
the index finger to be the most affected area of nerve pathology and included QST

measures for loss of thermal and mechanical sensation.

The first model assessed neurofilament light chain as a prognostic factor controlling for
age, sex, and initial NDI score. I analysed the prognostic role of NfLi using both absolute
serum concentrations of NfL (pg/mL) as well as serum NfL z-scores. As discussed in
Chapter 1, previous preliminary evidence has highlighted the potential influence of age,
sex, and initial disability levels on recovery in WAD36:50, As such, each were included
as covariates in the linear regression models. Predictive ability using the bedside

sensory tests at the index finger (pin prick, warm, and cold sensation) were analysed
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using multiple linear regression including the previously listed confounders of age, sex,

and initial NDI score.

In addition to strict linear regression, I performed exploratory analyses of acute factors
that may be related to persistent whiplash-related symptoms six-months after injury.
To do this, I dichotomised participants using my previously described cut-off of
symptom VAS > 30/100 as moderate/severe pain and <30/100 as minimal pain. I
used kernel density estimations to visually assessment acute factors that may
distinguish group differences between minimal pain and moderate/severe pain. Kernel
density estimations were only used for exploratory analyses and not part of my primary
prognostic objective. Thus, these exploratory assessments did not have adequate
sample sizes to run strict statistical comparisons (e.g., t-tests or Mann-Whitney U

tests).

Objective 5 — assessment of bedside tests to detect somatosensory nerve pathology.
I assessed the performance of clinical bedside tests for somatosensory hypoaesthesia at
the index finger in participants with acute WAD2. I selected somatosensory

hypoaesthesia as it is a hallmark of nerve pathology!9%.

I used cold, warm, and mechanical detection thresholds from the previously described
QST protocol as the current best standard for detecting somatosensory dysfunction3?.

I then compared these QST parameters to the previously detailed cool and warm coins
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as bedside tests for thermal hypoaesthesia at the index finger. I also compared QST
mechanical detection thresholds with cottonwool at the index finger. I did not perform
any other bedside clinical tests at the index finger that could be directly compared to

the QST measures taken at the same location.

I defined somatosensory hypoaesthesia as QST z-score values < -1.96, per
recommended guidelines37:38% and in line with a previous validation study of bedside
neurological testing3™. I defined sensory hypoaesthesia for bedside tests using the
aforementioned criteria (subjectively reported reduced cutaneous sensation to light

touch or thermal coins).

I compared the bedside tests for thermal and mechanical hypoaesthesia in two primary

ways: 1) concurrent validity and 2) testing accuracy:

1) Bedside test concurrent validity
I calculated the concurrent validity of each bedside test (cool coin, warm coin, and
cotton wool) by creating a two-by-two contingency table and calculating the percent
agreement between each bedside test and its corresponding QST variable. I used
Fisher’s exact test to measure the correlations between the bedside and QST
hypoaesthesia parameters. Lastly, to analyse the strength of correlation between each

parameter, I calculated the Phi correlation coefficients for each test.
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2) Bedside test accuracy

I assessed the accuracy of each bedside test (cool coin, warm coin, and cotton wool)
compared to its corresponding QST parameter. I calculated the sensitivity, specificity,
positive predictive value, negative predictive value, positive likelihood ratio, and
negative likelihood ratio for each. I also calculated the positive likelihood rations using
the formula sensitivity / (1 — specificity), and negative likelihood ratios with the formula

(1 — sensitivity) /specificity.

Objective 6 — RNA-sequencing

RNA sequencing was completed by Azenta Life Sciences (Essex, United Kingdom).
Library preparation of mRNA used Poly(A) selection. Multiplexed sequencing was
performed using Illumina NovaSeq with 2x150 bp sequencing, 20M read pairs. Initial
quality control of RNA-sequencing was done using FASTQC39! and Samtools392. Initial
control metrics included sequence counts, mean sequence quality, per base sequence
content, per sequence GC content, sequence length distribution, adapter content, and
duplication levels. All samples passed quality control with high quality base content,
but all samples included high levels of adapter content. To address this, I performed
an additional trimming step to remove adapter sequences from my raw sequencing
reads using Trimmomatic®?3. Following trimming, quality control was re-assessed
confirming that adapter contamination had been rectified. Then, we proceeded to

mapping the reads to the Grch38 human genome using the STAR aligner?* and
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standard ENCODE parameters. Read mapping quality control was assessed by the

fraction of uniquely mapped reads (Figure 4.4).
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Figure 4.4. Quality control of RNA-sequencing after trimming reads. (A) percentage of uniquely
mapped reads to genome. (B) Number of mapped reads that can be allocated uniquely and ambiguously
to genes for all RNA-sequencing samples. N=30 WAD?2 blood samples total.

Gene expression was quantified by counting the overlaps between mapped reads3%* and
the ENSEMBL gene set annotation GRC.h.38.88 using HTSeq. All analyses were
carried out in R. Raw sequencing counts were normalised for library size using
DESeq23%. A negative binomial distribution was fitted to normalised read counts and
a Wald test determined differential expression between conditions, controlling for
gender and age strata. Normalised counts were log2 transformed for visualisation and
correlation analysis purposes. Following completion of the study, data will be made

publicly available under managed access through GEO/dbGAP.
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Genes that were significantly differentially expressed were assessed for correlation with
clinical variables of whiplash-related symptoms and nerve pathology. I used Pearson
correlation coefficients to assess for the strength and significance in correlation between
the identified dysregulated genes and measures of pain and nerve pathology at six-

month follow-up.

4.7. Sample size estimations

Sample size calculations for objectives 2 - 4 were performed using G*Power software
(version 3.1.9.6)3%6. The RNA-sequencing sample size for Objective 6 was calculated
using RnaSeqSampleSize397. The primary sample size for this longitudinal cohort study
is based on the multiple linear regression model used to answer my main hypothesis in
Objective 4. Samples sizes for objectives 1 and 5 were not calculated, as these are

secondary exploratory objectives in this study.

Objective 2 - Acute skin biopsy: 68 WAD2 participants and 34 healthy control
participants (80% power, 5% significance, 0.53 effect size) would allow the detection
of a 20% smaller difference in intraepidermal nerve fibre density in the acute stage

compared to healthy controls based on our previous cohort of participants with chronic

WAD240.

Objective 3 - Serum marker of nerve pathology: Based on a previous study analysing

plasma neurofilament light chain concentrations in participants after acute traumatic
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non-brain injury trauma compared to healthy controls,?! n = 15 participants are
required in each group to detect a significant difference (d = 1.4, power = 0.95. a0 =

0.05) using a two-sided independent t-test.

Objective 4 - Measures of nerve pathology as a prognostic factor: A sample size of
69 provides 80% power to detect a squared partial correlation of 13% between 6-month
disability scores (NDI) and NfLL measures (mean concentration and z-scores). This
corresponds to a medium effect size f2=0.15, in a linear regression model at a 5%
significance level, controlling for the known factors age, sex and initial NDI allowing

for 20% drop-out (N = 55 paired WAD2 participants are required for final model).

Objective 6 - RNA-sequencing: Based on previous RNA-sequencing in blood for
participants after whiplash injury®**, N = 15 participants per group (moderate-severe
pain vs minimal pain) will yield 80% power to detect 56 prognostic genes out of 10,000
(assuming minimum fold change log2 = 2.0, FDR 5%, 100 reads per prognostic gene,

and dispersion of 0.16).
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D

Characterising acute nerve pathology in WAD2

5.1. Aims

The aim of this chapter is to evaluate the presence of nerve pathology and neuropathic

pain in participants with acute WAD2. To do this, I will investigate:

1)

The clinical certainty of neuropathic pain.

2) Somatosensory neurological assessments using clinical and quantitative
sensory testing (QST).

3) Serological measure of nerve pathology using neurofilament light chain.

4) Histological analysis of small fibre nerve pathology  using
immunohistochemistry in skin biopsies.

5) Validity and accuracy of bedside clinical tests to detect somatosensory loss
of pathology in acute WAD2.

5.2. Methods

Chapter 4 includes detailed descriptions of all methodologies and statistical analyses

used for this chapter.
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5.3. Results

5.3.1. Participant characteristics

Figure 5.1 shows the study flow diagram for acute WAD2 and healthy control
participants included in the study. One-hundred and thirty participants with acute
WAD2 (median age: 35.5 years, 57.7% female), and 67 healthy controls (median age:
43.0, 55% female) completed baseline assessment (Table 1). The combined healthy
control cohort is derived from three testers (JF, CR, and AS). The ages between each
collected healthy control cohort are significantly different between each tester (P <
0.0001), which limits the ability to assess inter-rater reliability between assessors
(Supplemental Table 1). The median BMI for acute WAD2 is 26.5 (SD 7.9) and 24.5
(SD 5.7) for controls. Most people with acute WAD2 are back at work since the
accident (76%). Rear impact is the most common collision direction (36.9%) occurring
at speeds greater than 10 mph (55.4%). Nearly one-third of participants (31.5%) report
anticipating the impact occurring before it happened. Lastly, a minority of participants

(28.4%) report being involved in litigation due to the collision.
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Assessed for eligibility (n = 755)

Excluded (n = 625)

» Not meeting inclusion criteria (n = 316)

A

e Declined to participate (n = 175)
o Other reasons (cancelled, unreachable,
unavailable) (n = 134)

A
N=99 N=31
Total acute WAD2
N=130
Healthy controls Oxford Brighton
N=41 N=14
Total healthy
controls
N=b5

Figure 5.1. Flow diagram of included study participants for acute WAD2 and healthy controls.

Approximately 75% of acute WAD2 participants report using medication due to the
accident. This includes the use of paracetamol (59%), nonsteroidal anti-inflammatories
(56%), and nearly one-third of participants using codeine. The use of diagnostic
investigations varies, including 35% receiving radiographs, 14% computerised
tomography scans, 4% MRI, and 1.5% report nerve conduction studies acutely
following the collision. Participants report the use of nonpharmacological treatment
including 25% attending physiotherapy and 5% having osteopathic/chiropractic
treatment. Participant medication use is predominantly from paracetamol (59%

[77/130]) and NSAID use (56.2 % [73/130]). Weak opioids (tramadol, codeine, co-
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codamol, co-dydramol, or co-proxamol) are reportedly used by 32.3 % (42/130) of
WAD?2 participants. Additional reported medications include diazepam (3% [4/130]),
deep heat (1.5% [2/130]), diclofenac (0.8% [1/130]), amitriptyline (0.8% [1/130]), and

etoricoxib (0.8% [1/130]).

Supplemental Table 3 shows acute WAD2 participants range of motion limitations.
Most participants present with acute limitations in active cervical movement (range
51% - 66%). Shoulder movement is also impaired in approximately one-third of
participants with greater movement limitations identified on participants’ symptomatic

side.
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Acute WAD2

Healthy controls

Number of participants 130 67

Age (med/IQR) 35.5 (21.8) 43.0 (31)
Gender (med/IQR) 57.7% (75/130) 55% (37/67)
BMI (med/IQR) 26.5 (7.9) 24.5 (5.7)

Returned to work

76% (99/130)

Collision direction (%)
rear
forward
side

36.9% (48/130)
27.7% (36,/130)
35.4% (46/130)

Personal speed at collision (%)

slow (<10 mph) 14.6% (19/130)
fast (>10 mph) 55.4% (72/130)
stopped 29.2% (38/130)
unable to recall 0.8% (1/130)
Anticipated collision % 31.5% (41/130)
Currently in litigation 28.4% (37/130)

Conservative management
Physiotherapy
Osteopathy /Chiropractic

25.4% (33,/130)
5.4% (7/130)

Currently using medication due to

74.6% (97/130)

whiplash
Paracetamol 59% (77/130)
NSAIDs 56.2 % (73/130)
Weak opioids 32.3 % (42/130)
Others:
Diazepam 3% (4/130)
Deep heat (patch, rub) 1.5% (2/130)
Diclofenac 0.8% (1/130)
Amitriptyline 0.8% (1/130)
Etoricoxib 0.8% (1/130)
Investigations
MRI 3.8% (5/130)
Radiographs 34.6% (45,/130)
Nerve conduction study 1.5% (2/130)
CT scan 13.8% (18/130)

Table 5.1. Baseline demographic data for acute WAD2 participants and controls. Data are
presented as median/interquartile range (IQR) or as percentage (%). All parameters in Table 5.1 were
subjectively reported; BMI (kg/m?) was calculated from subjective reports of height and weight.
NSAID medications included any of the following medications not requiring prescription within the
United Kingdom: ibuprofen or naproxen. Weak opioids included: tramadol (n=2), codeine, co-
codamol, co-dydramol, or co-proxamol.

Abbreviations: BMI: body mass index; MRI: magnetic resonance imaging; CT: computerised
tomography, NSAID: nonsteroidal anti-inflammatory.
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5.3.2. Acute symptom profiles

Nearly all acute WAD2 participants report having current symptoms due to the
whiplash injury (97% [126/130]; Table 5.2). The cervical spine is the primary site of
pain (93% [121/130]). Participant reports of the side of primary symptoms was
predominantly on the right (60% [77/130]; Figure 5.2A and Table 5.2). The median
severity of whiplash symptoms using VAS is 35/100 (IQR 33; Figure 5.2B and Table
5.2). A significant portion of participants also report radiating symptoms past their

shoulders (58% [75/129]) and subjective sensory changes (42% [54/129]).

Participant reported outcome measures indicate moderate levels of neck-related
disability using the NDI with a median score of 15 (IQR 10, Table 5.2). Measures of
emotional state using several self-reported measures indicate moderate levels of
stress and posttraumatic stress symptoms. This is calculated from the DASS-42
anxiety subscale (median 12, IQR 12), IES-R scale (median 26.5, IQR 28.3) and
PTSD-8 (median 17, IQR 10). Symptoms suggestive of posttraumatic stress disorder
(PTSD) are present for 51% and 40% using the PTSD-8 and IES-R questionnaires,

respectively.

Levels of general depression and anxiety do not reach cut-off thresholds of
significance using DASS subscale scores (depression median 5.5, IQR 11.3; anxiety
6, IQR 9). There are no signs of elevated pain-related worrying at group level using

the PCS (median 13, IQR 17). Pain-related worrying is present in 14% of acute
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WAD?2 participants using PCS cut-off scores. The mean EQ-5D-5L health index

value is 0.73 (SD 0.19).

Contralateral Contralateral
side side

Most symptomatic
side

Most symptomatic
side

100%

Figure 5.1. The cervical spine and shoulders were the most prevalent symptomatic areas. The
body diagram shows the percentage and location of whiplash-related symptoms for participants
with acute WAD2. Areas in the body diagram locations without colour were not recorded. Each
side was defined according to participants reported most symptomatic side and corresponding
contralateral side.

5.3.3. Neuropathic Pain

The likelihood of neuropathic pain using the NeuPSIG grading system for individual
participants indicates 36.9% (48/130) are classified as unlikely, 27.7% (36,/130) as
possible, and 35.4% (46/130) as probable neuropathic pain. Median painDETECT
scores of 9.5 (IQR 9) do not indicate the WAD2 group are likely having neuropathic
pain at group level. Ten percent of acute WAD2 participants (13/130) are graded as

likely having a neuropathic component using the painDETECT.
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Figure 5.2. Acute WAD2 pain characteristics. (A) Visual analogue scale (VAS) of participant-
reported severity of whiplash symptoms at baseline testing (0-100). (B) Distribution of the
certainty of neuropathic pain for individual acute WAD2 participants using the Neuropathic Pain
Special Interest Group (NeuPSIG) Grading System. (C) Distribution of the total number of
symptomatic areas per acute WAD?2 participant as selected from the above body diagram.
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Table 5.2. Baseline participant reported outcome measures.

Count Acute WAD2
Current symptoms 126,/130 97%
Side of primary symptoms (right, %) 77/130 59%
Current whiplash-related symptom VAS (med/IQR) 130 35 (33)
Current pain (med/IQR) 120 4 (3.3)
Strongest pain (med/IQR) 120 8 (2)
Average pain (med/IQR) 120 6 (1.2)
Radiating symptoms (past the shoulder) 75/129 58%
Subjective sensory change (e.g., numbness, tingling) 54/129 42%
Neck Disability Index (med/IQR) 127 15 (10)
Mild 5/127 4%
Moderate 53/127 42%
Severe 69/127 54%
PainDETECT (med/IQR) 120 9.5 (9)
Likely neuropathic 13/120 11%
Uncertain 39/120 33%
DASS-42: depression (med/IQR) 124 5.5 (11.3)
DASS-42: anxiety (med/IQR) 124 6 (9)
DASS-42: stress (med/IQR) 124 12 (12)
EQ-5D-5L (Index value; mean/SD) 122 0.73 (0.2)
PTSD-8 total (med/IQR) 122 17 (10)
Likely PTSD 62/122 51%
Impact of Events Scale - Revised (med/IQR) 108 26.5 (28.3)
Probable PTSD 43/108 40%
Pain Catastrophizing Scale (med/IQR) 117 13 (17)
Likely catastrophizing 16/117 14%

Data are presented as median (IQR), mean (SD), or percentage (%). Neck Disability Index scoring:

mild <5, moderate 5-14, and severe >15. Current, strongest, and average pain levels were taken
from the corresponding questions within the painDETECT questionnaire. PainDETECT scoring;:
likely neuropathic (>>18/38), uncertain (>12/38). PTSD-8 scoring: likely PTSD (>18/32). Impact of
Events Scale scoring: probable PTSD (>33/88). Healthy control participants did not complete self-

reported outcome measures and, per inclusion criteria, did not have any neck or arm symptoms.
Abbreviations: DASS: Depression Anxiety and Stress Scale; IQR: interquartile range; med: median,
PTSD: posttraumatic stress disorder; PCS: Pain Catastrophizing Scale; SD: standard deviation;

VAS: visual analogue scale.
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5.3.4. Neurological assessment

Neurological dysfunction is identified throughout the upper extremity in participants
with acute WAD2 (Figure 5.3). Per inclusion criteria, all healthy control participants
present with normal bedside neurological assessments. Overall, 37.7% of acute
WAD?2 participants are classified as having normal neurological bedside assessments.
The type of neurologic dysfunction includes 40% with only loss of function, 8.5%
with only gain of function, and 13.8% that have a mixed presentation including both
loss and gain of function (Figure 5.3A). Similarly, pinprick is the most dysfunctional
loss of function parameter (37.7%), followed by reduced light touch (20%), reduced
thermal detection (19.2%), weakness (10.8%), and hyporeflexia (0.8%) (Figure
5.3B). Heightened pinprick sensation is the predominant clinical test indicating gain

of function (20.8%) followed by light touch gain of function (6.2%).

Neurological dysfunction is predominantly identified as loss of function on
participants’ most symptomatic side (Figures 5.3C - 5.F). C6 is the most affected
innervation territory (26.2% loss of function, 10.8% gain of function; Figure 5.3C)
followed by T1 (20% loss of function, 8.5% gain of function). There are minimal
signs of upper extremity neurological dysfunction present contralateral to the
primary symptom side (Figures 5.3D and 5.3F). Nerve dysfunction on the
contralateral side is below 7% for both gain and loss of function measures (Figure

5.3D). Participants’ main pain area shows the greatest amount of nerve dysfunction
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(Figures 5.3E - 5.3F). The main pain dysfunction is primarily loss of function on the

symptomatic side (48%).

Participants with acute WAD2 present with an anatomical spread of nerve
dysfunction (Figures 5.3G - 5.H). Over one-third of participants have loss of function
in two or more segmental innervation territories (36.25%, Figure 5.3G).
Approximately 19% have loss of function within only one segmental area. Nine
percent have gain of function in only one segmental area and approximately 14%

present with gain of function at two or more levels (Figure 5.3H).
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Figure 5.3. Neurological assessment demonstrates upper extremity hypoaesthesia in a subgroup
of people with acute WADZ2. (A) Categorisation of upper extremity neurological assessment for acute
WAD?2, including measures for strength, reflexes, light touch, pinprick, and thermal coins. (B) Type
and percentage (%) of tests contributing to measures of neurological dysfunction. (C-D) Percentage
of neurological loss and gain of function in the C5-T1 innervation territories, including strength,
reflexes, light touch, pinprick, and thermal coins. Panel C shows most symptomatic side and panel D
shows the contralateral side. (E-F) Percentage of bedside small fibre testing for neurological loss and
gain of function within the symptomatic index finger and main pain area. Tests included pinprick,
warm and cool coins. Panel E shows the most symptomatic side and panel F shows contralateral side.
(G) Total number of upper extremity dermatomal segments with loss of function (LOF) per
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participant. (H) Total number of upper extremity dermatomal segments with gain of function (GOF)
per participant.

5.3.5. QST shows subgroup of acute WAD2 with sensory hypoaesthesia.

At group level, sensory detection thresholds are significantly reduced over the index
finger for cold (Z = -2.1, P<0.001), warm (Z = -1.0, P<0.001), sensory thermal
limen (Z = -1.0, P<0.001), mechanical detection (Z = -1.4, P<0.001) and vibration
detection (Z = -4.2, p<0.001) in acute WAD2 compared to controls (Figure 5.4A).
There are no significant differences in cold, heat, or mechanical pain thresholds, or
mechanical pain sensitivity in acute WAD2 compared to controls. Additionally, there
are no significant differences in windup ratio or pressure pain thresholds for acute
WAD2 compared to controls. As these are exploratory analyses, I only correct p-
values for the joint null hypothesis that none of the 11 QST measurements are

different from baseline.

Deterministic phenotypic clusters of acute index finger QST results designate 66.9%
as healthy, 20% as mechanical hyperalgesia, 6,9% as thermal hyperalgesia, and 6.2%
as sensory loss. Deterministic phenotyping excluding the healthy sensory phenotype
designate 48.9% as thermal hyperalgesia, 30.9% as mechanical hyperalgesia, and

20.2% as sensory loss.

There is a significant decrease in cold detection thresholds at the tibialis anterior (Z

= -1.3, P<0.01) in acute WAD2 compared to controls (Figure 5.4B). No significant
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differences are identified in warm detection or pressure pain thresholds at the tibialis
anterior in acute WAD2 compared to controls.

Supplemental Figure 5.3 shows the number of abnormal QST parameters per acute
WAD2 participant (defined as z-score £ 1.96). Overall QST loss of function is present
for 66% of participants, with 42% of participants demonstrating loss in two or more
QST parameters (e.g., cold, warm, mechanical detection). Overall signs of gain of
function are present in 48% of participants, with 32% of participants having an

increase in only one QST parameter.

Supplemental Figure 5.2 shows the complete details for the percentage of abnormal
acute WAD2 QST parameters at the index finger (defined by z-scores = + 1.96).
Overall, there is a larger subgroup presenting with abnormal loss of function
parameters compared to gain of function parameters. The most frequent abnormal
QST parameters in acute WAD2 include warm detection (33.1%), mechanical
detection (28.6%), thermal sensory limen (23.6%), and warm detection (22.8%). The
most frequent gain of function QST parameters for acute WAD2 include mechanical
pain sensitivity and thresholds (15% and 13.5%, respectively), and pressure pain
thresholds (11.9%). There is also a greater percentage of acute WAD2 participants
with loss compared to gain of function at the leg with 18.1% having abnormal cold
detection, 11% with abnormal warm detection, and 6.3% with abnormal pressure

pain thresholds.
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Figure 5.4. Reduced sensory detection thresholds at the index finger and tibialis anterior in
acute WAD2 compared to healthy controls. (A) QST measured at the index finger in acute
WAD?2 and healthy controls. Due to ceiling effects of VDT, there are three VDT z-score values less
than -30, which are out of figure range (indicated as §). The three missing values include z-score =
-39.76, -79.7, -59.79. (B) QST measured over the tibialis anterior in acute WAD2 and healthy
controls. Index finger data includes n=124 acute WAD2 and n=61 controls. Leg data includes
n=111 acute WAD2 and n=33 controls. An independent two-sided t-test was used for each
comparison. ¥*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Abbreviations: CDT: cold detection threshold; CPT: cold pain threshold; HPT: heat pain
threshold; MDT: mechanical detection threshold; MPS: mechanical pain sensitivity; MPT:
mechanical pain threshold; PPT: pressure pain threshold; TSL: thermal sensory limen; VDT:
vibration detection threshold; WDT: warm detection threshold; WUR: wind-up ratio
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5.3.6. Serum marker of nerve pathology

Based on a previous study demonstrating acutely elevated plasma NfL levels in non-
TBI traumatic injury?!, T hypothesised there would be an acute increase in serum
NfL in WAD2 compared to healthy controls. There are significant increases in both
absolute serum NfL concentrations (p < 0.05) and serum NfL z-scores (p < 0.01) in
participants with acute WAD2 compared to age and sex-matched controls (Figure
5.5, Table 5.3). Exploratory analysis of dichotomised serum NfL z-scores (high NfL
= z-score > 1.5%3%8) shows a trend toward increased whiplash symptom scale and TES-
R scores, as well as decreased cold and warm detection thresholds in the group with

elevated NfLL (Supplemental Figures 5.1-5.2).

There are no significant correlations for absolute or z-score serum NfL values and

clinical measures of nerve pathology (Table 5.5).
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Figure 5.5. Elevated serum NfL levels in acute WAD2 compared to healthy controls. (A)
Increased absolute serum NfL concentrations in acute WAD2 compared to controls. Mann-Whitney
U test was used for comparison. (B) Increased serum NfL-age and BMI adjusted z-score values in
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acute WAD2 compared to controls. An independent two-sided t-test was used for comparison.
Data from N=91 acute WAD2 and n=30 controls. *P < 0.05; **P < 0.01.
Abbreviations: NfL: neurofilament light chain.

Table 5.3. Serum NfL levels in acute WAD2 and controls.

Acute WAD2 Controls P-value
Serum NfL concentration (pg/mL) - 7.13 (5.31) 5.24 (3.53) 0.016
median (IQR)
Serum NfL z-scores (mean/SD) 0.016 (1.35) -0.766 (1.18) 0.004

Comparison of absolute serum concentrations was done using a Mann-Whitney U test. Comparison
of NfLL z-scores was performed using an independent two-sided t-test.

Abbreviations: NfL: neurofilament light chain, SD: standard deviation, IQR: interquartile range.
(IQR).

Histological analysis of skin biopsies

There is no significant difference in intraepidermal nerve fibre densities at the index
finger (p = 0.17) or distal leg (p = 0.78) between acute WAD2 and controls (Figures
5.6A, 5.6C, and Table 5.4). Similarly, there is no significant difference in the number
of Meissner corpuscles measured at the index finger in acute WAD2 compared to
controls (P = 0.62; Figure 5.6B). There is also no significant correlations between
the intraepidermal nerve fibre density of acute WAD2 participants at the index finger

and the clinical measures of nerve pathology (Table 5.5).
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Figure 5.6. No change in intraepidermal nerve fibre density at the index finger or distal leg in
acute WAD2 compared to controls. (A-D) representative images of skin immunohistochemistry
taken at the index finger and distal leg in a participant with acute WAD2 and age- and sex-
matched healthy controls. Arrows represent epidermal nerve fibres and the dashed line indicates the
dermal-epidermal border. Dotted line indicates dermal-epidermal border. (E-F) Preserved
intraepidermal nerve fibre densities and Meissner corpuscles at the index finger of participants with
acute WAD2 compared to controls. (G) preserved intraepidermal nerve fibre densities at the distal
leg in participants with acute WAD2 compared to controls. Mann-Whitney U tests were used for
each comparison.

178



Table 5.4 Intraepidermal nerve fibre densities at the index finger and distal leg were preserved
acutely after injury.

Acute WAD2 | Controls | p-value
Index finger
Fibres/mm 9.9 (6.1) 8.72 (3.8) 0.17
Meissner’s corpuscles 0.62
(number,/mm) 0.62 (0.7) 0.64 (0.5)
Distal leg
Fibres/mm 7.8 (6.3) 8.7 (6.1) 0.78

Data presented as median (IQR). Index finger skin biopsies were taken from the volar aspect of the
proximal phalanx of the index finger for all participants. Index finger skin biopsies for acute WAD2
were taken from the most symptomatic side and from the non-dominant side for controls. Mann-
Whitney U test was used for comparison. Index finger data includes N=62 acute WAD2 and N=38
controls. Distal leg data include N=39 acute WAD2 and N=21 controls.

Abbreviations: IQR: interquartile range.

Table 5.5. Associations of measures of nerve pathology with reported outcomes.

Av Subj Sensor
'g sensory Y| Headache CDT WDT MDT
pain loss
change
Absolute NfL -0.09 0.014 -0.04
concentration | (1.0) o) |00 (1.0) | -0.12 (1.0) | -0.06 (1.0) o) | U (1.0)
0.04 0.03 -0.20
NfL z-score (1.0) o) | 00 (1.0) | -0.04 (1.0) | -0.21 (1.0) o) |02 (1.0)
-0.14 0.00 0.15
Index IENFD (1.0) (o) | 000 (1.0) | 0.01 (1.0) | 0.21 (1.0) o | OU (1.0)

Data are presented as Spearman ranks coefficients and corresponding adjusted p-values using
Holm’s method. ‘Sensory loss” was taken from subjective participant reports, included symptoms of
numbness, tingling, burning, weakness, etc. ‘Headache’ (taken from question 5 of the NDI) was
used a surrogate marker of potential concussive-like symptoms.

Abbreviations: Avg: average; Subj: subjective; NfL: Neurofilament light chain; CDT: cold detection
thresholds; WDT: warm detection thresholds; MDT: mechanical detection thresholds; Abs:
absolute; IENFD: intraepidermal nerve fibre density.
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5.3.7. Bedside clinical tests show moderate agreement but limited validity to
detect somatosensory loss of pathology in acute WAD2.

There is moderate agreement between QST and clinical bedside tests for cold, warm,
and mechanical detection thresholds (Table 5.6). No significant correlation is
identified between QST parameters for cold, warm, or mechanical detection
thresholds and corresponding bedside tests. Phi correlation coefficients show
negligible (cold and warm detection) to weak correlations (mechanical detection
thresholds). This indicates moderate agreement but minimal validity for the use of

coins and cotton wool in detecting cool, warm, and mechanical detection thresholds

as compared to QST.

Table 5.6. Validity of clinical sensory to assess somatosensory loss of function compared to QST
parameters for cold, warm, and mechanical detection.

Parameters Agreement (%) FiShe(r;‘:fj:; best Phi Coefficient
CDT - cool coin 61.2% 0.54 -0.07
WDT — warm coin 72.7% 0.70 0.04
MDT - cotton wool 71.9% 0.08 0.18

Data only included acute WAD2 participants measured at the index finger; no healthy control data
was included. Criteria for QST z-score loss of function cut-off values: z< -1.96 for loss of function.
Abbreviations: CDT: cold detection threshold; WDT: warm detection threshold; MDT: mechanical
detection thresholds; QST: quantitative sensory testing.

Table 5.7 shows the accuracy of thermal coins and cotton wool for detecting
somatosensory loss of function compared to a corresponding QST z-scores (cut-off:
-1.96). All three clinical bedside tests have low sensitivity (range 0.08 — 0.10) but
high specificity (range 0.88 — 0.99). Mechanical detection using cotton wool has the

highest positive predictive value (0.75; 95% CI: 0.33 - 1.17). Thermal coins have
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similarly low positive predictive values compared to QST (cool: 0.23; 95% CT 0.05 —

0.54; warm: 0.30; 95% CT 0.07 — 0.65). Negative predictive values are similar for cool

(0.66; 95% CI 0.56 — 0.75), warm (0.77; 95% CI 0.68 — 0.84), and cotton wool (0.72;

95% CI 0.63 — 0.80). The highest positive likelihood ratio is for cotton wool (7.08;

95% CI 0.76 — 65.83), followed by warm (1.36, 05% CI 0.038 — 4.92), and cool testing

(0.61, 95% CI 0.18 — 2.09). Negative likelihood ratios are similar for all three tests,

including cool (1.06; 95% CI 0.94 — 1.19), warm (0.97, 95% CI 0.85 — 1.19), and

touch testing (0.93; 95% CI 0.84 — 1.03).

Table 5.7. Accuracy of clinical bedside to test somatosensory loss of function compared to QST.

Parameters Sensitivity Specificity PPV NPV + LR -LR
CDT - 0.07 0.88 0.23 0.66 0.61 1.06
cool coin (0.02 -0.20) | (0.78 —0.94) | (0.05-0.54) | (0.56 —0.75) | (0.18 —2.09) | (0.94 — 1.19)
WDT — 0.10 0.92 0.30 0.77 1.36 0.97
warm coin (0.02-0.27) | (0.85—-0.97) | (0.07-0.65) | (0.68—0.84) | (0.38 —4.92) | (0.85—1.11)
ﬁﬁfn_ (0 020?% 29) 0.99 0.75 0.72 7.08 (0.76 — 0.93
wool ’ ' (0.94 - 1.0) (0.19 -0.99) | (0.63 —0.80) 65.83) (0.84 — 1.03)

Data only included acute WAD2 participants measured at the index finger and are presented as:

value (95% confidence intervals); no healthy control data was included.
Abbreviations: CDT: cold detection threshold; WDT: warm detection threshold; MDT: mechanical

detection thresholds; QST: quantitative sensory testing, PPV: positive predictive value; NPV:

negative predictive value; + LR: positive likelihood ratio; - LR: negative likelihood ratio.

5.3.8.

NfL z-scores.

Ability of bedside clinical tests or clinical variables to predict acute

Clinical bedside tests for loss of function at the index finger, including cool, warm,

and pinprick sensation, do not predict acute serum NfL z-scores in acute WAD2 (p
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> 0.05; Table 5.8). I identify a similar trend using density plots of participants with

high levels of NfLL and lower WDT thresholds (Supplemental Figure 5.2).

Table 5.8. Clinical factors did not predict acute absolute serum NfL concentrations.

Parameter Coefficient estimate Standard error P-value
Cool coin -2.76 3.70 0.46
Pinprick -1.07 3.17 0.74
Total‘ number loss of 0.50 0.81 0.54
function

Cool + warm + pinprick 141 344 0.68

+ total loss of function
Data only included acute WAD2 participants; no healthy control data was included. Bedside

clinical tests for cool coin, warm coin, and pinprick were performed at the index finger and
dichotomised into loss of function or normal. Linear regression included age as covariate for each
model.

5.4. Discussion

The primary aim of this chapter was to investigate the extent and location of nerve
pathology and neuropathic pain in acute WAD2. While nerve pathology has been
identified in chronic WAD, the acute presence is inadequately understood. My
findings suggest that a subgroup of people with acute WAD2 present with signs of
nerve pathology and neuropathic pain. The likelihood of neuropathic pain in my
acute WAD2 cohort was 35% using the NeuPSIG grading scale and 11% using the
painDETECT questionnaire scores. Functional nerve pathology was common with a
prevalence of 53.8% determined by clinical assessment and 66% using QST. The
prevalence of structural nerve pathology derived from serum NfL z-scores was 13%

and 1.6% from skin biopsies.
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Demographic variables were comparable to other WAD2 cohorts.

The baseline characteristics of my cohort, including age, sex, BMI, and acute neck-
related disability, were similar to other prospective WAD2 cohorts!6:34:59:398  The
frequency of returning to work and litigation status were also comparable to
previously published findings. Approximately 76% of WAD2 participants in my
cohort had already returned to work at baseline testing (within one month after
injury). This finding is consistent with a systemic review showing a median of 95%
of people after whiplash returning to work®%. Only 25% of participants in my cohort
were involved in litigation due their injury. While data on litigation trends in the
UK are limited, a study from the largest whiplash cohort in England revealed that

66% - 81% of participants filed claims3°.

In addition to demographic similarities, treatment patterns in my cohort were similar
to current recommended guidelines. Self-reported management for my WAD2 cohort
align with the UK National Institute of Health and Care Clinical Knowledge
Summary?®3. This includes participant use of analgesic medication for symptom relief
(75% of our cohort) and physiotherapy referral (approximately 25% of participants).
Although medication is commonly recommended following whiplash injuries, there
is no randomised controlled trial looking at its effectiveness™. The use of weak
opioids acutely in my cohort was 32.3%, which is nearly identical to a large US
cohort of participants after trauma (predominantly motor vehicle collision) that

reported 29% received acute opioids®?. Importantly, this study also identified a
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significant association between acute opioid exposure and increased odds of
subsequent opioid use three months following injury®’. Acute opioid use may be an
important consideration for subsequent recovery and continued medication use after

whiplash injuries.

Posttraumatic stress was a common psychological sequela in acute WAD?2.

A significant subgroup of acute WAD2 participants, ranging from 40% to 51%,
exhibited symptoms of posttraumatic stress from questionnaire data. Predictably,
the questionnaire-based measures of posttraumatic stress in my cohort are slightly
higher compared to a recent systematic review that measured the clinical diagnosis
of PTSD three months after whiplash injury (range 9% - 22%)%. Measures of other
psychological sequelae were not significant at group level. Median scores did not
indicate signs of state levels of anxiety, depression, or stress. Similarly, pain-related
worrying was only present in 14% of my cohort. Posttraumatic stress is a common
sequela, thought to influence persistent pain, and is associated with poor recovery
in WAD#5:46.175.400 - Ag such, the influence of posttraumatic stress is an important

element to consider in my cohort that I will discuss in later sections.

Moderate levels of neck and arm pain were present acutely.
The neck was the primary location of pain in my cohort, which aligns with previous
findings®”. However, reports of pain outside of the neck was also common in

participants with acute WAD2. Fifty-eight percent of my cohort reported radiating
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symptoms past their shoulder and 42% reported feeling changes in sensation (e.g.,
numbness, tingling, weakness). These values are broadly aligned with my systematic
review in WAD (Chapter 2), which identified 10 studies reporting arm and shoulder
pain and five studies reporting signs of paraesthesia after whiplash injuries?l. My
cohort findings indicated these painful areas to be more frequent on the primary
symptomatic side and rarely extending below the elbow. I did not collect pain data
for other anatomical areas (e.g., lumbar spine or lower extremities). Previous studies
of whiplash injury have reported symptoms outside of the upper extremities3839:402,

but this was not the focus of my study.

A subgroup presented with signs of neuropathic pain.

Over one-third of participants with acute WAD2 presented with signs of probable
neuropathic pain using the NeuPSIG grading system. Importantly, the grading of
probable neuropathic pain included not only nerve-related symptoms (e.g., burning,
tingling, electric shocks) but also loss of sensory function within the main pain
areal?%. Over 60% of my acute WAD2 cohort was classified as having at least possible
neuropathic pain. My systematic review did not identify any other studies that used
the NeuPSIG grading on data from individual participants. However, I
retrospectively applied the NeuPSIG grading criteria at study level in my systematic
review (Chapter 2), which identified 38% of studies suggesting possible neuropathic

pain and another 38% as probable.?0! These findings are strongly aligned with our
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current cohort indicating that a subgroup of participants classified as WAD2 do
present with neuropathic pain characteristics.

I also classified the likelihood of neuropathic pain using painDETECT scores. Only
11% of WAD2 participants were classified as likely having neuropathic pain using
the painDETECT. Although the painDETECT hasn’t previously been used in
WAD, it has shown to be a valid tool in similar conditions, like cervical radiculopathy
and non-specific neck and arm pain. It is important to note however that
questionnaire-based classification to detect neuropathic pain has previously been
suggested to miss up to 30% of participants who do have clinically diagnosed
neuropathic pain®3. Questionnaire-based classification likely does not provide the
sensitivity that can be achieved using detailed clinical examination that is included

in the NeuPSIG classification.

The identification of neuropathic pain in a majority of my acute WAD2 cohort is
clinically relevant. Neuropathic pain has been shown to have greater psychosocial
burdens and requires different treatment strategies compared to non-neuropathic
conditions'?. Although approximately one-third of WAD2 participants presented
with signs of neuropathic pain, treatment for neuropathic pain was limited. Only
one participant (0.8%) received a first-line neuropathic pain medication
(amitriptyline) and two (1.5%) reported use of a second-line medication (tramadol).
Similar to my findings after acute whiplash, epidemiological studies have reported

dissonance between the presence of neuropathic pain and matching treatment!93:404,
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International treatment guidelines for WAD currently do not include
recommendations for using neuropathic pain medications. This is an important
consideration, as the treatment of neuropathic pain is suggested to be distinct from
other pain mechanisms8%19. Chapter 7 includes a detailed discussion of the clinical

implications of neuropathic pain in WAD.

My study, which is the first to use the NeuPSIG grading system in WAD, shows
nearly one-third of acute WAD2 present with neuropathic pain. This is a substantial
subgroup that is potentially not receiving effective treatment. Though there
currently are no randomised controlled trials assessing the efficacy of neuropathic
pain medications in WAD, recent feasibility and pilot studies suggest it is a feasible
and tolerated approach for WAD treatment” 7. However, high quality randomised
controlled trials are needed to evaluate the effectiveness of first-line neuropathic pain

medications in WAD.

A subgroup of WAD2 exhibited a spectrum of functional and structural changes
indicative of nerve pathology.

It is well accepted that the severity of whiplash injuries can include a large spectrum
from no signs of injury (grade 0) to complex traumatic fractures (grade 4). It is
conceivable that a similar spectrum occurs for nerve pathology. The mean prevalence
of frank nerve pathology from studies using electrodiagnostic testing was 32% in my

systematic review (Chapter 2)%1. Caution on the interpretation of this prevalence is
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warranted, however, as the mean was derived from 16 studies that primarily only
included participants with positive findings and was not a representative sampling
of WAD. Frank lesions to the central nervous system can also occur, as evidence by
participants with traumatic brain injury*® and frank spinal cord injuries following
motor vehicle collisions?®. Yet, participants with frank nerve lesions to the
peripheral or central nervous constitute a minority, with most graded as WAD2,
indicating the absence of such pathology01-407,

There is however increasing evidence that suggests a subgroup of WAD2 present
with more subtle signs of nerve pathology#?!. The findings in this chapter corroborate
the presence of nerve pathology in a subgroup of my cohort, as shown using a range
of modalities. Signs of acute nerve pathology include the presence of neuropathic
pain, widespread sensory hypoaesthesia, and elevated levels of NfLL with preserved
nerve fibre densities at the index finger. Collectively, these findings suggest signs
indicative of central nervous system pathology rather than a predominantly
peripheral source. Importantly, these findings were only present in a subgroup of my
WAD?2 cohort and in a heterogenous manner. In the following sections, I will describe

each finding in detail.

Peripheral spinal nerve injury is unlikely for most WAD2 participants.

A hallmark of postganglionic nerve lesions includes is a reduction in intraepidermal
nerve fibre densities. The preservation of nerve fibre densities identified in my study

limits the likelihood of somatosensory hypoaesthesia arising from postganglionic

188



nerve injury. Importantly, the median timeframe of my acute assessment was 24 days
after injury, which would theoretically allow for Wallerian degeneration to occur if
present08:409  The findings of preserved nerve fibre densities, in part, may be
explained by the anatomy of peripheral nerves. Compared to the dorsal roots, the
epineurium in postganglionic peripheral nerves is more robust and protective of
injury compared to the dorsal roots*'0-412, Preclinical models of whiplash injury
emphasise the susceptibility of cervical nerve root injury due to their decreased
ability to withstand pressure gradient changes compared spinal nerves!'36. The dorsal
root ganglia are also unlikely to be the main source of the identified pathology as
evidenced by previous studies in humans with ganglionopathy demonstrating
reduced intraepidermal nerve fibre densities from skin biopsies compared to
controls*3:414, In addition to nerve fibre loss, preclinical models of dorsal root ganglia
injury also typically present with signs of sensory hypersensitivity after the injury.
Both findings contradict the findings in my acute WAD2 cohort. Accordingly,
analysis of group-level data suggests that the signs of nerve pathology in my WAD?2
cohort are unlikely to occur from peripheral spinal nerve or dorsal root ganglia

injuries.

Injury to multiple cervical dorsal nerve roots may be possible for a subgroup of

WAD2 participants.

Multiple anatomical explanations are hypothesised to make nerve roots more

susceptible to injury compared to spinal nerves. Nerve roots lack an epineurium and
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perineurium, have less endoneural collagen, and include more intricate
vasculature?!%415 Injury to multiple cervical nerve roots is one potential explanation
for the widespread upper extremity hypoaesthesia seen in my cohort. A porcine
model of whiplash injury provides support for nerve root injury by demonstrating
altered pressure gradients within the spinal canal due to rapid head and neck
movements!36, Other animal models of nerve root injury also suggest that rapid
compression of the spinal canal may induce changes to multiple vertebral levels
compared to a slower onset*!15416, In this rapid compression injury model, intraneural
oedema formation was observed and believed to result from heightened
microvascular permeability in the endoneural capillaries*'>417, Theoretically,
intraneural oedema resulting from nerve displacement may alter the nutritional
supply of the nerve*'2:415 potentially impacting multiple nerve roots surrounding the
injury. Previous research has shown associations between signs of oedema and
neuroinflammation to nerve pathology and neuropathic pain'6Y. This hypothesis may
help explain the more widespread signs of sensory hypoaesthesia observed in my

cohort.

Preclinical models of nerve root compression injuries suggested to also cause changes
in the corresponding dorsal root ganglia include signs of neural oedema and reduced
blood flow*!8, Compared to spinal nerve crush models, preclinical nerve root injuries
also demonstrate less neuronal apoptosis in the dorsal root ganglia and less

mechanical hypersensitivity*9420, This is in alignhment with my findings of preserved
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intraepidermal nerve fibre densities and sensory hypoaesthesia. Collectively,
subsequent oedema to the cervical nerve roots and dorsal root ganglia may be one
explanation for my findings of neuropathic pain and nerve pathology. This injury
however may not only be isolated to the nerve roots but may include changes at the
central nervous system level. Spinal nerve root injury has also shown spinal cord
dysfunction??!. Preclinical models suggest that oedema from spinal nerve root

injuries may cause alterations in blood flow affecting the spinal cord*!2.

Central nervous system pathology may be another explanation for the findings in

my cohort.

A subtle injury to the spinal cord may result in widespread upper and lower
extremity hypoaesthesia, as identified in a subgroup of my cohort. Alterations to the
spinal cord in my cohort may come from direct cord compression or secondary effects
of oedema within the spinal canal. Theoretical models have suggested that spinal
cord compression can occur with whiplash injuries when canal stenosis is present.
Acutely elevated NfL levels with preserved nerve fibre densities also support

potential for central nervous system dysfunction.

Previous findings from a small cohort of WAD2 have shown worse outcomes for
participants with increased radiological findings, which included the presence of
stenosis for 63% (5/8)%22. Signs of spinal cord pathology have also been shown in

previous WAD2 cohorts. Though debate exists on the severity of its presence, signs
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of spinal cord pathology have previously been reported in WAD2, including changes
to spinal cord white matter tracts in non-recovered participants using MRI!15:423,424

and impaired voluntary plantar flexor activation23424,

When considering additional injury mechanisms, a mild TBI/concussion is also
plausible after whiplash injury and shares many similar symptoms as WAD (e.g.,
headache, dizziness, fogginess). Mild TBI however typically presents with higher
levels of NfL, which may limit this possibility in my cohort and discussed in detail
below. The temporal patterns of nerve pathology within my cohort will also help
elucidate potential origins of my identified pathology (Chapter 6). Summarising the
potential injury from the rapid mechanism of whiplash is unlikely to result in isolated
damage. As such, injury to both the dorsal nerve roots and central nervous system

may occur. I will now discuss each aspect of my findings in greater detail.

Elevated serum NfL levels identified structural nerve pathology in a subgroup of
acute WAD2 participants.

The significant increase in serum NfL levels in acute WADZ2 suggests that a subgroup
exhibit signs of axonal injury. This increase was not only identified from absolute
NfL concentrations in age and sex-matched controls, but also when comparing age-
and BMI-adjusted z-scores. Although similar serological methodologies were used to
derive the z-score values388, the NfL z-score values in my acute and control cohort

are relatively low. This finding may be due to inter-assay differences in NfLL testing.
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However, my values do normalise at the six-month follow-up (see Chapter 6). This
difference may also be from stricter inclusion criteria used for my healthy control
cohort compared to the cohort used to derive the z-score values3®®. For example, I
screened each healthy control participant with an in-depth neurological assessment,
which wasn’t included in the healthy control cohort from the z-score derivation

study3%8.

Data from my deep phenotyping in acute WAD2 suggests that signs of nerve
pathology may arise from the cervical nerve roots or spinal cord. The following
sections will provide further context on how NfL plays a role in pinpointing the

source of nerve pathology.

Elevated NfL is unlikely to arise from peripheral nerve injury.

One possibility for increased acute NfL levels is from a direct peripheral nerve injury.
The findings from my systematic review of blood-based biomarkers in Chapter 3
demonstrate the possibility for elevated NfL levels from the peripheral nervous
system. Only one previous study assessed levels of NfLL in WAD using cerebrospinal
fluid from seventeen participants with WAD grade 3 (with a frank nerve lesion)*2°.
This study found three WAD participants with increased acute NfL levels compared
to healthy controls*?®. Another study demonstrated an acute increase in plasma NfL
within ten days after sustaining a non-TBI traumatic injury??!, but did not provide

corresponding neurological assessment data. However, contextualising my NfL values
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with my acute clinical factors does not suggest NfL is from a purely peripheral

source.

Clear signs of traumatic brain injury are not present in acute WAD2.

Another hypothesis for increased NfL in acute whiplash is due to a traumatic brain
injury. NfLL after traumatic brain injury (TBI) has been more extensively studied
than in the peripheral nervous system. Studies measuring acute levels of NFL after
TBI show much greater acute NfL: concentrations compared to my findings (e.g., 500
pg/mL in TBI vs 7 pg/mL in WAD2)??!. My study inclusion criteria deliberately
limited the possibility of participants who experienced a TBI; I excluded participants
who experienced loss of consciousness, diplopia, drop attacks, dysarthria, or
dysphagia. Overall, it is unlikely that my findings of increased NfL. arose from a

severe TBI but may arise from a milder brain injury.

Concussion, also referred to as mild TBI, does share more commonalities to whiplash
injuries than severe TBI. These similarities include symptoms of headache, dizziness,
and cognitive impairment!10:426-429 Using similar serological analysis, Shahim et al.
report higher but comparable median serum NfL. concentrations in participants one
month after mild TBI compared to my WAD?2 cohort (30 pg/mL in mild TBI vs 7
pg/mL in WAD2)430, However, both mild and severe TBI typically show increased

NfL levels that persist for months after injury291:430-433. My six-month follow-up data
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could help elucidate the similarities or differences in nerve pathology in WAD?2

compared to mild TBI (see Chapter 6).

Spinal cord pathology may explain acutely elevated NfL levels in WAD2.

The final possibility for raised NfL levels could be from trauma to the spinal cord.
Small cohort and case studies have suggested possible spinal cord injury in
participants with WAD2423424 Although I did not identify any studies measuring
NfLL in spinal cord injured participants following whiplash, there is increasing
literature on acute NfL levels following spinal cord injury. The trends of peak NfL
concentrations in the acute phase of spinal cord injury are comparable to the high
levels following severe TBI (200 - 400 pg/mL seven days after injury)*3%435,
Participants in my study were not likely to be included with frank spinal cord injury
as any participants who presented with any signs of hyperreflexia, ataxia, or
paralysis would have been excluded. Though it is less likely that my elevated NfL
levels occurred from a frank spinal cord injury, subtle damage to the tracks of the
spinal cord or cervical nerve roots following whiplash is theoretically possible and

has been suggested as a mechanism in some patients!15423:424,

Histological signs of small nerve fibre pathology were not present at the index
finger or distal leg.
There were no significant differences in acute intraepidermal nerve fibre densities at

the index finger or leg in participants with acute WAD2 compared to age- and sex-
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matched controls. Although my bedside assessments and QST identified functional
small nerve fibre changes, these findings suggest there are not structural signs of
acute small nerve fibre pathology at the index finger. I obtained acute skin biopsies
approximately 3 weeks after injury. This timeline would theoretically allow for the
process of Wallerian degeneration to occur postganglionically (at approximately two
weeks?08:409) - A this is a group-level comparison, it is possible that some participants

with acute WAD2 may still have small fibre nerve pathology.

Although there is no published normative nerve fibre density data for the index
finger, a previous study in carpal tunnel syndrome found a reliable cut-off for
detecting small fibre pathology was 7.1 fibres/mm?™. However, this cut-off does not
account for age, which is known to inversely correlate to nerve fibre densities. To
adjust for this discrepancy, I created normative nerve fibre densities from my healthy
control data for each age decade (Supplemental Tables 5.4 - 5.5, Supplemental Figure
5.5). Using this criteria, 1.6% (1/62 with acute skin biopsies) of my acute WAD2

cohort would be classified as having small fibre nerve pathology from skin biopsies.

The findings of preserved intraepidermal nerve fibre densities and Meissner
corpuscles at the index finger suggest a postganglionic nerve injury did not occur in
most participants in my cohort. Previous studies of unilateral peripheral nerve
injuries commonly show signs of reduced intraepidermal nerve fibre densities with

accompanying sensory hypoaesthesia. This has been seen in carpal tunnel
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syndrome?®0:27 complex regional pain syndrome (type 1)*6 and peripheral nerve
injury of the lower limb*7. My systematic review of nerve pathology in WAD
(Chapter 2) did not identify any studies assessing acute nerve fibre density in WAD.
One study identified reductions in nerve fibre densities in participants with chronic
WAD?2 at the index finger and no changes at the distal leg?. This small nerve fibre
pathology however was from a group of 24 participants with chronic symptoms
persisting for a median 5 years after their injury*?. The identified reduction in nerve
fibres in chronic WAD2 could therefore be caused by a range of different factors
besides a frank nerve lesion (e.g., systemic inflammation!6 reduced activity

levels®3®).

Another consideration for the preservation of nerve fibres in my acute WAD2 cohort
may be due to the location of the skin biopsy. I chose to take skin biopsies from the
index finger as this has previously shown changes in the chronic stage and represents
the area of the most affected innervation territory from my systematic review
(Chapter 2). My acute clinical assessment also identified C6 as the most affected
innervation territory. However, I identified widespread changes that occurred
throughout the upper extremity. Thus, I would not have identified small fibre nerve

pathology if present outside a C6 distribution.
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Sensory hypoaesthesia was present in a subgroup of acute WAD2.

I identified widespread sensory hypoaesthesia throughout the upper extremity. As
discussed above, my phenotypic data suggest the origins of nerve pathology likely
stem from the cervical nerve roots or spinal cord in my acute WAD2 cohort. I will

contextualise the literature regarding sensory hypoaesthesia.

Clinical neurological assessment

I identified signs of nerve dysfunction throughout the upper extremity (C5 - T1).
My clinical neurological assessment indicated a predominant hypoaesthesia
phenotype. Of note, sensory hypoaesthesia occurred in a range of modalities, but
predominantly affected the small nerve fibres (56.9% small fibre loss of function,
31.6% large fibre loss of function). These findings are supported by previous reports
in participants with acute whiplash injury. Previous studies reporting detailed
description of acute nerve pathology are limited, however two studies assessed signs
of loss of function a mean seven days after whiplash injury. These indicated 10% -
14% had acute signs of cervical radiculopathy (reduced reflexes, strength, and
cutaneous light touch)?33235. T found a similar mean prevalence 13% neurological loss
of function from clinical assessments taken from 16 studies included in my systematic
review in Chapter 2 in both acute and chronic WAD. One possibility for the slightly
higher occurrence in my cohort could result from the more comprehensive battery
of neurological assessment that I used compared to previous studies only using the

typical bedside tests (strength, reflexes, light touch).
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Most participants experienced sensory loss in their primary pain area and within the
C6 distribution. Biomechanical studies of whiplash injury also demonstrate C6 to be
the most consistently affected innervation territory after whiplash injury?439. Nerve
dysfunction within the C6 distribution is consistent with previous findings in both
acute and chronic WAD cohorts*'!. This dysfunction was predominantly identified
within participants’ most symptomatic side. This is akin to previous studies
assessing QST profiles in participants with chronic cervical radiculopathy. Both
studies showed bilateral reductions in cold, warm, and vibration detection thresholds
near the affected innervation territories'®440, The identified contralateral deficits in
this study were however mild and less severe compared to the primary symptomatic

side.

Intriguingly, a previous study of acute WAD showed no side-to-side differences
within individuals for cold and warm detection at the index and little finger and
vibration detection at the thumb and index finger using QST'6. Though the clinical
assessment identified more subtle changes bilaterally, I did not measure QST
bilaterally. This finding, taken from the only other study measuring acute loss of
function in WAD, suggests that the more sensitive detection using QST may indicate
bilateral neural injury (e.g., cervical nerve roots) or pathology of the central nervous
system. However, mild bilateral findings have also been demonstrated in other

unilateral peripheral nerve injuries.
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Per definition of WAD?2, participants were excluded if two or more bedside neurologic
findings were present within the same distribution (e.g., C5 strength loss paired with
C5 sensory hypoaesthesia). Thus, no participants in my cohort had characteristic
signs of a single level sensory and motor cervical radiculopathy (classified as WAD
grade 3). However, I cannot rule out the possibility that a pure sensory radiculopathy
was present for some WAD?2 participants. To further interrogate this possibility, I
analysed the number of anatomical areas with loss of function per participant. I
identified only 18% of participants having a single level loss of function finding
potentially reflecting a single level sensory radiculopathy. Furthermore, over 36% of
participants presented with loss of function in two or more anatomical areas. These
findings suggest a more common widespread sensory hypoaesthesia phenotype
compared to a single-level sign of nerve pathology. My detailed QST results provide

greater understanding to the sensory phenotype in my cohort.

QST at the index finger

In line with my clinical neurological assessment, QST results showed a significant
loss of function in both large and small nerve fibres at the index finger (C6
distribution) in participants with acute WAD2 compared to controls. A recent
systematic review of longitudinal QST profiles in WAD only identified one paper
which assessed sensory loss of function in acute WAD. This study, led by Chien et
al., showed a reduction in cold, vibration, and electrical detection at the index finger

compared to controls!®. Compared to other conditions with similar clinical
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presentations, cervical radiculopathy presented with similar QST profiles compared
to my acute WAD2 cohort. Participants with chronic cervical radiculopathy showed
comparable reductions in thermal and vibration detection thresholds in the most
affected dermatome!89:440, Both the chronic radiculopathy and acute WAD2 cohorts
also did not present with significant increases in gain of function measures!$9440, The
converse QST profiles have been seen in non-specific neck and arm pain. These
studies indicate participants with non-specific neck and arm pain have increased gain
of function to thermal hyperalgesia and a lack of hypoaesthesia measured at the

hand or related dermatomal level of painl7440:441,

Another possibility for acute sensory hypoaesthesia is from secondary mechanisms
that develop after the accident. This includes altered central descending control
mechanisms influencing somatosensory perception, even in the absence of a nerve
lesion?°7:258, T identified moderate levels of posttraumatic stress symptoms in my
cohort. Biological processes related to stress have been suggested to modulate both
nociceptive and anti-nociceptive stimulation along pathways in the neuraxis!32442-
444 Changes related to posttraumatic stress after the collision are unlikely to explain
the current QST somatosensory profiles in my cohort. Previous studies in people
with chronic combat-related PTSD have shown signs of somatosensory
hypoaesthesia, but also show consistent gain of function to thermal pain

thresholds*#5:446, These findings are counter to my QST profiles in WAD2, which do

not show elevated pain thresholds for any measure at the baseline or six-month
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follow-up testing. A previous study of sensory profiles in WAD2 also shows acute
hypoaesthesia occurred independently to measures of psychological distress'6. In
summary, these findings suggest that pathological changes from posttraumatic stress
do not explain the group-level somatosensory profiles in my WAD2 cohort.

I stratified my index finger QST parameters into phenotypic clusters to gain
mechanistic insight from sensory profiling to achieve greater detail of my findings3®7.
This deterministic clustering assigns participants to one of four groups: normal,
thermal hyperalgesia, mechanical hyperalgesia, and sensory loss?%”. I found that a
majority of my cohort was classified as a healthy sensory profile (67%) or with
mechanical hyperalgesia (20%). This is likely because sensory loss parameters are
still included in the mechanical hyperalgesia phenotype3®’. Numerous studies have
identified similar challenges when interpreting the results of the QST clusters to
their overall profiles when considering the full details of their sensory
profiles!®5:447:448 The deterministic nature of this analysis forces a single classification
for each participant that may not comprehensively illustrate their QST phenotype.
I also repeated this deterministic clustering without the healthy sensory profile,
which did not improve the explanation of my group-level QST findings. As such, the
phenotypic clusters in my cohort do not provide additional mechanistic

understanding to my cohort.
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QST at the tibialis anterior

The QST findings for acute WAD2 at the tibialis anterior identified reduced cold
detection, but no differences in warm detection or pressure pain thresholds. My
systematic review (Chapter 2) only identified one other study assessing thermal
detection at the tibialis anterior. This study did not find any significant differences
in a small cohort with chronic WAD?208, My findings of acute cold hypoaesthesia at
the leg could result from numerous possibilities, which may not be mutually
exclusive. Acute spinal cord pathology resulting from the whiplash injury may
explain the cold hypoaesthesia present in a subset of participants. Both an occult
injury or secondary mechanisms (e.g., neuroinflammation) may result in reduced
cold detection thresholds*#. Second, cold hypoaesthesia could result from altered
central processing following whiplash injury. Widespread sensory hypoaesthesia has
been suggested to occur in the absence of apparent nerve lesion?5%260 and may occur
after whiplash injury. The third possibility is that a subgroup of acute WAD?2
participants have reduced cold detection due to the presence of low back pain or
sciatica. It is well-known that low back pain commonly occurs after whiplash injuries
(in up to 63% of participants*?). T however did not collect comprehensive data

regarding the presence of low back pain or sciatica data in my cohort.

It is important to note that, while the finger QST data was properly powered to

compare to controls (n = 7 controls per age decade3®0), T had limited healthy control
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data for the tibialis anterior. These may all be factors to consider when interpreting

the acute reduction in cold detection at the leg.

The absence of mechanical hyperalgesia at the tibialis anterior aligns with numerous
studies of acute and chronic WAD. This is summarised in a recent systematic review
suggesting strong evidence that widespread mechanical hyperalgesia does not occur
at the acute or chronic stages of WAD!8, The acute presence of widespread
mechanical hyperalgesia in participants with WAD has been suggested to only occur

in those who do not recover!®S.

Implications of clinical neurological assessments to detect nerve pathology.
The collective results of the beside testing accuracy indicate moderate confidence
when ruling out findings negative for thermal and mechanical hypoaesthesia and

limitations in interpreting positive test results.

Validity of bedside tests for detecting sensory hypoaesthesia

The concurrent validity of cotton wool and thermal coins showed moderate to strong
agreement in detecting sensory hypoaesthesia compared with their corresponding
QST parameters. Yet, none of the bedside tests showed significant correlations to
QST. To my knowledge, there are no previously published studies assessing the
validity of neurological assessments in cohorts with WAD. My results align with

previous validity in participants with non-specific neck arm pain. This study, which
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used the same bedside neurological testing parameters, indicated similar moderate
agreement with cold, warm, and mechanical detection3. There was a small but
significant correlation to cold detection and cool coins within this study, but all three

parameters showed similar trends to my cohort.

It is important to note that I defined QST hypoaesthesia using the suggested
methodology of z-scores < -1.9637. Although QST is currently the most sensitive
measure for detecting somatosensory dysfunction, this cut-off may be too strict and
miss some participants who may have more subtle signs of somatosensory
hypoaesthesia. Although my findings suggest moderate levels of agreement, care
must be taken when interpreting the concurrent validity of bedside testing for

thermal and mechanical hypoaesthesia in my cohort of acute WAD2.

Accuracy of bedside tests in detecting sensory hypoaesthesia.

I further examined the accuracy of the clinical bedside tests for the detection of
thermal and mechanical hypoaesthesia compared to QST. I identified high specificity
and low sensitivity for all three parameters (cold, warm, and mechanical detection)
in my acute WAD2 cohort. This suggests higher confidence to detect a true positive
finding (confirming hypoaesthesia in those with positive tests) and lower confidence
in detecting a true negative finding (ruling out hypoaesthesia in those with normal

sensation). The limited sensitivity values may also contribute to the lack of
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correlations between bedside neurological assessments and other measures of nerve

pathology.

While comparative studies on the accuracy of bedside neurological testing are scarce,
my results demonstrate similarly high specificity values, but lower sensitivity
compared to two studies with similar methodologies®72451, The first study, assessing
the accuracy of the same thermal coin methodology, compared its efficacy in
detecting small fibre nerve degeneration from skin biopsies in participants with
carpal tunnel syndrome372. In contrast to this cohort, I identified higher specificity
and lower sensitivity for thermal detection thresholds compared to QST. This
divergence might be attributed to the distinct signs of small nerve fibre degeneration
present in carpal tunnel syndrome, which was not present in my cohort. This implies
that the accuracy of thermal detection using coins may vary based on the type of

nerve pathology.

Another study using slightly different bedside tests (cold, warm, and mechanical
detection) in participants with neuropathic pain from a range of aetiologies showed
similarly high specificity but higher sensitivity#>!. The higher specificity in this study
may be attributed to the more specific thermal parameters, involving larger metal
pieces cooled in a fridge or kept at room temperature?!. Collectively, these findings
suggest moderate confidence in identifying participants who have positive tests for

loss of function in thermal detection thresholds using coins and mechanical detection
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with cotton wool in acute WAD2. The lack of positive predictive value limit this,
but still presents with high test specificity. The low levels of sensitivity and negative
predictive values indicate that we cannot be confident a negative test is truly

negative within my WAD2 cohort.

Association of clinical variables with NfL levels

There were no significant correlations between bedside clinical tests and measures of
serum NfL values in participants with acute WAD2. To my knowledge, there is no
previous study assessing NfL correlations with clinical variables in WAD. In
addition, my systematic review and meta-analysis of NfLl in peripheral neuropathies
did not show any previous research comparing NfLL to QST the associations of NfL
and clinical measures of nerve pathology in WAD cohorts with frank nerve injury

(grade 3) may help improve our understanding of its clinical correlations.

In contrast, I did not identify any other variables significantly correlated with NfL
levels. This included a range of participant reported outcomes (pain, sensory loss,
headache severity, severity of posttraumatic stress symptoms). There was also no
correlation with functional or structural measures of nerve pathology (presence of
loss of function using upper extremity clinical assessment, cold and mechanical
detection, and intraepidermal nerve fibre densities at the index finger). Although
less research has been done assessing NfLL in painful conditions, NfL. is commonly

correlated with clinical outcomes in other neurological conditions. This includes
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strong correlations with neurological symptoms and disease severity389452  disease
progression3*3%  and structural neurological changes from MRI??13%, The limited
association of NfLL and clinical variables in my findings may stem from more subtle
signs of nerve pathology that are more difficult to detect when compared to more

frank neurologic injuries (e.g., TBI, multiple sclerosis, Alzheimer’s Disease).

Limitations

There are limitations to consider when interpreting the results of this chapter. First,
I did not reach my target a priori sample size calculation for determining differences
in acute intraepidermal nerve fibre densities in acute WA2 compared to controls. My
original power calculation included n = 68 acute WAD2 and n = 34 controls (2:1
allocation, 80% power, 5% significance, 0.53 effect size). My final analysis included
n = 62 acute WAD2 and N = 38 controls. The small reduction in acute WAD?2
biopsies was primarily due to errors in obtaining skin biopsies and participants not
consenting to provide a biopsy. Although my final analysis provides post hoc power
for a 1.8:1 ratio using the same parameters, I did not reach my initial sample size
estimate. Although unknown, the similarities and distribution of nerve fibre densities
between groups would unlikely be influenced by the addition of 6 acute WAD2

participants.

My study attained full statistical power for the primary nerve fibre density and QST

analysis at the index finger but was not fully powered for the leg. Due to limited
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nerve fibre density and QST leg data, I did not achieve full statistical power. The
inclusion of additional age-matched healthy control leg data may influence the
hypoaesthesia identified for leg cold detection thresholds. I aim to achieve adequately

powered leg QST analysis in my future work.

The generalisability of my cohort is another limitation to consider. Although we
conducted a multi-centre study in two different geographical areas within England,
I recruited and assessed the majority of acute WAD2 participants (76%). My
participants were all from the Oxfordshire area, which may not be representative of
the wider UK population regarding ethnic and sociodemographic features. We did
not collect demographic data related to race or socioeconomic status, which would
have been helpful in better understanding the interpretability of our cohort to

broader populations.

The multicentre nature of our cohort study includes potential variability of testing
parameters. We attempted to mitigate this problem through pilot testing between
myself and the other researcher assessing participants at the Brighton and Sussex
Medical School (CR). As discussed in my Methods (Chapter 4), all clinical measures
used had good inter-rater reliability376-378, Differences however may have still

occurred.
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5.5. Conclusions

Nerve pathology and neuropathic pain were present in a subgroup of participants
with acute WAD2. Acute neuropathic pain was present for over one-third of WAD2
participants using the NeuPSIG grading scale. Functional nerve pathology ranged
from 53.8% to 66% using neurological assessment and QST, respectively. Structural
nerve pathology was present in 13% of WAD2 participants using serum NfL z-scores
and 1.6% from skin biopsies. Summarising the acute phenotypic data suggests
dysfunction to the cervical nerve roots or central nervous system is more likely than

a purely peripheral nerve injury.

Chapter 6 will discuss the results of longitudinal measures of nerve pathology and
neuropathic pain at six-month follow-up timepoint. This will help provide more
detailed understanding of the role nerve injury and neuropathic pain in the transition

to persistent symptoms in participants with WAD2.
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Supplemental Material

Supplemental Table 5.1. Age is significantly different between the three cohorts of
healthy control participants taken from different researchers (JF, CR, AS).

Factor P-value
Age < 0.0001
One-way ANOVA was performed to assess differences in ages between healthy control cohorts tested
by the three researchers of control participants (JF, CR, AS).

Supplemental Table 5.2. Prevalence of neuropathic pain and nerve pathology in
participants with acute WAD2.

Neuropathic pain

NeuPSIG grading scale 35.4% (46/130)

painDETECT 11% (13/120)

Nerve pathology

Clinical neurological assessment 53.8% (70/130)
QST loss of function 66% (82/124)
Serum NfL 13.2% (12/91)

Intraepidermal nerve fibre densities 1.6% (1/62)

(skin biopsies)

Neuropathic pain was defined for the NeuPSIG grading scale as ‘probable’ and painDETECT cut-off
scores >18/38. Nerve pathology was defined in the following categories: the presence of loss of
function upon clinical neurological assessment (strength, reflexes, light touch, pin prick, or
temperature); QST zscores < -1.96 (including CDT, WDT, TSL, MDT, MPT, VDT, CDT-leg,
WDT-leg), serum NfL z-score > 1.5; intraepidermal nerve fibre densities <7.1 fibres/mm at the index
finger.

Abbreviations: NeuPSIG: Neuropathic pain Special Interest Group; NfL: neurofilament light chain;
QST: quantitative sensory testing; CDT: cold detection threshold; CPT: cold pain threshold; HPT:
heat pain threshold; MDT: mechanical detection threshold; MPS: mechanical pain sensitivity; MPT:
mechanical pain threshold; PPT: pressure pain threshold; TSL: thermal sensory limen; VDT:
vibration detection threshold; WDT: warm detection threshold; WUR: wind-up ratio.
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Supplemental Table 5.3. Findings for range-of-motion limitations for participants with acute
WAD2.

Symptomatic | Contralateral

Cervical spine

Cervical flexion 67/130 (51.5%)

Cervical extension 83/130 (63.8%)

Cervical rotation 79/130 (60.8%) 68/130 (52.3%)

Cervical lateral flexion 71/130 (54.6%) 87/130 (66.9%)
Upper extremity

Shoulder flexion 38/130 (29.2 %) 22/130 (16.9%)

Shoulder abduction 41/130 (31.5 %) 20/130 (15.4 %)

Elbow flexion 2/130 (1.5%) 1/130 (0.8%)

Elbow extension 2/130 (1.5%) 1/130 (0.8%)

Elbow supination 4/130 (3.1%) 4/130 (3.1%)

Elbow pronation 1/130 (0.8%) 1/130 0.8%))

Wrist extension 15/130 (11.5%) 8/130 (6.2%)

Wrist flexion 13/130 (10%) 7/130 (5.4%)

Data are presented as number (percentage) of acute WAD2 participants with limitations in the
corresponding anatomical area. A total of N=78/131 (59.5%) reported primary symptoms on their
right side

Supplemental Table 5.4. Intraepidermal nerve fibre density cut-off thresholds at the index finger
per age decade within my healthy control cohort.

Estimated normative nerve fibre density (index finger)
Age Mean fibres/mm SD (of mean fibre Cut-off threshold - 2
decade count) SD (fibres/mm)
20 (n=13) 10.2793746 3.80 2.67
30 (n=7) 13.19 5.51 2.17
40 (n=5) 9.23 1.53 6.17
50 (n—4) 8.56 454 20.52
60 (n=>5) 5.54 2.03 1.48
70 (n=2) 9.23 2.11 5.02

Intraepidermal nerve fibre density cut-off thresholds (index finger) were derived from two standard
deviations below the mean for each age decade. N= 36 healthy controls were included.

Supplemental Table 5.5. Number of acute WAD2 participants with abnormal intraepidermal nerve
fibre densities at the index finger based on healthy control estimates per age decade.

Prevalence of small fibre pathology from skin biopsies at index
finger
Acute
TOTAL 1.6% (1/62)

Linear regression including healthy control participants’ age and index finger intraepidermal nerve
fibre densities was calculated. Corresponding linear regression in Supplemental Figure 5.5 (regression
equation: Y = -0.1191*X + 14.72). Derived from N= 36 healthy control participants.
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Number of abnormal acute QST parameters per participant (LOF)
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Supplemental Figure 5.1. Number of acute WAD2 QST parameters outside of z-scores £ 1.96
for (A) loss of function and (B) gain of function. QST loss of function parameters (z-scores < -
1.96) included: CDT, WDT, TSL, MDT, MPT, VDT, CDT-leg, WDT-leg). QST gain of function
parameters (z-scores > 1.96) included: CPT, HPT, MPT, MPS, WUR, PPT, PPT-leg.
Abbreviations: LOF: loss of function; GOF: gain of function; CDT: cold detection threshold;
CPT: cold pain threshold; HPT: heat pain threshold; MDT: mechanical detection threshold;
MPS: mechanical pain sensitivity; MPT: mechanical pain threshold; PPT: pressure pain
threshold; TSL: thermal sensory limen; VDT: vibration detection threshold; WDT: warm
detection threshold; WUR: wind-up ratio
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Acute WAD?2 loss of function (QST)
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Supplemental Figure 5.2. Percentage of WAD2 participants with QST z-scores outside of standard
range (z-score = + 1.96). (A) Indicates acute changes in loss of function measures. (B) Indicates
acute changes in gain of function measures.

Abbreviations: CDT: cold detection threshold; CPT: cold pain threshold; HPT: heat pain threshold;
MDT: mechanical detection threshold; MPS: mechanical pain sensitivity; MPT: mechanical pain
threshold; PPT: pressure pain threshold; TSL: thermal sensory limen; VDT: vibration detection
threshold; WDT: warm detection threshold; WUR: wind-up ratio.
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Supplemental Figure 5.3. Density plots of the distribution of demographic and clinical variables for
participants with Acute WAD2 dichotomised into high and low NfL z-score values (high z-score cut-off
= 1.5). Symptom scale included whiplash-related symptoms using 0-100 VAS at baseline. Distribution of
headaches (as determined by the NDI) was selected as a measure to assess potential elevations in NfL from

participants with potential concussive-like symptoms.

Abbreviations: PCS: Pain Catastrophisation Scale, PTSD: posttraumatic stress disorder, IES: Impact of
Events Scale-Revised. NDI: Neck Disability Index; LOF: loss of function; NP: neuropathic pain; PDQ:

painDETECT.
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Supplemental Figure 5.4. Density plots of the distribution of QST parameters for participants
with Acute WAD?2 dichotomised into high and low NfL z-score values (high z-score cut-off = 1.5).
Abbreviations: CDT: cold detection threshold; CPT: cold pain threshold; HPT: heat pain threshold;
MDT: mechanical detection threshold; MPS: mechanical pain sensitivity; MPT: mechanical pain
threshold; PPT: pressure pain threshold; TSL: thermal sensory limen; VDT: vibration detection
threshold; WDT: warm detection threshold; WUR: wind-up ratio.
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Healthy control neve fibre densities (index finger)
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Supplemental Figure 5.5. Linear regression of healthy control intraepidermal nerve fibre densities
at the index finger with corresponding age (years).
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6

Temporal patterns of nerve pathology and

factors related to recovery in WAD2.

6.1. Aims:

This chapter is focused on the longitudinal results from the six-month follow-up of
the WAD2 cohort. The overall aims of this chapter are to evaluate the temporal
patterns of nerve pathology and assess if such measures are prognostic. I also used
RNA-sequencing of follow-up blood samples to investigate potential molecular

mechanisms related to persistent whiplash symptoms.

My specific objectives in this chapter include evaluating:

1) Differences in WADZ2 pain phenotypes from acute to six-month follow-up.

2) The temporal patterns of nerve pathology, including clinical assessment,
QST, intraepidermal nerve fibre density, and serum neurofilament light
chain.

3) The prognostic role of functional and structural measures of nerve
pathology for neck-related disability and whiplash-related symptoms.

4) The molecular signature of persisting moderate-severe symptoms in

WAD?2 using RNA sequencing of blood samples.
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6.2. Methods
Chapter 4 includes detailed descriptions of all methodologies and statistical analyses

used for this chapter.

6.3. Results
6.3.1. Symptoms persist in a substantial subgroup of WAD2 participants six
months after injury.

Figure 6.1 shows the study flow diagram and Table 6.1 shows a summary of acute
and follow-up WAD2 participant-reported outcome measures. Eighty-two
participants with WAD2 completed follow-up questionnaires at six months. Of these
82 WAD?2 follow-up participants, 56 also attended an in-person appointment that
included a repeat of all deep phenotypic data collected acutely (clinical assessment,
QST, skin biopsy, and blood sample). Challenges related to participants' absence at
in-person follow-up assessment include the distance to travel to assessment sites,
limited availability of reimbursements for follow-up appointments, and difficulty
contacting participants. The six-month follow-up results show an overall
presentation of recovery for participants with WAD2. Reports of recovery, as
determined by a six-point Likert scale, indicate 28% (23/82) are ‘all better’, 43%
(35/82) have ‘quite a bit of improvement’, 21% (17/82) are ‘some better’, 2% report

‘no improvement’, 5% (4/82) are a ‘little worse’, and 1% (1/82) are ‘much worse’.
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Enrollment Assessed for eligibility (n = 755)

Excluded (n = 625)
o Not meeting inclusion criteria (n = 316)

v

o Declined to participate (n = 175)
oOther reasons (cancelled, unreachable,
unavailable) (n = 134)

Acute Assessment Oxford Brighton
N=99 N=31
Total acute WAD2
N=130
Six-month Completed questionnaires:
N=82
follow-up
In-person assessment:
N=56
Healthy controls Oxford Brighton
N=41 N=14
v
Total healthy
controls
N=55

Figure 6.1. Study flow diagram.
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TABLE 6.1. WAD2 participant-reported outcomes show improvements six-months after

injury.
Acute Follow-up Count follow- p-value
WAD2 WAD2 up WAD2
130 82 completed
questionnaires
Count 56 attended
in-person
assessment
Current symptoms 59% 65% (36/55) 55 NA
(reported yes)
Current whiplash symptom 35 (33) 17.5 (30) 56 < 0.001
VAS (med/IQR)
Mild (<30/100) 38.5% 62.5% 35
Moderate-severe (230,/100) 61.5% 37.5% 21
Current pain (med/IQR) 4 (3.3) 2 (3) 78 0.03
Strongest pain (med/IQR) 8(2) 4 (4.8) 78 < 0.001
Average pain (med/IQR) 6 (1.2) 3(2) 78 < 0.001
Radiating symptoms 58% 27% (14/51) 51
Subjective sensory change 42% 30% (15/50) 50
Neck Disability Index 15 (10) 7 (10) 81 < 0.001
(median/IQR)
Mild 4% 32% 26
Moderate 42% 48% 39
Severe 54% 20% 16
PainDETECT (med/IQR) 9.5 (9) 6 (8.8) 78 0.001
likely neuropathic (>18/38) 11% 3%
uncertain (>12/38) 33% 13%
DASS — depression (med/IQR) 5.5 (11.3) 3 (12) 78 0.85
DASS — anxiety (med/IQR) 6 (9) 4 (8) 78 0.41
DASS — stress (med/IQR) 12 (12) 10 (15) 78 0.84
EQ-5D-5L (Index value; 0.73 (0.2) 0.818 (0.1) 79 < 0.001
mean/SD)
PTSD-8 total (med/IQR) 17 (10) 14 (10) 7 0.03
Likely PTSD 51% 36%
Impact of Events Scale — 26.5 15 (27.5) 75 0.26
Revised (med/IQR) (28.3)
Probable PTSD 40% 23%
PCS (med/IQR) 13 (17) 8 (14.3) 78 0.22
Likely catastrophizing (n/%) 14% 3.8%
Treatment at follow-up 50
Any treatment (at any time) 58% 29/50
Physiotherapy (at any time) 46% 23/50
6% 3/50
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Osteopathy or chiropractic
(at any time) 32% 16/50

Medication (currently taking) 28% 14/50
Paracetamol 16% 8/50
NSAID 2% 1/50
Amitriptyline 2% 1/50
Citalopram

Other 2% 1/50
TENS 2% 1/50

Topical methyl salicylate
(Icy Hot)

Recovery question NA 82
All better 28% 23
Quite a bit of improvement 43% 35
Some improvement 21% 17
No improvement 2% 2
A little worse 5% 4
Much worse 1% 1

Numerical data are presented as median (IQR) when non-parametric, mean (SD) when normally
distributed, or percentage (%) in the case of categorical data. Neck Disability Index scoring: mild
<5, moderate 5-14, and severe >15. Current, strongest, and average pain levels were taken from the
corresponding questions within the painDETECT questionnaire. PainDETECT scoring: likely
neuropathic (>18/38), uncertain (>12/38). PTSD-8 scoring: likely PT'SD (>18/32). Impact of Events
Scale scoring: probable PTSD (>33/88). PCSNSAID use included both pill and topical applications.
Healthy control participants did not complete self-reported outcome measures and, by definition of
inclusion criteria, did not have any neck or arm symptoms. Wilcoxon signed-rank tests were used for
all non-parametric comparisons. Paired t-test was used for normally distributed variables (EQ-5D-
5L index value). Bolded text indicated statistical significance (set at p < 0.05).

Abbreviations: DASS: Depression Anxiety and Stress Scale; IQR: interquartile range; med: median;
PTSD: posttraumatic stress disorder; PCS: Pain Catastrophizing Scale; NSAID: nonsteroid anti-
inflammatory; TENS: Transcutaneous electrical nerve stimulation.

Neck-related disability including all follow-up questionnaires significantly decreased
for WAD2 participants at six-months (median = 7, IQR = 10) compared to acute
timepoint (median = 15, IQR = 10) (V = 421, p < 0.0001). Paired comparison in
only those participants who had paired acute and follow-up data also indicate a
reduction in neck-related disability for most participants at six-months (Figure
6.2A). Trends for whiplash-related symptoms as measured using VAS during in-

person follow-up assessment are also significantly reduced at six-moths (p < 0.0001).
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Paired WAD2 participants with acute (median = 35.5, IQR = 36) and follow-up
data display more heterogeneity regarding recovery of whiplash symptoms at follow-

up (median = 18.5, IQR = 34.5, Figure 6.2B).

Temporal WAD2 symptom profiles

100

75

50

25

Whiplash-related symptoms (VAS)

Acute Follow-up

Temporal neck-related disability levels
50

[ ]
40

30

20 =

NDI scores (0-50)

Acute Follow-up

Figure 6.2. Neck-related disability and whiplash symptoms improve but do not resolve six-months
after injury. (A) Paired participant acute and follow-up WAD2 whiplash related symptom values.
(B) Paired participant acute and follow-up WAD2 NDI scores for neck-related disability. Complete
(unpaired) acute and follow-up analysis is displayed in Table 6.1.

Abbreviations: NDI: Neck Disability Index; VAS: visual analogue scale.
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Overall reports of the current, strongest, and average pain (PainDETECT) are all
significantly reduced at six-months compared to acute timepoints. However, 65% of
follow-up participants report continued whiplash-related symptoms. Additionally,
over one-third report moderate-severe symptoms six-months after injury. The neck
continues to be the primary location of pain (Figure 6.3A). The median current pain
level is 2/10 (IQR 3), median average pain of 3/10 (IQR 2), and strongest median
pain of 4/10 (IQR 4.75) using a numeric rating scale at six-month follow-up. Sixty-
four percent (36/56) report current whiplash-related symptoms when attending the
in-person follow-up appointment. Follow-up reports of radiating symptoms and

sensory changes are present for 27% (14/51) and 30% (15/50), respectively.

6.3.2. Neuropathic pain scores improve at follow-up.

A summary of neuropathic pain grading measures for acute and follow-up WAD?2
are presented in Table 6.2. Neuropathic pain determined using the painDETECT
questionnaire shows a significant reduction at follow-up (median = 6, IQR =8.8)
compared to acute WAD2 (median = 9.5, IQR =9 [V = 325.5, p = 0.001]). Only
three percent were graded as likely neuropathic pain at follow-up and 13% with

uncertain levels of neuropathic pain using painDETECT.

The likelihood of neuropathic pain using the NeuPSIG grading also shows
improvement. Figure 6.3B shows paired acute and follow-up WAD2 participant data.

Seventy-one percent of follow-up WAD2 participants (37/52) present with unlikely,
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6% (3/52) with possible, and 23% (12/52) with probable neuropathic pain. Only
WAD?2 participants who were initially graded as possible, or probable go on to have

some level of neuropathic pain six-months after injury.

A: B:
Participant-level NeuPSIG Grading

\ 1
Most symptomatic / Contralateral Contralateral Most symptomatic

[l Possivie [l Probable | Uniikely

0% il

100%

Temporal patterns of individual neuropathic pain grading

not likely (18)

not likely (37)

possible (11)

S (20 possible (3)
probable

probable (12)

Acute Follow-up

Figure 6.3. Prevalence of neuropathic pain reduces over time in WAD2 participants. (A) The
body diagram shows the percentage and location of whiplash-related symptoms for WAD?2
participants at six-month follow-up. B) Distribution of the certainty of acute neuropathic pain for
individual acute WAD2 participants using the Neuropathic Pain Special Interest Group (NeuPSIG)
Grading System. (C) Temporal patterns of the certainty of neuropathic pain in paired acute and
follow-up participants using the NeuPSIG Grading System. N = 56 follow-up WAD2 completed body
diagram. N = 52 have paired NeuPSIG Grading System data.
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Table 6.2. Signs of neuropathic pain and nerve pathology are present acutely and six-months after

whiplash injury for a subgroup of WAD2 participants.

Acute WAD2

Follow-up WAD2

Neuropathic pain

NeuPSIG grading scale

35.4% (46/130)

24% (12/52)

painDETECT

11% (13/120)

3% (2/78)

Nerve pathology

Clinical neurological

53.8% (70,/130)

24% (13/56)

assessment

QST loss of function 66% (82/124) 64% (32/50)
Serum NfL 13.2% (12/91) 2% (1,/41)
Intraepidermal nerve

fibre  densities  (skin 1.6% (1/62) 8.7% (2/23)
biopsies)

Neuropathic pain was defined using the NeuPSIG grading scale as ‘probable’ and painDETECT cut-
off scores >18/38. Nerve pathology was defined in the following categories: the presence of loss of
function upon clinical neurological assessment (strength, reflexes, light touch, pin prick, or
temperature); QST zscores < -1.96 (including CDT, WDT, TSL, MDT, MPT, VDT, CDT-leg,
WDT-leg), serum NfL z-score > 1.5; intraepidermal nerve fibre densities cut-offs were calculated per
age decades based on my healthy control cohort; full description of calculation is included in Chapter
5, Supplemental Table 6.4.

Abbreviations: NeuPSIG: Neuropathic pain Special Interest Group; NfL: neurofilament light chain;
QST: quantitative sensory testing; CDT: cold detection threshold; CPT: cold pain threshold; HPT:
heat pain threshold; MDT: mechanical detection threshold; MPS: mechanical pain sensitivity; MPT:
mechanical pain threshold; PPT: pressure pain threshold; TSL: thermal sensory limen; VDT:
vibration detection threshold; WDT: warm detection threshold; WUR: wind-up ratio.

6.3.3. Continued levels of posttraumatic stress are present in a subgroup of
participants.

Measures of depression, anxiety, and stress show similarly low values both acutely
and six-months after injury (Table 6.1). Scores for posttraumatic stress using the
Impacts of Events-Revised questionnaire show signs of improvement but are not
significantly better at six-months (median = 15, IQR = 27.5) compared to the acute
phase (median =26.5, IQR = 28.3 [V = 236, p=0.26]). Twenty-three percent of

participants also have signs of ‘probable PTSD’ using the Impact of Events-Revised

scale. The PTSD-8 questionnaire does indicate significant improvement at follow-up
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(median = 14, IQR = 10) compared to acute WAD2 (median = 17, IQR = 10 [V =
284, p = 0.03]). However, 36% of follow-up WAD2 participants are still classified as

‘likely PTSD’.

6.3.4. Majority of WAD2 participants receive treatment related to their
whiplash injury.
Overall, 58% (29/50) of my WAD2 follow-up cohort report receiving treatment due
their whiplash injury (Table 6.1). Nearly half of these participants (46%) received
physiotherapy due to their whiplash injury and only 6% received osteopathic or
chiropractic treatment. Approximately one-third of follow-up participants are taking
medication due to their whiplash symptoms (28%). Of those, the most commonly
used medications six-months after injury include paracetamol (28%) and
nonsteroidal anti-inflammatories (16%). Other treatments at follow-up include
amitriptyline (2%), citalopram (2%), transcutaneous electrical nerve stimulation

(2%), and topical methyl salicylate (Icy Hot, 2%).

6.3.5. Bedside neurological assessment indicates improvement but persisting
hypoaesthesia for a subgroup of WAD2.

Neurologic dysfunction is identified in 63% people with WAD2 acutely and 37% at

follow-up (Figure 6.4A; Supplemental Table 6.1). Abnormal bedside neurological

assessment results at follow-up include 17% with loss of function, 13% with gain of

function, and 7% with mixed (loss and gain) presentations (Figure 6.4A). Loss of
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function at follow-up is predominantly from small nerve fibres (13.3% pin prick,
13.3% thermal coins) and 6.7% from light touch hypoaesthesia (Figure 6.4B).
Abnormalities in gain of function tests at follow-up include 16.7% from pin prick
and 3.3% from light touch hypersensitivity (Figure 6.4B). Upper extremity
neurological assessment (C5-T1 innervation territories) shows limited abnormal
findings (<11% of participants) with a mixed presentation of widespread loss and
gain of function (Figure 6.4C). The identified upper extremity nerve dysfunction is
predominantly seen on the symptomatic versus contralateral side (Figures 6.4C-
6.4D). The greatest amount of nerve dysfunction at follow-up is in participants’
primary pain areas (41% loss of function, 16% gain of function; Figure 6.4E).
Continued loss of function is identified at the index finger, but to a lesser extent on

both symptomatic and contralateral sides (Figures 6.4F-6.4F).
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Figure 6.4. Continued upper extremity hypoaesthesia is present for a subgroup of WAD2
participants six-months after injury using bedside neurological assessment. (A) Acute and follow-
up categorisation of upper extremity neurological assessment, including strength, reflexes, light touch,
pin prick, and thermal coins. (B) Type and percentage (%) of results contributing to abnormal
findings of neurological gain of function (GOF) and loss of function (LOF).

(C-D) Percentage of neurological loss and gain of function in the C5-T1 innervation territories,
including strength, reflexes, light touch, pinprick, and thermal coins. Panel C shows most
symptomatic side and panel D shows the contralateral side. (E-F) Percentage of bedside small fibre
testing for neurological loss and gain of function within the symptomatic index finger and main pain
area. Tests included pinprick, warm and cool coins. Panel E shows the most symptomatic side and
panel F shows contralateral side. N=56 WAD2 follow-up participants were included.
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6.3.6. QST identifies continued sensory hypoaesthesia six-months after injury
for a subgroup of participants with WAD?2.
Figure 6.5 and Supplemental Tables 6.1 and 6.2 show results for all QST testing
performed at the index finger and leg comparing controls, acute WAD?2, and follow-
up WAD2. Means and standard deviations for all QST parameters and participants
are listed in Supplemental Table 6.1. At group level, there is a significant decrease
in detection thresholds for cold (p < 0.001), warm (p < 0.001), thermal sensory
limen (p < 0.0001), mechanical (p < 0.0001), and vibration detection (p < 0.01) in
people with acute WAD2 compared to controls. At follow-up, sensory detection is
reduced for warm (p < 0.05), thermal sensory limen (p < 0.001), mechanical
detection (p < 0.0001). There is also reduced hyperalgesia to pressure pain
thresholds (p < 0.001) compared to controls. Reduced pressure pain thresholds are
the only significantly different QST parameter between acute and follow-up WAD2
participants (p < 0.001). QST at the leg shows no significant differences in thermal
detection or pain pressure thresholds for controls, acute, or follow-up participants

(Figure 6.5B).

Though most QST parameters improved, a subset of WAD2 present with continued
dysfunction at six-month follow-up. Loss of function in at least one QST parameter
(defined as z-score < -1.96) is present in 64% (32/50) of WAD2 participants at
follow-up (Supplemental Figure 6.2A, Supplemental Table 6.1). Over one-third of

follow-up participants (38% [19/50]) present with loss of function in two or more
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QST parameters. QST parameters with higher prevalence of hypoaesthesia at follow-
up include mechanical detection, pressure pain thresholds, and warm detection at

the leg (Supplemental Figure 6.2A).

Gain of function using QST (defined as z-score > 1.96) is present in 43% (22/50) of
WAD?2 follow-up participants (Supplemental Figure 6.1B). Thirty-nine percent
(20/50) have gain of function in only one QST parameter and five percent have gain
in two parameters (3/50). Most QST parameters at follow-up show a reduced
prevalence of gain of function (Supplemental Figure 6.2B). Compared to acute
WAD?2, there is a slightly greater prevalence of follow-up WAD2 participants with
higher cold and heat pain thresholds (z > 1.96). Cold pain increased from 10% to
12% and heat pain thresholds increased from 3.9% to 10.2%. This suggests a larger

subgroup with heat hypersensitivity six-months after injury.
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Figure 6.5. Reduced sensory detection thresholds over the index finger persist six-months after
injury. (A) QST measured over the index finger in acute WAD2, follow-up WAD2, and controls. Due
to ceiling effect of VDT parameter, there are 3 acute WAD2 VDT z-scores less than -30 and out of
figure range (indicated as §). The three missing values include z-score = -39.76, -79.7, -59.79. (B)
QST measured over the tibialis anterior in acute WAD2, follow-up WADZ2, and controls. Index finger
data includes n=124 acute WAD2, n= 50 follow-up WAD2, and n=61 controls. Leg data includes
n=111 acute WAD2, N=47 follow-up WAD2, and n=33 controls. One-way ANOVA tests with Tukey's
Honest Significant Difference post hoc testing were used for comparison between controls, acute, and
follow-up participants. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Abbreviations: CDT: cold detection threshold; CPT: cold pain threshold; HPT: heat pain threshold;
MDT: mechanical detection threshold; MPS: mechanical pain sensitivity; MPT: mechanical pain
threshold; PPT: pressure pain threshold; TSL: thermal sensory limen; VDT: vibration detection
threshold; WDT: warm detection threshold; WUR: wind-up ratio.
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6.3.7. Acutely elevated NfL levels resolve by six-month follow-up for WAD2
participants.
As discussed in Chapter 5, there is significantly increased serum NfL concentrations
in people with acute WAD2 (p < 0.05), but no difference at six-month WAD2 follow-
up compared to acute WAD2 or controls (Figure 6.6, Table 6.3). Participants with
paired acute and follow-up samples show overall reductions in NfLi z-scores over time
(Figure 6.6C). Using the previously established serum NfL z-score cut-offs indicating
pathologically high NfL (z-score >1.5)3% indicate two percent (1/41) have serological

signs of nerve pathology at follow-up (Supplemental Table 6.3).

Table 6.3. Serum NfL levels at six-months are no longer elevated for participants with
WAD2.

Controls | Acute | Follow- | F Sig. Acute v | Acute v | Follow-up
WAD2 | up control | follow- v control
WAD2 up

Serum NfL 5.24 7.13 5.61 362 | P= | padj= | P-adj = P-adj =
concentration (3.5) (5.3) (4.6) 0.03 0.04 0.20 0.69
(pg/mL)
median (IQR)
Serum NfL z- -0.766 0.016 -0.55 5.58 P < | P-adj= | P-adj = P-adj =
scores (1.2) (1.4) (1.1) 0.01 0.01 0.05 0.75
(mean/SD)

Aligned ranks transformation ANOVA with Tukey's post hoc testing was used to compare absolute
serum NfL concentrations. One-way ANOVA with Tukey's Honest Significant Difference post hoc
testing was used to compare NfL z-scores Bolded text indicated statistical significance (set at p <
0.05). N=30 controls, N=91 acute WAD2, N=41 follow-up WAD2 were included for analysis.
Abbreviations: NfL.: Neurofilament light chain; SD: standard deviation; IQR: interquartile range. P-
adj: adjusted p-value. F: F-statistic of one-way ANOVA; Sig: p-value for overall one-way ANOVA
analysis.
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Figure 6.6. NfL levels decrease six-months after injury for WAD2 participants. (A) Absolute serum
NfLL concentrations (pg/mL) in control, acute WAD2, and follow-up WAD2 participants were
compared using aligned ranks transformation ANOVA with Tukey's post hoc testing. (B) Serum NfL
z-scores in control, acute, and follow-up WAD2 participants were compared using a one-way ANOVA
with Tukey's Honest Significant Difference post hoc testing. (C) Paired serum NfL z-scores for acute
and follow-up WAD2 participants with grey lines indicating match acute and follow-up samples.

6.3.8. Intraepidermal nerve fibre densities are preserved six-months after
injury.

There are no significant difference in nerve fibre densities at the index finger or leg

comparing acute WAD2, follow-up WAD2, and controls (Table 6.4, Figures 6.7A,

6.7C). Similarly, there are no significant differences in the number of Meissner

corpuscles at the index finger comparing acute WAD2, follow-up WAD2, and

controls (Table 6.4, Figure 6.7B).
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Figure 6.7D shows similar trends of intraepidermal nerve fibre densities at the index

finger for paired acute and follow-up participant samples. However, there are limited

paired acute and follow-up WAD2 skin biopsy samples due to technique errors in

obtaining samples or participant’s refusal at follow-up (N = 17 total). Figure 6.7E

demonstrates a slight increase in intraepidermal nerve fibre densities for paired

samples six-months after injury compared to acute WAD2, though is from a limited

sample size (N = 19 total paired samples). Using the previously described cut-off

scores for nerve pathology from skin biopsies data at the index finger (Chapter 5),

8.7% (2/23) have signs of intraepidermal nerve pathology at follow-up (Supplemental

Table 6.3).

Table 6.4. Intraepidermal nerve fibre densities at the index finger and distal leg are

preserved six-months after injury.

Acute | Follow-up Controls F Sien Acute v | Acute v | Follow-up
WAD2 WAD2 gn. control | follow-up | v control
Index finger
IENFD
10.8 8.72 P— | Padj= | Padj= | P-adj—
med /IQR 9.9 (6.1) 1.25
(fibres /mm) (10.1) (3.8) 0.30 0.39 0.91 0.37
Meissner’s
corpuscles 0.62 0.64 P= P-adj = P-adj = P-adj =
med/IQR, (0.7) 054 (0.5) (0.5) 030 0.74 0.86 0.75 0.97
(number/mm)
Distal leg
IENFD
P= P-adj = | P-adj = P-adj =
I . . 10.4 (5. . 1 .
med/IQR 7.8 (6.3) 04 (5.9) | 87(6.1) | 0.90 0.41 0.97 0.39 0.63
(fibres/mm)

Index finger skin biopsies were taken from the volar aspect of the proximal phalanx of the index
finger for all participants. Index finger skin biopsies for acute WAD2 was taken from the most
symptomatic side and from the non-dominant side for controls. Aligned ranks transformation ANOVA
with Tukey's post hoc testing was used for all comparisons. Index finger data includes N=62 acute
WAD2, N=23 follow-up WAD2, and N=38 controls. Distal leg data include N=39 acute WAD?2,
N=24 follow-up WAD2, and N=21 controls.
Abbreviations: IENFD: intraepidermal nerve fibre density; IQR: interquartile range; Med: median.
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Figure 6.7. Intraepidermal nerve fibre densities at the index finger and leg are preserved at six-
month follow-up.

(A-F) representative images of skin immunohistochemistry taken at the index finger and distal leg in
a participant with acute WAD2, follow-up WAD2, and age- and sex-matched healthy control. Arrows
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indicate epidermal small nerve fibres and the dashed line indicates the dermal-epidermal border. (G)
Comparison of intraepidermal nerve fibre densities at the index finger in acute WAD2, follow-up
WAD?2, and controls (median/IQR). (H) Comparison of Meissner corpuscles at the index finger in
acute WAD2, follow-up WAD2, and controls (median/IQR). (I). Comparison of intracpidermal nerve
fibre densities at the distal leg in acute WAD2 and controls. (J-K) Paired intraepidermal nerve fibre
densities for acute and follow-up WAD?2 participants at the index finger and leg. Grey lines indicate
paired acute and follow-up samples. Aligned ranks transformation ANOVA with Tukey's post hoc
testing was used for all comparisons. Total index finger samples used for analysis includes n = 62Acute
WAD2, n= 23 follow-up WAD2, n= 36 controls. Total leg samples used in analysis includes n= 39
acute WAD2, n= 23 follow-up WAD2, n= 21 controls. Paired acute follow-up samples for WAD2
participants includes N=17 at the index finger and N= 19 at the leg.

Abbreviations: IENFD: intraepidermal nerve fibre density; IQR: interquartile range.

6.3.9. Measures of nerve pathology are not prognostic in WAD2.

Overall, acute measures of nerve pathology, including NfLL and bedside testing for
small fibre loss of function at the index finger, are not prognostic for neck-related
disability in acute WAD?2 (Table 6.5). This includes acute absolute serum NfL
concentrations (coefficient estimate: 0.01, standard error: 0.06, p=0.86, adjusted r’=
0.25); acute age and BMI adjusted NFL z-scores (coefficient estimate: 0.36, standard
error: 0.57, p=0.53, adjusted r>= 0.25); and bedside tests for small fibre loss of
function at the index finger (coefficient estimate: 0.40, standard error: 1.40, p=0.78,

adjusted r?= 0.25).

Similarly, acute measures of nerve pathology using NfLL and bedside small fibre loss
of function testing in acute WAD2 are not prognostic for whiplash-related symptoms
six months after injury. This includes absolute acute serum NfL. concentrations
(coefficient estimate: 0.01, standard error: 0.25, p=0.97, adjusted r>= 0.11); acute
age and BMI adjusted NFL z-scores (coefficient estimate: -0.52, standard error: 2.31,

p=0.82, adjusted r>= 0.09); and bedside tests for small fibre loss of function at the
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index finger (coefficient estimate: 7.67, standard error: 6.28, p=0.23, adjusted r’=

0.10).

Table 6.5. Acute nerve pathology does not predict neck-related disability or whiplash-related
symptoms at six-months, results of multivariable linear regression.

Neck-related disability
) Overall model
Variable Coe.ﬂiment Std Error P-value adjusted R?
estimate

value
Abs NiL 0.01 0.06 0.86 0.25
concentrations
NIL z-scores 0.36 0.57 0.53 0.25
Clinical loss of 0.40 1.40 0.78 0.25
function
(index finger)

Whiplash-related symptoms

Abs NiL 0.01 0.25 0.97 0.11
concentrations
NIL z-scores -0.52 2.31 0.82 0.09
Clinical loss of 7.67 6.28 0.23 0.10
function
(index finger)

Fach multiple linear regression model included follow-up WAD2 Neck Disability Index scores as the
dependent variable with NfLl as the independent variable controlling for age, sex, and initial Neck
Disability Index scores. N=60 acute WAD2 participants included in regression models.
Abbreviations: NfL: neurofilament light chain.

6.3.10. Trends of acute variables associated with persistent whiplash

symptoms and neck-related disability six-months after injury.

I performed exploratory secondary analyses to investigate potential differences in
variables related to persisting moderate-severe whiplash symptoms and neck-related
disability using kernel density estimation. Acute WAD2 clinical variables with a
higher density trend in moderate-severe whiplash symptoms at six-months include
higher initial whiplash symptoms and neck-related disability, higher painDETECT
and NeuPSIG neuropathic pain grading scores, and higher Pain Catastrophisation

and Impact of Events Scale-Revised scores (Supplemental Figure 6.3). Acute QST
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parameters with higher densities for moderate-severe whiplash symptoms at follow-
up include higher heat pain thresholds and reduced mechanical detection thresholds
(Supplemental Figure 6.4). No other QST parameters show clear trends towards
persistent moderate-severe pain levels at follow-up. Lastly, there are trends for the
use of any treatment for whiplash symptoms and physiotherapy treatment for more
moderate-severe neck-related disability at six-month follow-up (Supplemental Figure
6.5). The use of ibuprofen/paracetamol or weak opioids acutely after injury also
trends towards higher levels of neck-related disability at follow-up. However, clear

trends between groups are difficult to distinguish.

6.3.11. RNA-sequencing of WAD2 blood samples six-months after injury

reveals sex-dependent effects in persistent pain.

Six-month follow-up blood samples from a total of 30 WAD2 participants were used
for RNA-sequencing analyses. There are 15 participants per group (minimal
persistent pain and moderate/severe persistent pain) with equal distribution of sexes
between groups (n = 7 females/group). All samples were assessed for RNA
degradation and passed initial QC with a RIN > 8. Quality Control of the raw
sequencing reads was performed using FastQC/MultiQC and assessed the yield
(Mean = 28.2, SD = 5.75 million read pairs), the per sequence / per base Phred
quality score show no reduction of the mean Phred quality at the read extremities
and all samples have an average Phred > 35, the GC content, the length distribution

and over-representing sequences or adapter contaminations. An over-representation
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of adapter sequences was found so reads were trimmed for Illumina adapters using
trimmomatic. The percentage of uniquely mapped reads is excellent (Median =

91.75, IQR = 1.8) and cook’s distance analysis reveals no outliers.

There is only one significantly differentially expressed gene when comparing minimal
pain and moderate/severe pain controlling for age group and gender. This is the
pseudogene ENSG00000243495 (Table 6.6 and Supplemental Figure 6.6). Stratifying
moderate/severe pain versus minimal pain between sexes and analysing males and
females separately, while controlling for age, does show significantly differentially
expressed genes (Figures 6.8A - 6.8B). In females, there are four significantly down-
regulated genes in the moderate/severe pain group (SWT1, HLA-DQA1, HEBP1,
NECTIN2) and one pseudogene is upregulated (TEKT4P2). There is only one
significantly downregulated gene for moderate/severe pain versus minimal pain in
males (MXRAT7) and one significantly upregulated gene (HLA-G). Principal
component analysis showed that most of the observed variance can be attributed to

sex differences, rather than differences between moderate/severe and minimal pain.

(Figure 6.8C).
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Table 6.6. Differentially expressed genes in participants with moderate/severe pain versus minimal
pain six-months after WAD2.

Differential gene expression (combined group)
Base log2Fold | Lfc SE | stat P- P-adj wt symbol
Mean Change value
?NSG0000024349 0.29 14.87 2.98 4.98 | 6.26%07 | 0.03 1 NA
Differential gene expression (females)
gNSGOOOOOllGGS 1444.90 -0.68 0.15 -4.48 | 7.59%06 | 0.06 1 SWT1
ENSG0000019673 E-09 HLA-
5 942.10 -1.20 0.21 -5.78 | 7.48 0.00 1 DQA1
?NSG0000001358 278.00 -0.94 0.17 -5.51 | 3.53E-08 | 0.00 1 HEBP1
ENSG0000013020 132.22 -2.43 0.52 -4.68 | 2.89E-06 | (.04 1 NECTIN2
?NSGOOOOOlSSGS 20.31 1.66 0.36 4.59 | 4.34806 | 0.04 1 TEK2T4P
Differential gene expression (males)
4ENSG0000018253 144.38 -1.41 0.31 -4.61 | 4.07%9 | 0.09 1.48 MXRAT7
ENSG0000020463 44.28 1.51 0.34 450 | 6.71806 | 0.09 1.51 HLA-G

Abbreviations: lfc: log fold change; p-adj: adjusted p-value; wt: weight.

Correlations of log2 normalised gene expression, using the condition-aware regularised
log transformation, and measures of whiplash symptoms, neck-related disability, and
nerve pathology are shown in Table 6.7. HLA-DQA1 has a strong negative correlation
with both whiplash-related symptoms (r = - 0.61, p = 0.02) and the likelihood of
neuropathic pain using painDETECT (r = -0.62, p = 0.01). All other genes (SWT1,
HEBP1, NECTIN2, MXRA7, HLA-G) do not demonstrate any significant correlations

after strict comparisons for multiple testing.
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Table 6.7. Correlation of log2 normalised gene expression and clinical measures of whiplash
symptoms, disability, and nerve pathology at six-month follow-up.

HLA-DQA1 SWT1 HEBP1 | NECTIN2 | MXRAT7 HLA-G

NDI total score -0.40 (0.79) | -0.51 (0.15) | -0.17 (1.0) | -0.29 (1.0) | 0.04 (1.0) | 0.39 (0.98)
Average pain
(painDETECT) -0.20 (1.00) -0.28 (1.0) | -0.08 (1.0) | -0.08 (1.0) | 0.03 (1.0) | 0.45 (0.45)
PainDETECT -0.04
total score -0.62 (0.01) | -0.29 (1.0) | -0.35 (1.0) | -0.14 (1.0) (1.0) 0.26 (1.0)
Whiplash -0.06
symptoms -0.61 (0.02) | -0.54 (0.10) | -0.32 (1.0) | -0.33 (1.0) (1.0) 0.36 (1.0)
Neuropathic pain 0.05
grading -0.54 (0.09) | -0.42 (0.61) | -0.23 (1.0) | -0.32 (1.0) (1'0) 0.03 (1.0)
(NeuPSIG) '

-0.14
CDT 0.18 (1.0) 0.05 (1.0) 0.02 (1.0) | 0.10 (1.0) (1.0) 0.11 (1.0)
WDT 0.11 (1.0) 0.44 (0.54) | 0.18 (1.0) | 0.14 (1.0) | 0.12 (1.0) | 0.17 (1.0)
MDT 0.27 (1.0) 0.16 (1.0) | -0.09 (1.0) | -0.18 (1.0) | 0.23 (1.0) | -0.17 (1.0)

Data are presented as Pearson correlation coefficients and adjusted p-values using Holm’s method in
brackets. Bolded text indicated statistical significance (p < 0.05). CDT, WDT, and MDT were taken
from the index finger at six-month follow-up.

Abbreviations: NDI: Neck Disability Index, NeuPSIG: Neuropathic Pain Special Interest group of the
International Association for the Study of Pain; CDT: cold detection thresholds; WDT: warm detection
thresholds; MDT: mechanical detection thresholds.
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Figure 6.8. Differential gene expression and principal component analysis from RNA-sequencing of
blood samples six-months after whiplash injury. (A-B) Differential expression analysis comparing
moderate/severe pain to minimal pain in WAD2 participants separated by sex. (C) Principal component
analysis plot separated by sex comparing moderate/severe pain versus minimal pain showing variance
between principal components 1 and 2.

Abbreviations: PC: Principal component; FDR: false discovery rate; LFC: log fold change
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6.4. Discussion

The main aims of this chapter were to assess the temporal development of nerve
pathology and assess its prognostic role for neck-related disability and whiplash-related
symptoms in WAD2. Acute signs of nerve pathology and neuropathic pain improved
for most participants six-months after injury. There was however a subset of
participants with WAD2 that presented with continued dysfunction. Neuropathic pain
at follow-up ranged from 3% - 23% using the painDETECT and NeuPSIG grading
scale, respectively. Similarly, there were indications of both functional and structural
nerve pathology six-months after injury. Functional nerve pathology measured with
clinical assessment and QST was the most prevalent pathological measure at follow-up
(range 24% - 64%). Structural signs of nerve pathology ranged from 2% using serum

NfL and 8.7% from skin biopsies.

The selected measures of nerve pathology did not appear prognostic for neck-related
disability or whiplash-related symptoms in WAD2. Multivariable linear regression
modelling suggests measures of acute nerve pathology were not prognostic in my WAD?2
cohort. Exploratory analysis however suggested that higher levels of acute neuropathic
pain, posttraumatic stress symptoms, and decreased mechanical detection thresholds
may be related to non-recovery, though heterogeneity was present. A detailed molecular
understanding of persistent symptoms was further analysed using RNA-sequencing

from blood samples
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A secondary aim included exploring molecular mechanisms of moderate/severe
persistent pain using RNA-sequencing. Transcriptional profiling in participants with
moderate/severe pain versus minimal pain six-months after injury did not show any
significant changes. Though, there were several significantly expressed genes that were
apparent after stratifying groups by sex. Significantly dysregulated genes showed a sex-
dependent pattern of immune system regulation, though multiple biological functions
were implicated in the identified genes. The results of my RNA-sequencing analysis
point towards sex-dependent biological mechanisms of persistent pain. While these
results are intriguing, this preliminary analysis needs further exploration and

validation.

The overall results of this chapter show improving but continued signs of neuropathic
pain and nerve pathology six-months after whiplash injury. These findings warrant

greater clarity. I will discuss each element in greater detail in the below sections.

Most WAD2 participants experience persistent symptoms six-months after injury.

Though whiplash-related symptoms showed signs of improvement for WAD?2
participants six-months after injury, persistent symptoms continued for most
participants. Thirty-seven percent reported continued moderate-severe whiplash-
related symptoms and 68% reported persistent moderate-severe neck-related disability
six-months after injury. Comparable to previous longitudinal WAD cohorts, recovery

trajectories for neck-related disability revealed over half of my WAD?2 cohort continued
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to have at least moderate levels of neck-related disability disability?!2352, Posttraumatic
stress symptoms also remained elevated for a subgroup of my WAD?2 participants at
six-months, ranging from 23% - 36%. This aligns with previous longitudinal cohorts
indicating persistent posttraumatic stress symptoms lasting months to years after

whiplash injury!74212:352:453,

Most participants (67%) continued to have whiplash-related symptoms six-months
after injury. This included over one-third experiencing moderate-severe symptoms.
Persistent neuropathic pain also continued to be present for 21% using the NeuPSIG
grading criteria. As seen in Figure 6.2, only those with some level of acute neuropathic
pain continued to have neuropathic symptoms at six-months. Equally, participants who
did not present with acute neuropathic pain did not develop neuropathic pain at six
months. Although no previous WAD cohorts have tracked neuropathic pain
longitudinally, one study in participants with broader traumatic injuries showed very
similar findings. Rosenbloom et al. show that 21.4% of participants with acute
neuropathic pain after traumatic injury continued to have moderate-severe neuropathic
pain at 4-month follow-up#?*. Similarly, I identified trends of higher levels of acute
neuropathic pain with participants who continue to have moderate-severe pain at six-
months. This is important, as neuropathic pain has greater psychological burden and

requires different treatment strategies than non-neuropathic conditions!'9,
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The overall treatment patterns in my WAD2 cohort align with UK National Institutes
of Health and Care Excellence guidelines and illustrate typical treatment patterns for
WAD263. Sixty-eight percent of my WAD2 cohort reported seeking treatment for their
whiplash-related symptoms. This included physiotherapy (46% [23/50]) and
osteopathic or chiropractic treatment (6% [3/50]). Additionally, 28% (14/50) reported
continued medication use due to their whiplash injury, which predominantly included
non-steroidal anti-inflammatories and paracetamol (28%, and 16%, respectively). No
participants who attended a follow-up appointment reported continued use of a weak
or strong opioid. Interestingly, only two follow-up participants reported using a first-

line neuropathic pain medication (amitriptyline and citalopram)34.

Though neuropathic pain was present in a subgroup of both acute and follow-up
participants, current international treatment guidelines for whiplash do not include
neuropathic pain medications™?83, Interestingly, my longitudinal data show
neuropathic pain at follow-up was only present in WAD2 participants who had reports
of at least possible neuropathic pain at the acute stage (using the NeuPSIG grading).
WAD2 participants initially considered unlikely to have neuropathic pain did not
present with neuropathic painlike symptoms six-months later. Thus, the temporal
neuropathic pain profiles in my cohort suggest that early identification and treatment
of neuropathic pain may be beneficial for some participants with WAD2. In fact, my
acute data showed that only one out of 130 participants reported taking a first-line

neuropathic pain medication acutely after whiplash injury (Chapter 5). Detailed
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discussion of the clinical implications of neuropathic pain in WAD2 is included in
Chapter 7. Overall, the assessment and identification of neuropathic pain in WAD2

may change future treatment strategies.

My exploratory analyses revealed higher follow-up neck-related disability for
participants receiving treatment for their whiplash injury. This trend appeared similar
for both conservative treatment (physiotherapy) as well as medication (nonsteroidal
anti-inflammatories, paracetamol, or weak opioids). Though the observational nature
of my cohort study makes it difficult to assess the effects of treatment on WAD2
recovery. The analysis of treatment trends in recovery only used data dichotomised by
the reported history of treatment (e.g., yes or no statements to receiving
physiotherapy). My study would have benefited from greater treatment details,
including the amount, duration, and timelines of participants’ whiplash treatments.
Another caveat to my treatment data is that it is all based on participant self-report;
detailed analysis of participants’ treatment records would have given greater clarity to

understanding the effects of their treatment plan on recovery.

Aetiological considerations for the identified nerve pathology in WAD2.

Signs of nerve pathology improved, but did not resolve, six-months after whiplash
injury. Though I cannot definitively conclude the origin of the persistent nerve
pathology, the results of my longitudinal deep phenotyping shed light on this question.

Group level data of preserved intraepidermal nerve fibre densities in the index finger
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and resolving NfL levels suggests an acute injury to the cervical dorsal roots or central
nervous system is possible for a subgroup of WAD2 participants (as discussed in
Chapter 5). These data point towards a preganglionic versus postganglionic injury for
a subset of participants. My findings of widespread upper and lower extremity
hypoaesthesia suggests potential injury to multiple nerve roots, spinal cord tracts, or
the brain may occur for some WAD2 participants. Further contextualising my results
with the temporal resolution of NfLi suggests this is more likely to occur from cervical
dorsal roots or spinal cord than a mild brain injury, as discussed in detail below. Taken
together, my results suggest a subgroup of WAD2 participants experience a spectrum
of nerve pathology resulting from their whiplash injury. The role of such nerve

pathology in recovery currently remains less well understood.

NIiL levels in acute WAD2 reduce by six-month follow-up timepoint.

The temporal pattern of NfLi indicates an acute axonal injury is present for a subgroup
of WAD2 and resolved by the six-month follow-up appointment. Although NfL levels
cannot localise the site of nerve pathology, I will integrate my current findings with
the literature to better understand the anatomical origins. As previously discussed in
Chapter 5, a postganglionic peripheral nerve injury is unlikely to demonstrate upper
and lower extremity sensory hypoaesthesia with preserved nerve fibre densities from
skin biopsies. Thus, the two most likely causes of acutely elevated NfL levels in the

presence of preserved nerve fibre densities in the index finger are from the cervical
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dorsal roots or central nervous system. I will discuss both possibilities in the sections

below.

Acutely elevated NfL in WAD2 is unlikely to result from TBI.

Levels of NfL in my WAD?2 cohort were significantly reduced six months after injury.
This reduction limits the likelihood it initially resulted from a TBI. Participants with
TBI consistently show prolonged elevation of NfLL levels from one to five years after
injury*3%-432, These higher levels are seen regardless of TBI severity. A longitudinal
study by Shahim et al. showed that serum NfL levels were increased in participants
with mild, moderate, and severe TBI five years after injury compared to controls*?.
The prolonged elevation of NfL in TBI is thought to reflect ongoing neurodegenerative
pathology??!. Compared to my WAD2 cohort, serum NfL concentrations were higher
even in mild TBI compared to whiplash participants (30 pg/mL in mild TBI vs 7
pg/mL in WAD2)%0. T also did not find any significant correlations with acute levels
of NfLL in WAD2 and headache severity (Chapter 5), which I used as the most similar
proxy parameter for TBI symptoms in my cohort. Data from my deeply phenotyped
cohort, together with current evidence in TBI, does not strongly support the hypothesis

for my acutely elevated levels of NfLL to be from mild TBI.

Another recent deeply phenotyped cohort of participants with non-TBI traumatic
injuries had increased plasma NfL levels compared to controls?*!. Plasma NfL measures

were taken up to 10 days after their non-TBI injury and elevated compared to healthy
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controls (median plasma NfLL concentration for non-TBI injury ranged from 12 to 15
pg/mL)?1. This study strictly controlled for any indications of even mild TBI, as well
as ‘any clinically apparent peripheral sensory or motor abnormalities??!. Vertebral
fractures were present for some non-TBI trauma participants with the authors
suggesting these findings may be originating from subtle spinal cord injury??!. When
considering my clinical phenotype, subtle nerve root or spinal cord pathology may be

one explanation for the signs of nerve pathology in my cohort.

Spinal cord pathology may account for acutely elevated NfLL in WAD?2.

Widespread upper and lower extremity sensory hypoaesthesia, paired with preserved
nerve fibre densities at the index finger, may indicate subtle spinal cord pathology in
my WAD2 cohort. Indeed, the temporal profile of NfL levels in my cohort share similar

patterns to longitudinal cohorts with spinal cord injury.

Though there is limited longitudinal data, two studies have assessed the temporal
patterns of NfL in spinal cord injury more than one week after injury. Both studies
show a progressive decrease in NfLL over time with NfLL peaking approximately 30 days
after injury*®46, Both studies also reported NfL levels progressively increased with
the severity of spinal cord injury*5®45 It is difficult to directly compare NfL values
between cohorts due to differences in blood sampling techniques (plasma vs serum)
and analytical platforms. However, numerous studies indicate much greater absolute

concentrations of acute NfL in frank spinal cord injury compared to my WAD?2 cohort
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(spinal cord injury NfL values ranging from 90 pg/mL to 8,000 pg/mL)*34455.456 T ess
severe injury to the spinal cord or cervical nerve roots may share greater similarities

to the NfL levels in my WAD2 cohort.

Preservation of intraepidermal nerve fibre densities at the index finger remain six-
months after injury.

As discussed in Chapter 5, the overall findings of acute nerve pathology are unlikely to
arise from a postganglionic peripheral nerve injury. The preservation of both
intraepidermal nerve fibres and Meissner corpuscles at the index finger six months after
injury further supports this hypothesis. One previous study, by Farrell et al., showed a
small decrease in intraepidermal nerve fibre densities at the index finger and less
pronounced levels of hypoaesthesia at the index finger compared to my cohort*? . As I
discussed in Chapter 5, this contrast likely stems from the significant difference in our
cohorts. The previous study only included participants with persistent pain and
prolonged chronicity of symptoms (median symptom duration of five years). The
preservation of nerve fibres within my WAD2 cohort may result from several factors,
including the fact that my group-level comparisons included participants who had
recovered, in addition to a subgroup with lower levels of persistent pain and neck-

related disability compared to the cohort with only participants with persistent pain®C.

Acute injury proximal to cervical spinal ganglia is one explanation for the widespread

upper extremity hypoaesthesia at both acute and follow-up time points. As I have

252



discussed in Chapters 1 and 5, preclinical and human cadaver studies suggest that
spinal nerve roots are more susceptible to injury than peripheral spinal
nerves1-415:418.457 However, another explanation for the preserved intraepidermal nerve
fibre densities and somatosensory hypoaesthesia may be due to injury to the dorsal
nerve root or spinal cord. Previous small cohort studies in WAD2 have identified
potential spinal cord changes at the chronic stage of injury (1 — 4 years post-
injury)!15423424 A more subtle peripheral nerve injury primarily demonstrating
functional neurological changes may also be possible. Future research assessing the role

of central nervous system pathology in WAD could help further elucidate these findings.

Sensory hypoaesthesia continues for a subgroup of WAD2 six-months after injury.

My clinical neurological assessment and QST showed improvements but continued
widespread upper extremity hypoaesthesia. Over one-third of participants presented
with abnormal neurological assessments six-months after injury. Additionally, QST
over the index finger demonstrated continued signs of hypoaesthesia. Aligned with my
systematic review in WAD (Chapter 2), sensory loss of function affected both large
and small nerve fibres and was present throughout the upper extremity*’!. Only one
previous study assessed sensory hypoaesthesia longitudinally. This study, by Chien et
al., reported acute hypoaesthesia to cold detection but normalisation for WAD?2
participants three months after injury!”. This study however did find reduced heat,
electrical, and vibration detection thresholds at 6-months in WAD2 participants who

did not recover!”.
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The absence of sensory changes over the leg at group-level is also supported by a recent
systematic review highlighting strong evidence that widespread hyperalgesia in the
lower extremity does not occur at any timepoint in WAD!58. Previous WAD studies,
included in this review, highlight increased pressure pain thresholds at the leg are not
apparent at group level, but occurred in a subset with worse recovery'8. I found a
similar pattern with the absence of group level differences for QST parameters at the
leg, but a sign of both loss and gain of function in a minority of WAD2 follow-up
participants (range 4% - 14%). Taken together, these findings suggest the presence of
nerve pathology at the leg in a subgroup of WAD2 participants that are typically

considered without such dysfunction.

QST indicated greater levels of upper extremity hypoaesthesia at follow-up compared
to bedside neurological assessment, which may indicate the higher sensitivity of QST.
Sensory profiling of clinical assessment and QST showed greater similarities in the
acute phase (53.8% clinical assessment vs 66% QST). This may be due to the more
pronounced deficits in the acute stage, along with greater acute large nerve fibre
deficits, as apparent on QST profiles. The higher prevalence of hypoaesthesia from
QST at six-month follow-up may result from the higher sensitivity of testing, as my
clinical bedside tests had only moderate agreement and were not correlated with their
corresponding QST parameters. Overall, this suggests that nearly two-thirds of
participants with WAD2 (64%) show signs of continued somatosensory hypoaesthesia

six-months after injury. A recent systematic review of QST in WAD found only one
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study that tracked loss of function parameters in longitudinal cohorts!®®. Most studies
have only focussed on signs of somatosensory hyperalgesia. Interestingly, my QST
findings indicate sensory hypoaesthesia is the predominant neurological dysfunction
(64% follow-ups) while hyperalgesia was present in only 43% of follow-ups (QST z-
scores £1.96). The extent and detail of such somatosensory hypoaesthesia has not
before been reported and may help us to better understand underlying mechanisms
contributing to persistent whiplash symptoms in a subgroup of participants. However,

the implications of this dysfunction on recovery are incompletely understood.

Measures of acute nerve pathology do not appear prognostic for WAD2.

Acute measures of nerve pathology, including NfLL and bedside small nerve fibre tests,
were not prognostic for whiplash-related symptoms or disability at six-month follow
up in my WAD2 cohort. As discussed in Chapter 1, the most consistent factors related
to WAD prognosis found in the literature include high initial neck-related disability,
negative expectations of recovery, signs of posttraumatic stress, cold hyperalgesia, and
high frequency of acute healthcare utilisation36°0, However, little is currently known
about the role of nerve pathology and its prognostic ability in WAD?36, Previous
systematic reviews of prognostic factors for WAD suggest a preliminary negative

association with recovery and the presence of frank nerve lesion (WAD grade 3)36:%0.

My findings may indicate that more subtle signs of nerve pathology may not be

prognostic. I selected NfLL and bedside small fibre testing at the index finger as clinically
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relevant and representative measures of nerve pathology. Their prognostic ability may
be limited because of the heterogenous nature of my WAD2 cohort. This includes the
fact that only a subgroup of my cohort presented with acute signs of nerve pathology
(24.6% with hypoaesthesia at the index finger). Similarly, only 13% were classified as
having significantly elevated acute NfL levels (z-score > 1.5). This may limit the

prognostic ability of these measures of nerve pathology my WAD2 cohort.

Numerous studies have shown NfL to be highly prognostic in many neurodegenerative
conditions of the central nervous system (e.g., multiple sclerosis?®, Alzheimer’s
disease3? amyotrophic lateral sclerosis®3*). NfL has also been shown to be prognostic
in cohorts with traumatic injury, such as TBI??1389 Both neurodegenerative and TBI
cohorts typically include much more pronounced nerve pathology than identified in my
cohort. Although NfLL was not prognostic using strict multivariable linear regression,
my exploratory analyses did indicate variables of nerve pathology to be related to
moderate-severe pain at six-month follow-up (e.g., reduced QST detection, higher
likelihood of neuropathic pain). These exploratory findings highlight the need for

continued evaluation of acute prognostic factors in WAD2.

The varied clinical phenotypes of whiplash injuries contribute to the challenge in
identifying robust prognostic factors for the past decades?6:°0:458, The emphasis on
understanding acute prognostic factors stems from the significant percent of

participants who experience persistent symptoms (approximately 50%). Trajectory
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analyses from previous longitudinal studies in WAD suggests recovery typically occurs
within the first 2-3 months following injury2?24%. Signs of at least partial recovery were
seen for all participants, regardless of their injury severity (mild, moderate, or chronic
severe)?2. Thus, the initial acute phase of injury is likely an important time to aid in

participants’ recovery.

Although many studies have assessed prognostic factors related to WAD, few have been
externally validated364%, One of the most extensively studied tools, known as
WhipPredict, is one of few prognostic tools to be externally validated in WAD34. This
clinical prediction tool has shown high accuracy, reproducibility, and simple clinical
use34. WhipPredict uses known factors of poor prognosis in WAD (initial neck-related
disability, age, sex, and posttraumatic stress hyperarousal) and was created for clinical
use. The WhipPredict was recently used in a high-quality stratified randomised
controlled trial, which did not appear more effective than usual care®. These findings,
paired with my prognostic data, highlight our currently limited understanding of

prognosis, recovery and, best ways of treatment stratification in whiplash.

RNA-sequencing reveals sex-dependent transcriptional responses associated with
the severity of persistent pain in WAD2.

Although prognostic factors can help us determine a participant’s clinical endpoint,
they do not indicate mechanisms of recovery. To address this gap in our understanding,

I performed RNA-sequencing to analyse differences in gene expression between minimal
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and severe whiplash-related symptoms. The results from my RNA-sequencing represent
a preliminary analysis of mechanisms related to persistent pain in WAD2. While these
findings provide an essential initial step, it is important to emphasise further validation
is required. Despite the exploratory nature, my current results offer intriguing initial

insights.

While only one differentially expressed pseudo-gene was identified at initial group-level
comparison, there were significant differences in moderate/severe pain versus minimal
pain when stratified by sex. This is not necessarily an unexpected finding, as females
have consistently shown to have worse prognosis and disproportionality worse outcomes
in WAD?6:59, Yet, the cause for the identified sex differences in recovery remains
unknown. One debated hypothesis for this finding is that females with poor recovery
after whiplash trauma have greater psychosocial contributions to persistent pain. This
however has not shown to be true. A large cohort study (N = 740) showed no difference
in coping strategies and neck pain in different sexes with WAD?60, Another study
assessed a range of psychosocial variables in people with chronic WAD, including
depression, fear, and personality traits, and did not find a gender difference?6!. These
findings suggest psychosocial factors after whiplash are not sex specific. Nevertheless,

the question remains as to why females are less likely to recover.

Though studies assessing molecular mechanisms in WAD are limited, previous work by

Linnstaedt et al. have shown sex-dependent differences acutely after injury. In a large,
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prospective observational cohort (N = 948) assessed within 24 hours after injury, a
moderate effect between the p-opioid receptor gene (OPRM1, A118G allele) and pain
levels were identified from DNA in blood samples in females at six-week follow-up*62.
This study also demonstrated that the presence of the G allele had contrasting effects
for sex. Women with a G allele and distress had less pain while men with a G allele
had increased pain six weeks after injury. Another study by the same research group
showed sex-dependent changes in microRNA-19b on persistent pain related to circadian
function®®. This study suggests that acute expression of microRNA-19b had an inverse
relationship between sexes in the development of persistent pain six-months after
injury®®. These studies shed light on initial understanding of sex-based differences in
recovery, but further validation is needed to confirm these findings for persistent pain

in WAD.

There is increasing awareness of sex-based differences in the pathophysiology of
persistent pain. Persistent pain is more prevalent in females when taken from multiple
persistent pain conditions*03:464, Genetic studies of participants with chronic pain have
also shown sex-dependent differences in molecular pathways related to recovery?63465,
One such sex-dependent genetic association with persistent pain is related to the
neuroimmune system?64:466:467 The results of my current RNA-sequencing analysis also
demonstrate significant variation in sex-dependent immune dysfunction in WAD2-
related persistent pain. The small number of dysregulated genes in my analysis limited

the use of gene ontology enrichment to assess biological function. Consequently, I will
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discuss each significantly dysregulated gene, with the exclusion of the pseudogene

TEKT4P2.

Human leukocyte antigen (HLA)

The two most dysregulated genes in both females and males were in the HLA system.
Interestingly, females with moderate/severe persistent pain showed a downregulation
in HLA-DQA1 while males who recovered showed an upregulation in HLA-G. The
HLA complex, located on chromosome six, includes a diverse range of functions and
includes over 200 genes®®. Both identified HLA genes in WAD2 are related to the
immune system; HLA-G is considered a major histocompatibility complex class I and
HLA-DQAT1 is considered a class II molecule. HLA-G has been shown to be pro-

inflammatory and associated with tissue remodelling*69,

The significant increase in HLA-G in males may suggest a more robust inflammatory
process possibly facilitating recovery for males with minimal pain in my cohort. Though
not directly related to HLA-G, a recent study using similar inclusion and RNA-
sequencing methodologies of participants with persistent pain after WAD suggests a
potentially similar pattern of protective inflammatory response six-months after
whiplash injury. This study, led by Parisien et al., found only one dysregulated gene
(an increase in SAMD15 mRNA expression) in participants with minimal pain six-
months after whiplash injury*™®. They then validated these findings using the UK

Biobank linking higher SAMD15 levels to decreased risk for chronic pain. Another
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comparable study of transcriptional profiling from blood in participants with low back
pain suggests that an increased acute inflammatory response may be protective against
developing chronic pain three months after injury'68. Although neither study performed
sex-stratified analyses, these findings may highlight the protective role of a pro-

inflammatory response after whiplash injury that may differ depending on sex.

The downregulation of HLA-DQA1 in females with moderate/severe persistent pain
presents the opposite biological perspective. HLA-DQA1 is a class II molecule
expressed by a number of immune cells, including activated T cells, B cells, dendritic
cells, and macrophages*’!. One consequence of low HLA-DQA1 expression levels is
lower levels of protective regulatory T cells*”2 and a possible blunted immune response
after injury. Although HLA-DQA1 expression is not sufficiently understood, a
systematic review and meta-analysis of genetic association studies suggests that HLA-
DQB1 (which forms a function unit with HLA-DQA14%®%) was associated with a
significantly increased risk for developing neuropathic pain?™3. Interestingly, I also
identified significant moderate correlations with HLA-DQA1 and whiplash symptoms
and the likelihood of neuropathic pain at six-month follow-up. Together, this data
highlight interesting preliminary support for the role of HLA-DQA1 and persistent

neuropathic pain.

Mutations in the HLA-D(Q system have also been associated with neurologic

consequence. This has been related to peripheral neuropathy with gluten sensitivity*™,
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sporadic cerebellar ataxia in gluten sensitivity?’, and diabetic peripheral
neuropathy*76. These preliminary associations do not provide causal evidence, however,
are interesting in combination with the findings of neuropathic pain and nerve
pathology in my WAD2 cohort. Additional transcriptional changes may help shed light

on the involvement of molecular mechanisms affecting the nervous system.

Nectin Cell Adhesion Molecule 2 (NECTIN-2)

NECTIN-2, which is widely expressed on neuronal and non-neuronal cells, was
downregulated in females with moderate/severe persistent pain. NECTIN-2 encodes
proteins associated with T cell signalling*”” and cellular adhesion*’8. Recent reports
have indicated the neuronal functions of Nectin-2 to include astrocyte homeostasis and
synapse formation in neurons in the central nervous sytem?™. A study using an
epigenome wide analysis of the prefrontal cortex in mice after spared nerve injury
showed decreased Nectin-2 expression six and 12 months after injury*®. Nectin-2 deficit
mice showed significant neurodegenerative effects in the brain, suggesting acute pain
may result in epigenetic changes in the prefrontal cortex of mice. These preclinical
findings, in combination with my clinical data, highlight a possible role of NECTIN-2

in the maintenance of persistence pain after whiplash injury.

Heme Binding Protein 1 (HEBP1)

Another gene shown to be downregulated in females with moderate/severe persistent

pain is HEBP1. It is hypothesised that the HEBP1 protein functions primarily to bind
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heme but may also involve synthesis of porphyrin®$:482, Neurovascular implications of
hebpl have been recently assessed with the identification of hebpl expression in
neurons. However conflicting results between its role in the central versus peripheral
nervous system have been reported. Increased levels of Hebpl have been shown as an
early marker in a mouse model of Alzheimer’s Disease?®3. This study further elucidated
the role of hebpl in causing cellular toxicity and heme-induced cell death?83. These
findings however are opposite to a study assessing the role of hebpl in mouse models
of peripheral nerve injury. Using a peripheral cavernous injury model reflective of
prostate cancer, this study suggested increased expression of Hebpl was associated

with increased peripheral neurovascular regeneration in mice after injury*s4.

Although the role of HEBP1 in human injury models is not well understood, the
downregulation in females with moderate/persistent pain may be relevant to
inflammation or neurovascular components. Additional understanding is needed to

better interpret the role of HEBP1 in persistent whiplash symptoms.

SWT1 RNA Endoribonuclease Homolog (SWT1)

There is currently limited biological understanding of the final two dysregulated genes.
SWT1, which was downregulated in females with moderate/severe persistent pain, is
a protein encoding gene within the nucleus. The expression of SWT1 in the immune

cell types is thought to have higher immune cell type basophil expression. The non-
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specific function within the nucleus may be one explanation for the range of findings

identified for this gene.

Matrix Remodelling Associated 7 (MXRAT)

Lastly, MXRA7 was significantly downregulated in males who did not recover. MXRA7
is thought to be involved in cellular adhesion and matrix remodelling*®®. Though
incompletely understood, reduced levels of Mxra7 have recently been associated with
impaired wound healing in mice*®. Reduced expression in males with moderate/severe
persistent pain after whiplash injury continue to underscore towards sex-dependent

factors related to persistent whiplash symptoms.

Protein-level changes in inflammatory profiles of persistent pain in WAD.

Limited research has been done assessing the role of the immune system in persistent
pain after WAD, but preliminary findings from a small longitudinal cohort study
provide insight into altered profiles of inflammatory proteins. This study measured
protein levels of TNF-a, IL-1B, and c-reactive protein levels within three weeks of
whiplash injury and again three months later®. Notably, there were significant
differences in protein expression levels and temporal patterns among participants with
varying levels of neck-related disability three-months after injury. Participants with
lower disability levels demonstrated higher levels of TNF-a acutely and three-months
after injury compared to the WAD group with higher disability and healthy controls®!.

Higher levels of c-reactive protein three-months after injury were only identified in the
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higher disability group compared to low disability and controls. Integrating these
protein-level findings with my mRNA expression data suggests a potential role of
immune dysfunction in the recovery from WAD, which may occur in a sex-dependent

manner.

Limitations

There are limitations to consider in this chapter. First, the statistical comparisons for
intraepidermal nerve fibre densities (finger and leg) and QST at the leg were not fully
powered, as highlighted in Chapter 5. The number of follow-up skin biopsies were
limited by participants declining a follow-up biopsy, as well as technical error while
obtaining the biopsy (i.e., insufficient depth of skin biopsies preventing visualisation of

dermal/epidermal border).

Eighteen healthy control index finger skin biopsies were collected and counted by
another researcher (AS). As described in my methods in Chapter 4, 1 identified
excellent inter-rater reliability in counting of intraepidermal nerve fibres between myself
and AS. However, this combined cohort may have contributed to larger variance in
nerve fibre densities within my cohort. Additional leg biopsies would have also aided
in the understanding of the cause of the subgroup with somatosensory hypoaesthesia

at the leg.
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Another limitation is the incomplete understanding of participants’ treatments
throughout the study. Obtaining greater detailed information about participants
treatments would have provided additional understanding about their recovery. In
retrospect, I would have collected details regarding the duration, amount, and reported
response to treatments throughout their injury. These treatment details could have

allowed for greater understanding of recovery pathways.

I would also include greater details related to whiplash-related symptoms using follow-
up questionnaires. Though painDETECT questionnaires were included for all follow-
ups, we only received detailed pain phenotypic information for those that attended an
in-person session. To address this limitation, I would have included a full body diagram
of symptoms as well as detailed questions about whiplash-related symptoms instead of
only pain rating scale, which may not be specifically related to whiplash symptoms.
These additional insights could have improved our understanding of recovery from

whiplash-related symptoms.

6.5. Conclusion

While many participants showed improvements over time, persistent symptoms were
present in most WAD2 participants six-months after injury. This included 37.5% with
moderate-severe whiplash-related symptoms and 68% reporting moderate-severe neck-
related disability. Neuropathic pain continued to be experienced by 3% - 23% of

participants. Nerve pathology was also present for a subgroup of follow-up WAD2

266



participants, including functional hypoaesthesia (range 24% — 64%) and structural
changes (range 2% - 8.7%). Acute measures of NfLL and bedsides tests of small nerve
fibre pathology were not prognostic of neck-related disability or whiplash-related
symptoms in my WAD2 cohort. Intriguingly, blood samples from participants with
persistent moderate-severe whiplash symptoms revealed sex-dependent downregulation
in immune-related genes compared to participants with minimal persistent pain.
Overall, my findings help advance our understanding of the pathomechanisms and

recovery trajectories for participants with WAD2.
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Supplemental Material

Supplemental Table 6.1. One-way ANOVA results assessing QST parameters between controls,
acute WAD2, and follow-up WAD?2.

Acute vs follow-up Acute vs HC Follow-up vs HC
CDT 0.23 P < 0.001 0.12
WDT 0.54 P < 0.001 0.048
TSL 0.88 P < 0.0001 P < 0.001
CPT 0.70 0.39 0.18
HPT 0.12 0.90 0.33
MDT 0.99 P < 0.0001 P < 0.0001
MPT 0.79 0.22 0.70
MPS 0.55 0.99 0.63
WUR 0.65 0.62 0.99
VDT 0.09 P < 0.01 0.84
PPT P < 0.001 0.80 P < 0.001
CDT - leg 0.65 0.14 0.60
WDT - leg 0.97 0.33 0.35
PPT —leg 0.21 0.91 0.23

Data are presented as adjusted p-values from a one-way ANOVA with Tukey's Honest Significant
Difference post hoc testing. Bolded text indicates statistically significant (set at p < 0.05).
Abbreviations: CDT: cold detection threshold; CPT: cold pain threshold; HPT: heat pain threshold;
MDT: mechanical detection threshold; MPS: mechanical pain sensitivity; MPT: mechanical pain
threshold; PPT: pressure pain threshold; TSL: thermal sensory limen; VDT: vibration detection
threshold; WDT: warm detection threshold; WUR: wind-up ratio.
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Supplemental Table 6.2. Means and standard deviations for each QST parameter by group.

Acute Controls Follow-up
Mean CDT -2.090 0.000 -1.213
Sd CDT 4.047 0.957 2.339
Mean WDT -0.982 -0.024 -0.712
Sd WDT 1.694 0.957 1.621
Mean TSL -0.976 0.000 -0.881
Sd TSL 1.322 0.957 1.025
Mean CPT 0.222 0.000 0.368
Sd CPT 1.140 0.957 1.115
Mean HPT -0.076 0.000 0.311
Sd HPT 1.007 0.957 1.559
Mean MDT -1.366 0.000 -1.339
Sd MDT 1.742 0.957 1.602
Mean MPT 0.357 0.000 0.210
Sd MPT 1.535 0.957 1.334
Mean MPS 0.133 0.136 -0.125
Sd MPS 1.486 1.000 1.914
Mean WUR 0.110 -0.036 -0.043
Sd WUR 0.977 0.960 1.080
Mean VDT -4.154 0.000 -0.961
Sd VDT 11.969 0.966 4.830
Mean PPT -0.146 0.000 -1.217
Sd PPT 1.723 0.957 1.212
Mean CDT
(leg) -1.254 -0.036 -0.750
Sd CDT (leg) 3.808 0.953 2.749
Mean WDT
(leg) -0.391 0.000 -0.446
Sd WDT
(leg) 1.405 0.953 1.691
Mean PPT
(leg) -0.105 0.000 -0.491
Sd PPT (leg) 1.439 0.953 1.277

Abbreviations: CDT: cold detection threshold; CPT: cold pain threshold; HPT: heat pain threshold;
MDT: mechanical detection threshold; MPS: mechanical pain sensitivity; MPT: mechanical pain
threshold; PPT: pressure pain threshold; TSL: thermal sensory limen; VDT: vibration detection
threshold; WDT: warm detection threshold; WUR: wind-up ratio; Sd: standard deviation.
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Supplemental Table 6.3. Number of acute WAD2 participants with abnormal intraepidermal nerve
fibre densities at the index finger based on healthy control estimates per age decade.
Prevalence of small fibre pathology from skin biopsies at index finger

Acute Follow-up
TOTAL 1.6% (1/62) 6.1% (2/23)

Linear regression including healthy control participants’ age and index finger intraepidermal nerve
fibre densities was calculated. Corresponding linear regression in Supplemental Figure 6.5 (regression
equation: Y = -0.1191*X + 14.72). Derived from N= 36 healthy control participants.
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Supplemental Figure 6.1. Both loss and gain of function continue for WAD2 participants six-
months after injury. Number of QST parameters outside of z-scores + 1.96 for (A) loss of function
and (B) gain of function. QST loss of function parameters (z-scores < -1.96) included: CDT, WDT,
TSL, MDT, MPT, VDT, CDT-leg, WDT-leg). QST gain of function parameters (z-scores > 1.96)
included: CPT, HPT, MPT, MPS, WUR, PPT, PPT-leg.

Abbreviations: LOF: loss of function; GOF: gain of function; CDT: cold detection threshold; CPT:
cold pain threshold; HPT: heat pain threshold; MDT: mechanical detection threshold; MPS:
mechanical pain sensitivity; MPT: mechanical pain threshold; PPT: pressure pain threshold; TSL:
thermal sensory limen; VDT: vibration detection threshold; WDT: warm detection threshold; WUR:
wind-up ratio.
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Supplemental Figure 6.2. Percentage of WAD2 participants with QST z-scores outside of standard
range (z-score = = 1.96). (A) indicates temporal changes in loss of function measures. PPT is
included in both loss and gain of function due to the presence of hypoaesthesia to PPT over the hand
at six-month follow-up in a subgroup of participants. (B) indicates temporal changes in gain of
function measures at both acute and follow-up timepoints.

Abbreviations: CDT: cold detection threshold; CPT: cold pain threshold; HPT: heat pain threshold;
MDT: mechanical detection threshold; MPS: mechanical pain sensitivity; MPT: mechanical pain
threshold; PPT: pressure pain threshold; TSL: thermal sensory limen; VDT: vibration detection
threshold; WDT: warm detection threshold; WUR: wind-up ratio.
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Supplemental Figure 6.3. Kernel density estimation plots showing the distribution of acute
clinical variables for participants with WAD2 dichotomised into minimal vs moderate-severe
whiplash symptoms (minimal symptoms = <30/100 symptom VAS; moderate-severe >30/100).
Abbreviations: PCS: Pain Catastrophisation Scale, PTSD: posttraumatic stress disorder, IES: Impact
of Events Scale-Revised. NDI: Neck Disability Index; LOF: loss of function; NP: neuropathic pain;
PDQ: painDETECT.
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Supplemental Figure 6.4. Kernel density estimation plots showing the distribution of acute QST
parameters for participants with WAD2 dichotomised into minimal vs moderate-severe whiplash
symptoms (minimal symptoms = <30/100 symptom VAS; moderate-severe >30/100). NDI was
selected as it was also the primary endpoint used in the multivariable linear regression analysis

assessing prognosis.

Abbreviations: CDT: cold detection threshold; CPT: cold pain threshold; HPT: heat pain threshold;
MDT: mechanical detection threshold; MPS: mechanical pain sensitivity; MPT: mechanical pain
threshold; PPT: pressure pain threshold; TSL: thermal sensory limen; VDT: vibration detection
threshold; WDT: warm detection threshold; WUR: wind-up ratio.
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Supplemental Figure 6.5. Kernel density estimation plots showing the distribution of different
treatment responses to follow-up NDI scores in WAD2 participants Group based on participants
who did or did not receive (A) any treatment, (B) physiotherapy, (C) NSAID/paracetamol, or (D)
weak opioids throughout the course of the study.

The NDI was selected for treatment response as it had the greatest amount of follow-up data (N=81
follow-up WAD2 participants). Categories of any treatment and physiotherapy was taken from
participants who attended follow-up appointments due to small percentage having received
physiotherapy by the time of initial appointment (n=56 total Follow-up WAD?2). Acute medication
use (panels C and D) was calculated from acute use of medication at baseline appointment. All
treatment data are from WAD2 participants’ subjective reports. Weak opioids included: tramadol
(n=2), codeine, co-codamol, co-dydramol, or co-proxamol.

Abbreviations: NDI: Neck Disability Index; NSAID: non-steroidal anti-inflammatory; Physio:

physiotherapy.
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Mod/Severe vs Minimal Pain
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Supplemental Figure 6.6. Differential gene expression from RNA-sequencing of blood samples six-
months after whiplash injury. Differential expression analysis comparing moderate/severe whiplash-
related symptoms to minimal whiplash-related symptoms in all WAD2 participants (N=30 total
follow-up WAD2 blood samples).
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7

Discussion

7.1. Summary of main findings

I sought to answer two primary questions in my thesis:

1. What is the temporal pattern of nerve pathology in participants with
WAD2?

2. Are acute measures of nerve pathology prognostic?

As background for my primary cohort study, I have completed two systematic
reviews with meta-analyses. My first systematic review summarised our current
understanding of the literature regarding measures of nerve pathology and
neuropathic pain in people with WAD. My second systematic review aggregated the
findings of blood-based markers of nerve pathology in patients with peripheral
neuropathy. The aim of my second review was to identify the most promising blood-
based marker to measure nerve pathology in my longitudinal cohort of patients

following whiplash injury.

Systematic review and meta-analysis of nerve pathology and neuropathic pain in

WAD.
I identified clinical questionnaires for symptoms suggestive of neuropathic pain in

34% of people with WAD (range 25% - 75%). The mean prevalence of nerve
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pathology was 13% (range 0% - 100%) using neurological examination and 32%
(range 10% - 100%) from electrodiagnostic testing. Participants independent of
WAD severity (Quebec Task Force grades I - IV) demonstrated significantly impaired
sensory detection thresholds over the index finger compared with controls, including
mechanical, current, and thermal detection. Participants with WAD had significantly
heightened nerve mechanosensitivity compared with controls on median nerve

pressure pain thresholds and neurodynamic tests.

Systematic review of blood-based biomarkers in peripheral neuropathies.

I identified sixteen different blood-based biomarkers associated with nerve
involvement. The most studied biomarker was NfL, which demonstrated significantly
higher levels compared with controls. Neurofilament heavy chain, transmembrane
protease serine 5, and nerve growth factor were also significantly dysregulated. There
were no significant differences in levels of S100B, brain-derived neurotrophic factor,
or neuron-specific enolase in participants with peripheral neuropathy compared with

control participants.

Longitudinal cohort study

My primary DPhil project included a longitudinal cohort of participants with
WAD2. This study built upon recent findings of chronic nerve pathology and
answered novel objectives by assessing the temporal development of nerve pathology

in WAD2 and its ability to predict neck-related disability. I measured nerve
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pathology in 4 primary ways: 1) clinical bedside neurological assessments; 2)
quantitative sensory testing; 3) serum concentrations of NfLi; and 4) intraepidermal

nerve fibre densities using histological staining from skin biopsies.

To better understand participants’ recovery, I assessed the prognostic role of the
acute measures of nerve pathology. I also used participants’ blood samples to identify
a molecular signature associated with recovery from injury. An overview of my main

cohort findings is summarised below.

Temporal profiles of nerve pathology and neuropathic pain in WAD2

A substantial portion of participants with WAD2 had signs of neuropathic pain and
nerve pathology after injury (Figure 7.1). Neuropathic pain was present in over one-
third of acute participants and improved for many participants six-months after
injury (35.4% acutely to 24% at follow-up using NeuPSIG grading system). An even
larger subset of WAD2 participants presented with signs of nerve pathology.
Approximately two-thirds of WAD2 participants presented with signs of nerve
pathology using QST both acutely and six-months after injury. The clinical
neurological assessment showed frequent levels of nerve pathology (53.8%) that

improved six-months later (24%).

Signs of structural nerve pathology were measured using serum concentrations of

NfL and intraepidermal nerve fibre densities at the index finger. Acute measures of
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NfL were significantly higher in WAD2 participants compared to age- and sex-
matched controls. NfLi levels in WAD2 were significantly reduced by six-month
follow-up assessment, reaching control levels. Serum NfL cut-offs suggestive of nerve
pathology indicated 13% of participants surpassed this cut-off acutely and only 2%
at six-months after injury. Intraepidermal nerve fibre densities at the index finger
remained preserved for both acute and follow-up stages of WAD2. Thresholds for
identifying nerve pathology using skin biopsy at the index finger are less well known
and thus more challenging to quantify. Using healthy control participant data per
age decade, I estimated small fibre nerve pathology from skin biopsies present in

1.6% acutely and 8.7% at follow-up.

Measures of nerve pathology do not appear prognostic in WAD2.

Neither NfLL nor bedside clinical tests of small fibre loss of function at the index
finger were prognostic for neck-related disability or whiplash-related symptoms six-
months after injury. This finding may result from the heterogeneity in nerve
pathology present within the cohort. Future studies assessing the prognostic role of
nerve pathology in participants with more frank nerve lesions (WAD grade 3) could
provide more definitive evidence on the importance of such measures in varying

severities of whiplash injuries.
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RNA-sequencing of blood samples reveals sex-dependent effects in persistent pain.

Transcriptional blood profiling revealed significant gene dysregulation for
moderate/severe persist pain versus minimal persistent pain when stratified by sex
six months after injury. I also identified significant negative correlations with
whiplash-related symptoms and neuropathic pain for three genes (HLA-DQAI,
SWT1, AND HEBP1). Further analyses of these preliminary results are needed to
validate and substantiate my findings, which is discussed in detail below. My
preliminary RNA-sequencing results do shed light on potential sex-dependent

molecular pathways of recovery in WAD?2.
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Figure 7.1. Summary of temporal signs of neuropathic pain and nerve pathology in WAD2. (A)
Summary of the temporal profile of neuropathic pain using both painDETECT questionnaire and

Neuropathic Pain Grading scales (NeuPSIG). (B) Summary of the temporal profiles of nerve
pathology in WAD2.
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Neuropathic pain was defined using the NeuPSIG grading scale of ‘probable’ and the painDETECT
cut-off scores >18/38. Nerve pathology was defined in the following categories: the presence of loss
of function upon clinical neurological assessment (strength, reflexes, light touch, pin prick, or
temperature); QST zscores < -1.96 (including CDT, WDT, TSL, MDT, MPT, VDT, CDT-leg,
WDT-leg), serum NfL z-score > 1.5; intraepidermal nerve fibre density cut-offs were calculated per
age decade based on included healthy control cohort. A full description of the nerve fibre density cut-
off is included in Chapter 5, Supplemental Table 4.

Abbreviations: NeuPSIG: Neuropathic Pain Special Interest Group, NfL: Neurofilament light chain,
QST: Quantitative sensory testing.

7.2. Clinical implications

The identification of nerve pathology and neuropathic pain in WAD2 create
important clinical considerations. This includes routine assessment of neuropathic
pain in clinical settings, the limited validity and accuracy of clinical neurological

assessments, and the classification of whiplash injuries.

Neuropathic pain is present for approximately one-third of WAD2 participants.

Neuropathic pain conditions are associated with greater psychosocial burden and
require different treatment strategies compared to non-neuropathic conditions!'?.
Unsurprisingly, recent qualitative evidence corroborates the personal challenges for
participants with WAD. These challenges include participants distancing from
normalcy, difficulty finding the ‘right’ healthcare provider, and a mismatch in beliefs
and expectations about their recommended treatment strategies?®!. An improved
understanding of participants’ symptom profiles, including neuropathic-related
symptoms, may help reduce the personal challenges for participants following
whiplash injuries. The limited number of studies assessing neuropathic pain in WAD

may contribute to clinical difficulties for participants experiencing such symptoms.
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Addressing the current limitations in effective treatments for WAD requires
exploring new approaches. The currently used homogenous treatment strategies may
be one reason for the overall ineffectiveness of WAD treatment%4%. One area for
future research involves treatment stratification based on pain mechanisms.
Recognising different types of pain may require distinct treatment strategies'®, the
clinical classification and treatment for neuropathic pain may be one approach to
improving outcomes for a subgroup of people with whiplash injury. Treatment based
on pain phenotyping however has shown ineffective for some conditions. Though our
knowledge of pain pathomechanisms is improving, they remain incompletely
understood. This is evidence by previous trials stratifying pain mechanisms failing

to show efficacy*74%9 and emphasises the heterogeneity within the pain experience.

There is limited evidence for stratified treatment based on pain classifications in
WAD and this may be one way forward. The results of the acute WAD2 cohort
highlight the need to screen for neuropathic pain in the acute phase after whiplash
injury. Current international treatment guidelines for whiplash injuries do not
include recommendations for the assessment or treatment of neuropathic pain (e.g.,
specific physiotherapeutic approaches or analgesic medications). Although no
previous clinical trials have assessed its efficacy in WAD, two recent feasibility
studies have been conducted assessing two first-line neuropathic pain medications
for the treatment of acute whiplash injuries (using pregabalin™ and duloxetine™).

This gives justification to assess if a targeted treatment could improve outcomes for
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participants with WAD2. High quality randomised controlled trials are needed to
assess if neuropathic focussed treatment is beneficial for a subgroup who present

with such symptoms following whiplash injuries.

Sensory hypoaesthesia was present for nearly two-thirds of WAD2 participants, but

clinical bedside tests showed limited validity.

The clinical neurological assessment identified signs of widespread upper extremity
hypoaesthesia. This was predominantly from small nerve fibres (approximately 64%
of the overall identified loss of function). This highlights the significance of
performing a detailed neurological assessment (including small fibre testing)
throughout the cervical spine and upper extremities. It is also critical to evaluate
neurological function over time, as small nerve fibre pathology has been shown to
precede findings of inherent large fibre pathology in patients with focal nerve
injury27®27, The progressive worsening of nerve pathology may require diagnostic
imaging to rule out sinister pathology or indicate the need for surgery or other
invasive treatments. However, one important caveat to consider is the limited
validity of bedside neurological assessments to detect warm, cold, and mechanical
stimuli compared to their corresponding QST measure. This highlights the potential

limitations in clinically detecting more subtle signs of nerve pathology.

More valid and reliable clinical tests are needed, as nearly two-thirds of WAD?2

participants had signs of nerve pathology using QST (66% acutely and 64% at follow-
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up). Future studies comparing different clinical tools to QST are required to reliably
identify clinical neurological dysfunction. A recent study using a different set of
simple bedside sensory tools has been shown to be valid and reliable in participants
with chronic neuropathic-like pain®. Implementing this battery of bedside testing
may demonstrate a more valid and reliable approach to detecting nerve pathology

in participants with WAD2.

Classification of WAD?2 does not accurately represent the clinical phenotype.

I identified both functional and structural nerve pathology in participants with
WAD?2. This goes against the commonly used Quebec Task Force criteria for such
injuries'’. Although my cohort did not include any participants with frank
sensorimotor cervical radiculopathy, over 60% of WAD2 participants had abnormal
neurological findings. My results further highlight the clinical heterogeneity present
within the WAD classification system, which has been widely criticised since its
inception?”6. Newer classification schemes have been proposed that better integrate
the complex array of biopsychosocial sequelae of whiplash injuries'*!%. The overall
clinical considerations should therefore focus on conducting an in-depth clinical
examination and place less emphasis on the simple WAD classification schema

originally proposed.
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7.3. Potential aetiological causes of nerve pathology in WAD?2.

My findings reveal a substantial subgroup of WAD2 participants present with
dysfunction to the nervous system. Nearly two-thirds of acute WAD2 participants
presented with signs of functional nerve pathology identified using clinical
neurological assessment and QST. But where is the origin of this pathology? The
most parsimonious explanation is an injury to the cervical nerve roots or spinal cord
within a subset of WAD2 participants. Supportive evidence for this hypothesis
includes signs of widespread hypoaesthesia, acutely elevated NfL levels, and
preserved intraepidermal nerve fibre densities. This theory however cannot be
definitively confirmed with my current data. Future research is needed to assess and

quantify the anatomical origins of this pathology, as described below.

7.4. Thesis limitations

The primary limitations included in this thesis have been discussed at the end of
each chapter and are summarised here in three main categories: 1) sample size of
skin biopsy analysis; 2) cohort generalisability; and 3) potential differences between
assessors. Though I achieved full statistical power for almost all analyses included
in this work, skin biopsy analyses and comparison of QST parameters over the leg
were not fully powered. Second, the generalisability of my participants was limited
by the fact that most participants within the cohort were from the Oxfordshire area.
We also did not collect detailed information regarding race or sociodemographic

status of participants. These factors may limit the ability to compare to other WAD?2
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cohorts. Lastly, the multicentre nature of this study creates that potential for
variance in outcomes between assessors. Healthy control skin biopsy data collected
from a previous cohort was also used in my current study. Strategies to mitigate
these inter-rater effects included the selection of valid and reliable clinical measures,
piloting sessions between assessors of the study, and investigating inter-rater
reliability of intraepidermal nerve fibre counts. Differences however may still have

occurred.

7.5. Future directions
The findings in my thesis present exciting opportunities for several directions of

future research.

1. Stratify WAD2 participants.

One tool to better understand the clinical heterogeneity within the WAD2 cohort is
through participant stratification. My deeply phenotyped cohort allows for potential
stratification to better understand the underlying pathological mechanisms. In the
future, I plan to use two primary approaches to perform such stratification. The first
includes a clinical stratification to distinguish different pain classification. The
second involves the use of unbiased dimensionality reduction and machine learning

techniques.
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1.1 Clinical stratification

Treatments based on specific pain mechanisms may be one potential way to improve
outcomes for participants with WAD*91:492 Ag described above, approximately one-
third of acute participants with the most common type of whiplash injury (WAD2)
present with neuropathic pain. However, only one participant (0.8%) received a first-
line neuropathic pain medication acutely after injury. This finding suggests that
nearly one in three participants did not receive treatments targeting their pain
mechanisms. Based on the significant prevalence of neuropathic pain in my cohort,
it would be sensible to assess the effectiveness of first-line neuropathic pain
medications in participants stratified by the presence of clinically determined

neuropathic pain.

1.2. Unbiased stratification

Data reduction and machine learning techniques are an increasingly common
approach to identify patterns and subgroups within deeply phenotyped cohorts. Such
statistical approaches can provide an unbiased strategy to distinguish participants
and identify potentially novel clusters that are not clearly identified in clinically
derived methods. The advancement of artificial intelligence creates novel ways to
assess this complex pain phenotyping and make it more explainable. One example
of such an approach has been done using machine learning for feature selection and
cluster allocation to QST variables identifying pain conditions*?3. I could incorporate

a similar interpretable machine learning approach to identify novel clusters and
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features within my deeply phenotyped dataset. One advantage of this approach is
the potential to understand pain mechanisms more deeply. This unbiased approach

might however be challenging to clinically implement and limit its usefulness.

2. Integrate datasets to better understand the interplay between nerve pathology

and neuroinflammation.

The data from my project will provide important insights that will be compared and
analysed separately from the Pain Challenge data (e.g., serum inflammatory
markers, T2-weighted weighted imaging of the brachial plexus). However, combined
they are a rich dataset that allows us to explore additional questions. Evaluating
the association between the temporal patterns in the concentrations of immune-
related proteins will provide important details to better understand my identified
gene dysfunction at mRNA level. Additional questions we will assess include the
association of NfLL concentrations with changes of neuroinflammation as apparent on
magnetic resonance imaging; Correlations with measures of nerve pathology and
nerve mechanosensitivity; and associations between nerve pathology and serological
measures of inflammation. Combining these datasets will provide valuable insights

into the association of nerve pathology and inflammation in the onset and recovery

of WAD2 injuries.

3. Gain a deeper understanding of the molecular mechanisms of persistent

symptoms.
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A logical next step to better understand the results of my RNA-sequencing is to
perform deconvolution analysis to estimate the proportions of cell types in my
samples using methods such as CIBERSORT*%. This could help to characterise the
composition of blood cell types between sexes in moderate/severe and minimal
persistent pain groups. I could also perform genome-wide association studies of
chronic pain within the UK Biobank to further validate potential single nucleotide
polymorphisms associated with my identified dysregulated genes. These would be

my next steps related to my findings in blood-based gene dysregulation.

4. Evaluate signs of spinal cord pathology using the now collected magnetic

resonance images.

Even though the combination of my phenotypic findings point towards central rather
than peripheral nervous system pathology, the presence or extent of spinal cord
pathology within my cohort remains unknown. Our project has collected MRI of the
cervical spine as part of the broader aims for this cohort study3*”. This provides an
invaluable opportunity to assess for the presence and extent of spinal cord pathology
identified at both acute and follow-up timepoints. One useful tool to assess potential
changes to the spinal cord from MRI is the Spinal Cord Toolbox*%. Examples of
data derived from the Spinal Cord Toolbox include spinal cord cross-sectional area,
diffusion metrics, intensity profiles, lesion segmentation, and quantification of
changes to spinal cord tracts and pathways. A previously published paper used these

methods to demonstrate changes to specific white matter tracts of the spinal cord
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in participants with chronic WAD2!15, Although the MRI parameters in our study
were optimised for the brachial plexus and not for the spinal cord, I will assess the
viability of using the Spinal Cord Toolbox for our images. This could aid in

understanding the presence and extent of spinal cord pathology present in my cohort.

7.6. Concluding remarks

Neurological sequelae have been a consequence of transportation-related trauma
since its inception, as evidenced by Professor Erichsen’s seminal lecture in 1866. Yet,
one could argue if there has been improvements for these patients within the last
two centuries. My motivation to undertake a DPhil stemmed from a deep-seated
desire to improve outcomes for people suffering from whiplash injuries. The personal
and societal burden of whiplash injuries continues to affect millions worldwide. This
is emphasised by the still relatively unknown pathomechanisms and unidentifiable
pathology for most people. Moreover, nearly 50% of people continue to experience
persistent symptoms after a whiplash injury today. Fortunately, the field has
progressed from initially considering whiplash as a purely psychosis-induced malady
to more deeply understanding its spectrum of biopsychosocial symptoms. But does

the work presented in my thesis contribute to improving outcomes for these patients?

While my current work may not prompt immediate change in clinical care for WAD,
it lays important groundwork for improvement in three primary ways. First, the

presence of neuropathic pain in approximately one-third of my cohort offers insights
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to distinct and already available treatment options. Second, my deeply phenotyped
dataset demonstrates clear signs of nerve pathology in roughly two-thirds of
participants who are typically classified without such dysfunction. These novel
findings help us better understand the heterogenous nature of WAD2 injuries. Lastly,
I identified differences in transcriptional profiles between males and females with
persistent whiplash-related symptoms that correlated with whiplash-related
symptoms and neuropathic pain. Each of these elements provide important
foundational work that could lead to potential step-changes in how we evaluate and

treat people with WAD.

Significant work however lies ahead. The complex and subjective nature of pain
makes it elusive to understand. Nevertheless, I am optimistic it can improve. The
revolutionary technological advances and increasingly collaborative spirit of science
are all reasons for hope. As Dr J. J. Bonica stated, “The proper management of pain
remains, after all, the most important obligation, the main objective, and the
crowning achievement of every physician.” As a clinician, I find these words inspiring
and a call to continue with this meaningful vocation. I hope the work presented in
this thesis acts as a foundation to ultimately help improve outcomes for people

suffering from whiplash injuries.

291



Scientific outputs

1. Matesanz-Garcia L, Billerot C, Fundaun J, Schmid AB. Effect of Type and Dose of
Exercise on Neuropathic Pain after Experimental Sciatic Nerve Injury: a Preclinical
Systematic Review and Meta-analysis. J Pain. 2023 Jan.

2. Fundaun J*, Ridehalgh C*, Bremner S, Cercignani M, Young R, Trivedy C, Novak A,
Greening J, Schmid A*, Dilley A*. Does peripheral neuroinflammation predict
chronicity following whiplash injury? Protocol for a prospective cohort study. BMJ
Open. 2022 Dec 15;12(12):066021. *Contributed equally.

3. Fundaun J, Kolski M, Molina-Alvarez M, Baskozos G, Schmid AB. Types and
Concentrations of Blood-Based Biomarkers in Adults With Peripheral Neuropathies: A
Systematic Review and Meta-analysis. JAMA Netw Open. 2022;5(12):¢2248593.

4. Fundaun J, Thomas ET, Schmid AB, Baskozos G. The power of integrating data:
advancing pain research using meta-analysis. Pain Rep. 2022 Oct 4;7(6):e1038.

5. Fundaun J, Kolski M, Baskozos G, Dilley A, Sterling M, Schmid AB. Nerve pathology
and neuropathic pain after whiplash injury: a systematic review and meta-analysis.
Pain. 2022 Jul 1;163(7):e789-e811.

Invited presentations

1. Ridehalgh C, Fundaun J, Farrell S. Neuroimmune Contributions to Persistent
Musculoskeletal Pain: Evidence and Clinical implications. World Conference of
Musculoskeletal and Manual Physical Therapy - IFOMPT 2024, Switzerland.
Conference Symposium.

2. Schuster V, Bradley L, Fundaun J, Kolski M, Courtney C. The Relationship between
Sleep and Neuropathic Pain in Individuals with Diagnosed Peripheral Nerve
Pathology. American Physical Therapy Association Combined Section Meeting 2023,
Boston, MA. Poster.

3. Tejos-Bravo M, Muhammad F, Fundaun J, Panduro T, Espiosa A, Stewart M, Beer S,
Novak A, Schmid AB. Role of serum biomarkers in suspected cauda equina syndrome
(Preliminary results of a potential screening method using Single-Molecule Array).
Royal College of Emergency Medicine Annual Scientific Conference 2023, Poster.

4. Fundaun J, facilitator. Co-created the most attended conference workshop entitled
‘Transition from acute to chronic pain’. APDP 2023 Conference.

5. Fundaun J, Ridehalgh C, Baskozos G, Tejos-Bravo M, Greening J, Bremner S, Dilley A,
Schmid AB. Acute nerve pathology and neuropathic pain after whiplash injury:
preliminary cohort findings. NeuPSIG Congress 2023, poster.

292



10.

11.

12.

13.

14.

15.

Ridehalgh C, Fundaun J, Greening J, Bremner S, Schmid AB, Dilley A. The
relationship between neuropathic pain measures and heightened nerve
mechanosensitivity in people after acute whiplash. NeuPSIG Congress 2023. Poster.

Tejos-Bravo M, Muhammad F, Fundaun J, Panduro T, Espiosa A, Stewart M, Beer S,
Novak A, Schmid AB. Serum Neurofilament Light Chain Levels In Suspected Cauda
Equina Syndrome: Preliminary Results Of A Potential Screening Method Using Single-
Molecule Array. NeupSIG Congress 2023, poster.

Fundaun J, Ridehalgh C, Baskozos G, Tejos-Bravo M, Greening J, Bremner S, Dilley A,
Schmid AB. Is acute nerve pathology present after whiplash injury: preliminary cohort
findings. Advanced Pain Discovery Platform Conference 2023, poster.

Fundaun, J. Podcast discussing whiplash injuries for physiotherapists, Guida Galattica
per Fisioterapisti. https://youtu.be/p5fKvVzxPss

Fundaun J, Kolski M, Alvarez MA, Baskozos G, Schmid AB. Blood-based biomarkers
of peripheral neuropathy: a systematic review and meta-analysis. [ASP World
Congress 2022. Toronto, CA. Poster.

Fundaun J, Kolski M, Dilley A, Baskozs G, Sterling M, Schmid Nerve Pathology And
Neuropathic Pain After Whiplash: A Systematic Review And Meta-Analysis. EFIC
Congress 2022, Dublin, Ireland. Poster.

Fundaun J, Kolski M, Dilley A, Baskozs G, Sterling M, Schmid A. Peripheral nerve
pathology and neuropathic pain in whiplash-associated disorders. International
Association for the Study of Pain Neuropathic Special Interest Group Data Blitz, 4
November 2021.

Fundaun J, Kolski M, Dilley A, Baskozos G, Sterling M, Schmid A. Peripheral nerve
pathology and neuropathic pain in whiplash-associated disorders: a systematic review.
Physiotherapy UK Conference 2021. Platform.

Fundaun J, Kolski M, Dilley A, Baskozos G, Sterling M, Schmid A. Peripheral nerve
pathology and neuropathic pain in whiplash-associated disorders: a systematic review.
International Association for the Study of Pain Virtual Congress, June 2021. Poster.

Fundaun J, Kolski M, Dilley A, Baskozos G, Sterling M, Schmid A. Peripheral nerve

pathology and neuropathic pain in whiplash-associated disorders: a systematic review.
Council for Allied Health Professions Conference 2021. Rapid 5 Platform Presentation.

293


https://youtu.be/p5fKvVzxPss

Bibliography

1. Erichsen JE. On Railway and Other Injuries of the Nervous System.
Philadelpia: Collins, Printer; 1867. p. 32.

2. Breuer J, Freud S, Strachey A, Strachey J, Richards A. Studies on hysteria.
Penguin Books Harmondsworth; 1974.

3. H.W. M. Neck Injuries. Boston Med Surg Jnl. 1919:93-98.

4. H C. A new diagnostic signs in neck injuries. Cal Med. 1964;(100):12-13.

5. Key J.A. CHE. The Management of fractures, dislocations, and sprains.
Mosby; 1946.
6. Severy D, Matthewson J, Bectol C. Controlled automobile rear-end

collisions, an investigation of related engineering and medical phenomena in
medical aspects of traffic accidents. 1955:152.

7. Martinez JL, Garcia DJ. A model for whiplash. J Biomech. Jan
1968;1(1):23-32. doi:10.1016,/0021-9290(68)90035-3

8. Stemper BD, Corner BD. Whiplash-Associated Disorders: Occupant
Kinematics and Neck Morphology. Journal of Orthopaedic € Sports Physical
Therapy. 2016/10/01 2016;46(10):834-844. doi:10.2519 /jospt.2016.6846

9. Kaneoka K, Ono K, Inami S, Hayashi K. Motion analysis of cervical
vertebrae during whiplash loading. Spine (Phila Pa 1976). Apr 15 1999;24(8):763-
9; discussion 770. doi:10.1097/00007632-199904150-00006

10. O. SW, Skovron ML, Salmi LR, et al. Scientific monograph of the Quebec
Task Force on Whiplash-Associated Disorders: redefining "whiplash" and its
management. Spine. 04/15/1995 1995;20(8 Suppl)

11. Sterling M. Physiotherapy management of whiplash-associated disorders
(WAD). Journal of Physiotherapy. 2014/03/01/ 2014;60(1):5-12.
doi:https://doi.org/10.1016/].iphys.2013.12.004

12. Gurumoorthy D, Twomey L. The Quebec Task Force on Whiplash-
Associated Disorders. Spine (Phila Pa 1976). Apr 1 1996;21(7):897-8.
doi:10.1097,/00007632-199604010-00027

13. Sterling M, Jull G, Vicenzino B, Kenardy J, Darnell R. Physical and
psychological factors predict outcome following whiplash injury. Pain. Mar
2005;114(1-2):141-8. do0i:10.1016/j.pain.2004.12.005

14.  Elliott J, Walton D. An Integrated Model of Chronic Whiplash-Associated
Disorder. J Orthop Sports Phys Ther. 2017 Jul
2017;47(7)d0i:10.2519/jospt.2017.7455

15. Hoffman JR, Schriger DL, Mower W, Luo JS, Zucker M. Low-risk criteria
for cervical-spine radiography in blunt trauma: a prospective study. Ann Emerg
Med. Dec 1992;21(12):1454-60. doi:10.1016/s0196-0644(05)80059-9

16. Chien A, Eliav E, Sterling M. Hypoesthesia occurs in acute whiplash

irrespective of pain and disability levels and the presence of sensory
hypersensitivity. Clin J Pain. Nov-Dec 2008;24(9):759-66.
doi:10.1097/AJP.0b013e3181773b95

294


https://doi.org/10.1016/j.jphys.2013.12.004

17. Chien A, Sterling M. Sensory hypoaesthesia is a feature of chronic whiplash
but not chronic idiopathic neck pain. Man Ther. Feb 2010;15(1):48-53.
doi:10.1016/j.math.2009.05.012

18. Sterling M. A proposed new classification system for whiplash associated
disorders—implications for assessment and management. Manual Therapy.
2004/05/01/ 2004;9(2):60-70. doi:https://doi.org/10.1016/j.math.2004.01.006

19. Organization WH. Road traffic injuries. 2021;

20. Committee T. The House of Commons Transport Committee Cost of Motor

Insurance: follow up report. 2012;

21. Carroll LJ, Holm LW, Hogg-Johnson S, et al. Course and prognostic factors
for neck pain in whiplash-associated disorders (WAD): results of the Bone and
Joint Decade 2000-2010 Task Force on Neck Pain and Its Associated Disorders.
Spine (Phila Pa 1976). Feb 15 2008;33(4 Suppl):S83-92.
doi:10.1097/BRS.0b013e3181643eb8

22. Sterling M, Hendrikz J, Kenardy J. Compensation claim lodgement and
health outcome developmental trajectories following whiplash injury: A prospective
study. PAIN. 2010/07/01/ 2010;150(1):22-28.
doi:https://doi.org/10.1016/j.pain.2010.02.013

23. Administration NHTS. Federal motor vehicle safety standards; head
restraints; final rule. Fed Regist. 2004;69:74848-74891.

24. Richter M, Otte D, Pohlemann T, Krettek C, Blauth M. Whiplash-type
neck distortion in restrained car drivers: frequency, causes and long-term results.
Eur Spine J. Apr 2000;9(2):109-17. doi:10.1007 /s005860050220

25. Connelly LB, Supangan R. The economic costs of road traffic crashes:
Australia, states and territories. Accid Anal Prev. Nov 2006;38(6):1087-93.
doi:10.1016/j.aap.2006.04.015

26.  Hayashi K, Miki K, Ikemoto T, et al. Predictors of high-cost patients with
acute whiplash-associated disorder in Japan. PLoS One. 2023;18(6):e0287676.
doi:10.1371 /journal.pone.0287676

27. Schrader H, Obelieniene D, Bovim G, et al. Natural evolution of late
whiplash syndrome outside the medicolegal context. Lancet. May 4
1996;347(9010):1207-11. doi:10.1016/s0140-6736(96)90733-3

28. Cassidy JD, Carroll LJ, Coté P, Lemstra M, Berglund A, Nygren A. Effect
of eliminating compensation for pain and suffering on the outcome of insurance
claims for whiplash injury. New England Journal of Medicine. 2000;342(16):1179-
1186.

29. Freeman MD, Rossignol AM. Effect of eliminating compensation for pain

and suffering on the outcome of insurance claims. N FEngl J Med. Oct 12
2000;343(15):1118-9; author reply 1120. doi:10.1056 /nejm200010123431511
30. Freeman MD, Croft AC. Late whiplash syndrome. Lancet. Jul 13
1996;348(9020):125; author reply 125-6. doi:10.1016/s0140-6736(05)64633-8
31.  Bjorgen IA. Late whiplash syndrome. The Lancet. 1996;348(9020):124.
doi:10.1016,/S0140-6736(05)64631-4

295


https://doi.org/10.1016/j.math.2004.01.006
https://doi.org/10.1016/j.pain.2010.02.013

32.  Deyo RA. Pain and public policy. N Engl J Med. Apr 20 2000;342(16):1211-
3. d0i:10.1056 /nejm200004203421612

33.  Bortsov AV, Platts-Mills TF, Peak DA, et al. Effect of pain location and
duration on life function in the year after motor vehicle collision. Pain. Sep
2014;155(9):1836-45. do0i:10.1016/j.pain.2014.06.013

34. Ritchie C, Hendrikz J, Jull G, Elliott J, Sterling M. External validation of a
clinical prediction rule to predict full recovery and ongoing moderate/severe
disability following acute whiplash injury. J Orthop Sports Phys Ther. Apr
2015;45(4):242-50. doi:10.2519 /jospt.2015.5642

35. Lamb SE, Gates S, Williams MA, et al. Emergency department treatments
and physiotherapy for acute whiplash: a pragmatic, two-step, randomised
controlled trial. Lancet. Feb 16 2013;381(9866):546-56. doi:10.1016/s0140-
6736(12)61304-x

36. Shearer HM, Carroll LJ, Coté P, et al. The course and factors associated
with recovery of whiplash-associated disorders: an updated systematic review by
the Ontario protocol for traffic injury management (OPTIMa) collaboration.
FEuropean Journal of Physiotherapy. 2021/09/03 2021;23(5):279-294.
doi:10.1080/21679169.2020.1736150

37. Al-Khazali HM, Ashina H, Iljazi A, et al. Neck pain and headache after
whiplash injury: a systematic review and meta-analysis. Pain. May
2020;161(5):880-888. d0i:10.1097/j.pain.0000000000001805

38.  Heneghan NR, Smith R, Tyros I, Falla D, Rushton A. Thoracic dysfunction
in whiplash associated disorders: A systematic review. PLoS One.
2018;13(3):€0194235. doi:10.1371 /journal.pone.0194235

39.  Hincapié CA, Cassidy JD, Coté P, Carroll LJ, Guzmén J. Whiplash injury
is more than neck pain: a population-based study of pain localization after traffic
injury. J Occup Environ Med. Apr 2010;52(4):434-40.
doi:10.1097/JOM.0b013e3181bb806d

40. Farrell SF, Sterling M, Irving-Rodgers H, Schmid AB, Irving-Rodgers H.
Small fibre pathology in chronic whiplash-associated disorder: A cross-sectional
study. Eur J Pain. 2020;24(6):1045-1057. doi:10.1002/ejp.1549

41. Jonsson H, Jr., Cesarini K, Sahlstedt B, Rauschning W. Findings and
outcome in whiplash-type neck distortions. Spine (Phila Pa 1976). Dec 15
1994;19(24):2733-43. doi:10.1097,/00007632-199412150-00001

42. Squires B, Gargan MF, Bannister GC. Soft-tissue injuries of the cervical
spine. 15-year follow-up. J Bone Joint Surg Br. Nov 1996;78(6):955-7.
doi:10.1302/0301-620x78b6.1267

43. Treleaven J. Sensorimotor disturbances in neck disorders affecting postural
stability, head and eye movement control--Part 2: case studies. Man Ther. Jun
2008;13(3):266-75. doi:10.1016/j.math.2007.11.002

44. Treleaven J, Takasaki H. Characteristics of visual disturbances reported by
subjects with neck pain. Man Ther. Jun 2014;19(3):203-7.
doi:10.1016/j.math.2014.01.005

296



45. Al-Khazali HM, Ashina H, Iljazi A, et al. Psychiatric Sequelae Following
Whiplash Injury: A Systematic Review. Front Psychiatry. 2022;13:814079.
doi:10.3389 /fpsyt.2022.814079

46. Campbell L, Smith A, McGregor L, Sterling M. Psychological Factors and
the Development of Chronic Whiplash-associated Disorder(s): A Systematic
Review. Clin J Pain. Aug 2018;34(8):755-768. doi:10.1097/ajp.0000000000000597
47.  Vernon H, Mior S. The Neck Disability Index: a study of reliability and
validity. J Manipulative Physiol Ther. Sep 1991;14(7):409-15.

48. Kamper SJ, Rebbeck TJ, Maher CG, McAuley JH, Sterling M. Course and
prognostic factors of whiplash: a systematic review and meta-analysis. Pain. Sep
15 2008;138(3):617-29. doi:10.1016 /j.pain.2008.02.019

49. Sterling M, Hendrikz J, Kenardy J. Similar factors predict disability and
posttraumatic stress disorder trajectories after whiplash injury. Pain. Jun
2011;152(6):1272-8. doi:10.1016/j.pain.2011.01.056

50.  Walton DM, Macdermid JC, Giorgianni AA, Mascarenhas JC, West SC,
Zammit CA. Risk factors for persistent problems following acute whiplash injury:
update of a systematic review and meta-analysis. J Orthop Sports Phys Ther. Feb
2013;43(2):31-43. doi:10.2519 /jospt.2013.4507

51. Sterling M, Elliott JM, Cabot PJ. The Course of Serum Inflammatory
Biomarkers Following Whiplash Injury and Their Relationship to Sensory and
Muscle Measures: a Longitudinal Cohort Study. PLoS One. 2013;8(10):e77903.
doi:10.1371 /journal.pone.0077903

52.  Mauck MC, Linnstaedt SD, Bortsov A, et al. Vitamin D insufficiency
increases risk of chronic pain among African Americans experiencing motor vehicle
collision. PAIN. 2020;161(2):274-280. doi:10.1097 /j.pain.0000000000001728

53. Bortsov AV, Smith JE, Diatchenko L, et al. Polymorphisms in the
glucocorticoid receptor co-chaperone FKBP5 predict persistent musculoskeletal
pain after traumatic stress exposure. Pain. Aug 2013;154(8):1419-26.
doi:10.1016/j.pain.2013.04.037

54.  Linnstaedt SD, Bortsov AV, Soward AC, et al. CRHBP polymorphisms
predict chronic pain development following motor vehicle collision. Pain. Jan
2016;157(1):273-279. doi:10.1097/j.pain.0000000000000374

55.  Linnstaedt SD, Rueckeis CA, Riker KD, et al. MicroRNA-19b predicts
widespread pain and posttraumatic stress symptom risk in a sex-dependent
manner following trauma exposure. Pain. Jan 2020;161(1):47-60.

doi:10.1097 /j.pain.0000000000001709

56. Branham EM, McLean SA, Deliwala I, et al. CpG Methylation Levels in
HPA Axis Genes Predict Chronic Pain Outcomes Following Trauma Exposure. J
Pain. Jul 2023;24(7):1127-1141. doi:10.1016/j.jpain.2023.03.001

57. Wingbermiihle RW, van Trijffel E, Nelissen PM, Koes B, Verhagen AP. Few
promising multivariable prognostic models exist for recovery of people with non-
specific neck pain in musculoskeletal primary care: a systematic review. J
Physiother. Jan 2018;64(1):16-23. doi:10.1016/j.jphys.2017.11.013

297



58. Ritchie C, Hendrikz J, Jull G, Elliott J, Sterling M. External Validation of
a Clinical Prediction Rule to Predict Full Recovery and Ongoing Moderate/Severe
Disability Following Acute Whiplash Injury. Journal of Orthopaedic & Sports
Physical Therapy. 2015;45(4):242-250. doi:10.2519 /jospt.2015.5642

59.  Ritchie C, Hendrikz J, Kenardy J, Sterling M. Derivation of a clinical
prediction rule to identify both chronic moderate/severe disability and full
recovery following whiplash injury. Pain. Oct 2013;154(10):2198-206.
doi:10.1016/j.pain.2013.07.001

60. Kelly J, Ritchie C, Sterling M. Agreement is very low between a clinical
prediction rule and physiotherapist assessment for classifying the risk of poor
recovery of individuals with acute whiplash injury. Musculoskelet Sci Pract. Feb
2019;39:73-79. doi:10.1016/j.msksp.2018.11.003

61. State Insurance Regulatory Authority: Guidelines for the management of
acute whiplash-associated disorders — for health professionals. 2014;(Sydney -
Third edition)

62. Blanpied PR, Gross AR, Elliott JM, et al. Neck Pain: Revision 2017.
Journal of Orthopaedic € Sports Physical Therapy. 2017/07/01 2017;47(7):A1-A83.
doi:10.2519 /jospt.2017.0302

63. Excellence NIfHaC. Neck pain - whiplash injury. 2018;

64. Southerst D, Nordin MC, Coté P, et al. Is exercise effective for the
management of neck pain and associated disorders or whiplash-associated
disorders? A systematic review by the Ontario Protocol for Traffic Injury
Management (OPTIMa) Collaboration. Spine J. Dec 2016;16(12):1503-1523.
doi:10.1016 /j.spinee.2014.02.014

65.  Wiangkham T, Duda J, Haque S, Madi M, Rushton A. The Effectiveness of
Conservative Management for Acute Whiplash Associated Disorder (WAD) II: A
Systematic Review and Meta-Analysis of Randomised Controlled Trials. PLoS
One. 2015;10(7):e0133415. doi:10.1371 /journal.pone.0133415

66. Chrcanovic B, Larsson J, Malmstrom EM, Westergren H, Higgman-
Henrikson B. Exercise therapy for whiplash-associated disorders: a systematic
review and meta-analysis. Scand J Pain. Apr 26 2022;22(2):232-261.

doi:10.1515 /sjpain-2021-0064

67.  Ludvigsson ML, Peterson G, Peolsson A. Neck-specific exercise for radiating
pain and neurological deficits in chronic whiplash, a 1-year follow-up of a
randomised clinical trial. Sci Rep. Apr 21 2020;10(1):6758. doi:10.1038/s41598-020-
62722-4

68.  Rebbeck T, Bandong AN, Leaver A, et al. Implementation of a risk-
stratified, guideline-based clinical pathway of care to improve health outcomes
following whiplash injury (Whiplash ImPaCT): a multicentre, randomized,
controlled trial. PAIN. 2023;

69. Oostendorp RAB, Elvers H, van Trijffel E, et al. Improved quality of
physiotherapy care in patients with Whiplash-Associated Disorders: Results based
on 16 years of routinely collected data. Original Research. Frontiers in Pain
Research. 2022-August-30 2022;3d0i:10.3389/fpain.2022.929385

298



70.  Rushton A, Wright C, Heneghan N, Eveleigh G, Calvert M, Freemantle N.
Physiotherapy rehabilitation for whiplash associated disorder 1I: a systematic
review and meta-analysis of randomised controlled trials. BMJ Open.
2011;1(2):e000265. doi:10.1136 /bmjopen-2011-000265

71. Sterling M, Smeets R, Keijzers G, Warren J, Kenardy J. Physiotherapist-
delivered stress inoculation training integrated with exercise versus physiotherapy
exercise alone for acute whiplash-associated disorder (StressModex): a randomised
controlled trial of a combined psychological /physical intervention. Br J Sports
Med. Oct 2019;53(19):1240-1247. doi:10.1136/bjsports-2018-100139

72. Andersen TE, Ravn SL, Armfield N, Maujean A, Requena SS, Sterling M.
Trauma-focused cognitive behavioural therapy and exercise for chronic whiplash
with comorbid posttraumatic stress disorder: a randomised controlled trial. PAIN.
2021;162(4):1221-1232. doi:10.1097 /j.pain.0000000000002117

73.  Nikles J, Keijzers G, Mitchell G, et al. Pregabalin versus placebo to prevent
chronic pain after whiplash injury in at-risk individuals: results of a feasibility
study for a large randomised controlled trial. Pain. Jun 8

2021;d0i:10.1097 /j.pain.0000000000002362

74. Beaudoin FL, Gaither R, DeLomba WC, McLean SA. Tolerability and
efficacy of duloxetine for the prevention of persistent musculoskeletal pain after
trauma and injury: a pilot three-group randomized controlled trial. PAIN.
2022:10.1097 /j.pain.0000000000002782. doi:10.1097/j.pain.0000000000002782

75. Coté P, Wong JJ, Sutton D, et al. Management of neck pain and associated
disorders: A clinical practice guideline from the Ontario Protocol for Traffic Injury
Management (OPTIMa) Collaboration. Fur Spine J. Jul 2016;25(7):2000-22.
doi:10.1007 /s00586-016-4467-7

76. Ritchie C, Smith A, Sterling M. Medical and allied health service use during
acute and chronic post-injury periods in whiplash injured individuals. BMC Health
Services Research. 2020/03/30 2020;20(1):260. doi:10.1186/s12913-020-05146-0

7. Niska R, Bhuiya F, Xu J. National Hospital Ambulatory Medical Care
Survey: 2007 emergency department summary. Natl Health Stat Report. Aug 6
2010;(26):1-31.

78.  Hoppe JA, Houghland J, Yaron M, Heard K. Prescription history of
emergency department patients prescribed opioids. West J Emerg Med. May
2013;14(3):247-52. doi:10.5811 /westjem.2012.2.6915

79. Beaudoin FL, Gutman R, Merchant RC, et al. Persistent pain after motor
vehicle collision: comparative effectiveness of opioids vs nonsteroidal
antiinflammatory drugs prescribed from the emergency department-a propensity
matched analysis. Pain. Feb 2017;158(2):289-295.

doi:10.1097 /j.pain.0000000000000756

80. Punches BE, Stolz U, Freiermuth CE, et al. Predicting at-risk opioid use
three months after ed visit for trauma: Results from the AURORA study. PLOS
ONE. 2022;17(9):e0273378. d0i:10.1371 /journal.pone.0273378

299



81. Ritchie C, Hollingworth SA, Warren J, Sterling M. Medicine use during
acute and chronic postinjury periods in whiplash-injured individuals. Pain. Apr
2019;160(4):844-851. do0i:10.1097/j.pain.0000000000001460

82. Krebs EE, Gravely A, Nugent S, et al. Effect of Opioid vs Nonopioid
Medications on Pain-Related Function in Patients With Chronic Back Pain or Hip
or Knee Osteoarthritis Pain: The SPACE Randomized Clinical Trial. Jama. Mar 6
2018;319(9):872-882. d0i:10.1001/jama.2018.0899

83. Curatolo M. Pharmacological and Interventional Management of Pain After
Whiplash Injury. J Orthop Sports Phys Ther. Oct 2016;46(10):845-850.
doi:10.2519 /jospt.2016.6906

84.  Finnerup NB, Attal N, Haroutounian S, et al. Pharmacotherapy for
neuropathic pain in adults: a systematic review and meta-analysis. Lancet Neurol.
Feb 2015;14(2):162-73. doi:10.1016/s1474-4422(14)70251-0

85. Stenneberg MS, Rood M, de Bie R, Schmitt MA, Cattrysse E, Scholten-
Peeters GG. To What Degree Does Active Cervical Range of Motion Differ
Between Patients With Neck Pain, Patients With Whiplash, and Those Without
Neck Pain? A Systematic Review and Meta-Analysis. Arch Phys Med Rehabil. Jul
2017;98(7):1407-1434. do0i:10.1016 /j.apmr.2016.10.003

86. Yassin M GA, Robinson D. Whiplash Injury Might Reduce Lumbar Spine
Range of Motion Following Trauma. MOJ Orthop Rheumatol. 2016;6(1)doi:DOI:
10.15406 /mojor.2016.06.00210

87. Aarnio M, Fredrikson M, Lampa E, Sérensen J, Gordh T, Linnman C.
Whiplash injuries associated with experienced pain and disability can be visualized
with [11C]-D-deprenyl positron emission tomography and computed tomography.
PAIN. 2022;163(3):489-495. do0i:10.1097/j.pain.0000000000002381

88. Chen IH, Vasavada A, Panjabi MM. Kinematics of the cervical spine canal:
changes with sagittal plane loads. J Spinal Disord. Apr 1994;7(2):93-101.
doi:10.1097,/00002517-199407020-00001

89. Barnsley L, Lord SM, Wallis BJ, Bogduk N. The prevalence of chronic
cervical zygapophysial joint pain after whiplash. Spine (Phila Pa 1976). Jan 1
1995;20(1):20-5; discussion 26. doi:10.1097,/00007632-199501000-00004

90. Lord SM, Barnsley L, Wallis BJ, Bogduk N. Chronic cervical zygapophysial
joint pain after whiplash. A placebo-controlled prevalence study. Spine (Phila Pa
1976). Aug 1 1996;21(15):1737-44; discussion 1744-5. doi:10.1097/00007632-
199608010-00005

91. Gibson T, Bogduk N, Macpherson J, McIntosh A. Crash Characteristics of
Whiplash Associated Chronic Neck Pain. Journal of Musculoskeletal Pain.
2000/01/01 2000;8(1-2):87-95. doi:10.1300/J094v08n01 07

92. Winkelstein BA, Santos DG. An intact facet capsular ligament modulates
behavioral sensitivity and spinal glial activation produced by cervical facet joint
tension. Spine (Phila Pa 1976). Apr 15 2008;33(8):856-62.
doi:10.1097/BRS.0b013e31816b4710

300



93. Quinn KP, Dong L, Golder FJ, Winkelstein BA. Neuronal hyperexcitability
in the dorsal horn after painful facet joint injury. Pain. Nov 2010;151(2):414-421.
doi:10.1016/j.pain.2010.07.034

94.  Lee KE, Davis MB, Mejilla RM, Winkelstein BA. In vivo cervical facet
capsule distraction: mechanical implications for whiplash and neck pain. Stapp Car
Crash J. Nov 2004;48:373-95. doi:10.4271/2004-22-0016

95. Lee KE, Davis MB, Winkelstein BA. Capsular ligament involvement in the
development of mechanical hyperalgesia after facet joint loading: behavioral and
inflammatory outcomes in a rodent model of pain. J Neurotrauma. Nov
2008;25(11):1383-93. d0i:10.1089/neu.2008.0700

96. Taylor JR, Twomey LT. Acute injuries to cervical joints. An autopsy study
of neck sprain. Spine (Phila Pa 1976). Jul 1993;18(9):1115-22.
doi:10.1097,/00007632-199307000-00001

97. Jonsson H, Jr., Bring G, Rauschning W, Sahlstedt B. Hidden cervical spine
injuries in traffic accident victims with skull fractures. J Spinal Disord. Sep
1991;4(3):251-63. doi:10.1097/00002517-199109000-00001

98. Vasavada AN, Brault JR, Siegmund GP. Musculotendon and fascicle strains
in anterior and posterior neck muscles during whiplash injury. Spine (Phila Pa
1976). Apr 1 2007;32(7):756-65. doi:10.1097/01.brs.0000259058.00460.69

99.  Brault JR, Siegmund GP, Wheeler JB. Cervical muscle response during
whiplash: evidence of a lengthening muscle contraction. Clin Biomech (Bristol,
Avon). Jul 2000;15(6):426-35. doi:10.1016/s0268-0033(99)00097-2

100. Anderson SE, Boesch C, Zimmermann H, et al. Are there cervical spine
findings at MR imaging that are specific to acute symptomatic whiplash injury? A
prospective controlled study with four experienced blinded readers. Radiology. Feb
2012;262(2):567-75. doi:10.1148 /radiol.11102115

101.  Scott S, Sanderson PL. Whiplash: a biochemical study of muscle injury. Eur
Spine J. Aug 2002;11(4):389-92. doi:10.1007/s00586-002-0410-1

102.  Krogh S, Kasch H. Whiplash injury results in sustained impairments of
cervical muscle function: A one-year prospective, controlled study. J Rehabil Med.
Jun 15 2018;50(6):548-555. doi:10.2340/16501977-2348

103. Daenen L, Nijs J, Raadsen B, Roussel N, Cras P, Dankaerts W. Cervical
motor dysfunction and its predictive value for long-term recovery in patients with
acute whiplash-associated disorders: a systematic review. Journal of rehabilitation
medicine-Basingstoke. 2013;45(2):113-122.

104.  Sterling M, Jull G, Vicenzino B, Kenardy J. Characterization of acute
whiplash-associated disorders. Spine (Phila Pa 1976). Jan 15 2004;29(2):182-8.
doi:10.1097,/01.Brs.0000105535.12598. Ae

105. Elliott JM, Smith AC, Hoggarth MA, et al. Muscle fat infiltration following
whiplash: A computed tomography and magnetic resonance imaging comparison.
PLoS One. 2020;15(6):€0234061. doi:10.1371 /journal.pone.0234061

106.  Weber KA, Smith AC, Wasielewski M, et al. Deep Learning Convolutional
Neural Networks for the Automatic Quantification of Muscle Fat Infiltration

301



Following Whiplash Injury. Scientific Reports. 2019/05/28 2019;9(1):7973.
doi:10.1038 /s41598-019-44416-8

107.  Sterling M. Whiplash-associated disorder: musculoskeletal pain and related
clinical findings. The Journal of manual & manipulative therapy. 2011;19(4):194-
200. doi:10.1179/106698111X13129729551949

108. Jang SH, Kwon YH. A Review of Traumatic Axonal Injury following
Whiplash Injury As Demonstrated by Diffusion Tensor Tractography. Mini Review.
Frontiers in Neurology. 2018-February-08 2018;9d0i:10.3389 /fneur.2018.00057

109. Ronnen HR, de Korte PJ, Brink PR, van der Bijl HJ, Tonino AJ, Franke
CL. Acute whiplash injury: is there a role for MR imaging?--a prospective study of
100 patients. Radiology. Oct 1996;201(1):93-6. doi:10.1148 /radiology.201.1.8816527
110. Rebbeck T, Evans K, Elliott JM. Concussion in Combination With
Whiplash-Associated Disorder May Be Missed in Primary Care: Key
Recommendations for Assessment and Management. J Orthop Sports Phys Ther.
Nov 2019;49(11):819-828. d0i:10.2519/jospt.2019.8946

111. Favaretto N, Gheller F, Boscolo-Berto R, et al. Road traffic whiplash injury
in the elderly: Clinical and video-nystagmographic features. Am J Otolaryngol. Jul-
Aug 2020;41(4):102497. doi:10.1016 /j.amjoto.2020.102497

112.  Mazaheri M, Abichandani D, Kingma I, Treleaven J, Falla D. A meta-
analysis and systematic review of changes in joint position sense and static
standing balance in patients with whiplash-associated disorder. PLoS One.
2021;16(4):€0249659. doi:10.1371 /journal.pone.0249659

113. Vallez Garcia D, Doorduin J, Willemsen AT, Dierckx RA, Otte A. Altered
Regional Cerebral Blood Flow in Chronic Whiplash Associated Disorders.
EBioMedicine. Aug 2016;10:249-57. d0i:10.1016/j.ebiom.2016.07.008

114.  Otte A, Ettlin T, Nitzsche E, et al. PET and SPECT in whiplash
syndrome: a new approach to a forgotten brain? Journal of Neurology,
Neurosurgery € Psychiatry. 1997;63(3):368-372.

115.  Hoggarth MA, Elliott JM, Smith ZA, et al. Macromolecular changes in
spinal cord white matter characterize whiplash outcome at 1-year post motor
vehicle collision. Sci Rep. Dec 17 2020;10(1):22221. doi:10.1038 /s41598-020-79190-5
116. Farrell SF, Cowin G, Pedler A, Durbridge G, Sterling M. Spinal cord injury
is not a feature of chronic whiplash-associated disorder: a magnetic resonance
spectroscopy study. Fur Spine J. Jun 2020;29(6):1212-1218. doi:10.1007 /s00586-
020-06407-6

117.  Greening J, Anantharaman K, Young R, Dilley A. Evidence for Increased
Magnetic Resonance Imaging Signal Intensity and Morphological Changes in the
Brachial Plexus and Median Nerves of Patients With Chronic Arm and Neck Pain
Following Whiplash Injury. J Orthop Sports Phys Ther. Jul 2018;48(7):523-532.
doi:10.2519 /jospt.2018.7875

118.  Sterling M, Jull G, Vicenzino B, Kenardy J. Sensory hypersensitivity occurs
soon after whiplash injury and is associated with poor recovery. Pain. Aug
2003;104(3):509-17. doi:10.1016/s0304-3959(03)00078-2

302



119. Sterling M. Differential development of sensory hypersensitivity and a
measure of spinal cord hyperexcitability following whiplash injury. Pain. Sep
2010;150(3):501-6. doi:10.1016/j.pain.2010.06.003

120. Chien A, Eliav E, Sterling M. Hypoaesthesia occurs with sensory
hypersensitivity in chronic whiplash--further evidence of a neuropathic condition.
Man Ther. Apr 2009;14(2):138-46. doi:10.1016/j.math.2007.12.004

121.  Pain IAftSo. Terminology. 2023;

122.  Woolf CJ, Ma Q. Nociceptors--noxious stimulus detectors. Neuron. Aug 2
2007;55(3):353-64. doi:10.1016/j.neuron.2007.07.016

123.  Curatolo M, Bogduk N, Ivancic PC, McLean SA, Siegmund GP,
Winkelstein BA. The role of tissue damage in whiplash-associated disorders:
discussion paper 1. Spine (Phila Pa 1976). Dec 1 2011;36(25 Suppl):S309-15.
doi:10.1097/BRS.0b013e318238842a

124. Lord SM, Barnsley L, Bogduk N. Percutaneous radiofrequency neurotomy
in the treatment of cervical zygapophysial joint pain: a caution. Neurosurgery. Apr
1995;36(4):732-9. doi:10.1227/00006123-199504000-00014

125.  Aarnio M, Appel L, Fredrikson M, et al. Visualization of painful
inflammation in patients with pain after traumatic ankle sprain using [(11)C|-D-
deprenyl PET/CT. Scand J Pain. Oct 2017;17:418-424.
doi:10.1016/j.sjpain.2017.10.008

126.  Smith AD, Jull G, Schneider G, Frizzell B, Hooper RA, Sterling M.
Cervical radiofrequency neurotomy reduces central hyperexcitability and improves
neck movement in individuals with chronic whiplash. Pain Med. Jan
2014;15(1):128-41. doi:10.1111 /pme.12262

127.  Smith AD, Jull G, Schneider GM, Frizzell B, Hooper RA, Sterling M.
Modulation of Cervical Facet Joint Nociception and Pain Attenuates Physical and
Psychological Features of Chronic Whiplash: A Prospective Study. Pm r. Sep
2015;7(9):913-921. doi:10.1016/j.pmrj.2015.03.014

128.  Bogduk N, Teasell R. Whiplash: the evidence for an organic etiology. Arch
Neurol. Apr 2000;57(4):590-1. doi:10.1001/archneur.57.4.590

129. Lu Y, Chen C, Kallakuri S, Patwardhan A, Cavanaugh JM. Neural response
of cervical facet joint capsule to stretch: a study of whiplash pain mechanism.
Stapp Car Crash J. Nov 2005;49:49-65. doi:10.4271/2005-22-0003

130. Fice JB, Mang DWH, Olafsdéttir JM, et al. Neck Muscle and Head /Neck
Kinematic Responses While Bracing Against the Steering Wheel During Front and
Rear Impacts. Ann Biomed Eng. Mar 2021;49(3):1069-1082. doi:10.1007/s10439-
020-02687-7

131. Imbe H, Iwai-Liao Y, Senba E. Stress-induced hyperalgesia: animal models
and putative mechanisms. Front Biosci. Sep 1 2006;11:2179-92. doi:10.2741/1960
132.  McLean SA. The potential contribution of stress systems to the transition
to chronic whiplash-associated disorders. Spine (Phila Pa 1976). Dec 1 2011;36(25
Suppl):5226-32. doi:10.1097/BRS.0b013e3182387fb4

133. Linnstaedt SD, Riker KD, Rueckeis CA, et al. A Functional riboSNitch in
the 3' Untranslated Region of FKBP5 Alters MicroRNA-320a Binding Efficiency

303



and Mediates Vulnerability to Chronic Post-Traumatic Pain. J Neurosci. Sep 26
2018;38(39):8407-8420. doi:10.1523/jneurosci.3458-17.2018

134.  Panjabi MM. A hypothesis of chronic back pain: ligament subfailure injuries
lead to muscle control dysfunction. Eur Spine J. May 2006;15(5):668-76.
doi:10.1007 /s00586-005-0925-3

135. Aldman B. An Analytical Approach to the Impact Biomechanics of Head
and Neck Injury. Proceedings: American Association for Automotive Medicine
Annual Conference. 1986;30:439-454.

136.  Svensson MY, Aldman B, Bostrom O, et al. Nervenzellschéiden bei
Schleudertraumen. Der Orthopdde. 1998/12/01 1998;27(12):820-826.

doi:10.1007 /PL00003469

137.  FEichberger A, Darok M, Steffan H, Leinzinger PE, Bostrém O, Svensson
MY. Pressure measurements in the spinal canal of post-mortem human subjects
during rear-end impact and correlation of results to the neck injury criterion. Accid
Anal Prev. Mar 2000;32(2):251-60. doi:10.1016/s0001-4575(99)00097-4

138.  Bostrém O, Fredriksson R, Haland Y, et al. Comparison of car seats in low
speed rear-end impacts using the BioRID dummy and the new neck injury
criterion (NIC). Accid Anal Prev. Mar 2000;32(2):321-8. do0i:10.1016/s0001-
4575(99)00105-0

139. TIto S, Ivancic PC, Panjabi MM, Cunningham BW. Soft tissue injury
threshold during simulated whiplash: a biomechanical investigation. Spine (Phila
Pa 1976). May 1 2004;29(9):979-87. doi:10.1097,/00007632-200405010-00006

140.  Ivancic PC, Ito S, Tominaga Y, Carlson EJ, Rubin W, Panjabi MM. Effect
of rotated head posture on dynamic vertebral artery elongation during simulated
rear impact. Clin Biomech (Bristol, Avon). Mar 2006;21(3):213-20.
do0i:10.1016/j.clinbiomech.2005.10.011

141.  Ivancic PC, Coe MP, Ndu AB, et al. Dynamic mechanical properties of
intact human cervical spine ligaments. Spine J. Nov-Dec 2007;7(6):659-65.
doi:10.1016 /j.spinee.2006.10.014

142.  Hubbard RD, Chen Z, Winkelstein BA. Transient cervical nerve root
compression modulates pain: load thresholds for allodynia and sustained changes
in spinal neuropeptide expression. J Biomech. 2008;41(3):677-85.
doi:10.1016/j.jbiomech.2007.09.026

143.  Hubbard RD, Winkelstein BA. Dorsal root compression produces
myelinated axonal degeneration near the biomechanical thresholds for mechanical
behavioral hypersensitivity. Fzp Neurol. Aug 2008;212(2):482-9.

doi:10.1016 /j.expneurol.2008.04.042

144. Nuckley DJ, Konodi MA, Raynak GC, Ching RP, Mirza SK. Neural space
integrity of the lower cervical spine: effect of normal range of motion. Spine (Phila
Pa 1976). Mar 15 2002;27(6):587-95. doi:10.1097,/00007632-200203150-00006

145. Ivancic PC. Head-first impact with head protrusion causes noncontiguous
injuries of the cadaveric cervical spine. Clin J Sport Med. Sep 2012;22(5):390-6.
doi:10.1097/JSM.0b013e3182686789

304



146. Carter JW, Mirza SK, Tencer AF, Ching RP. Canal Geometry Changes
Associated With Axial Compressive Cervical Spine Fracture. Spine. 2000;25(1)
147. Yoo JU, Zou D, Edwards WT, Bayley J, Yuan HA. Effect of cervical spine
motion on the neuroforaminal dimensions of human cervical spine. Spine (Phila Pa
1976). Oct 1992;17(10):1131-6. doi:10.1097,/00007632-199210000-00001

148. Mao H, Driscoll SJ, Li JS, Li G, Wood KB, Cha TD. Dimensional changes
of the neuroforamina in subaxial cervical spine during in vivo dynamic flexion-
extension. Spine J. Apr 2016;16(4):540-6. doi:10.1016/j.spinee.2015.11.052

149. Holmes A, Han ZH, Dang GT, Chen ZQ, Wang ZG, Fang J. Changes in
cervical canal spinal volume during in vitro flexion-extension. Spine (Phila Pa
1976). Jun 1 1996;21(11):1313-9. doi:10.1097,/00007632-199606010-00006

150. Ivancic PC. Cervical neural space narrowing during simulated rear crashes
with anti-whiplash systems. Eur Spine J. May 2012;21(5):879-86.
doi:10.1007/s00586-012-2159-5

151. Kosek E, Clauw D, Nijs J, et al. Chronic nociplastic pain affecting the
musculoskeletal system: clinical criteria and grading system. Pain. Nov 1
2021;162(11):2629-2634. doi:10.1097/j.pain.0000000000002324

152.  Hoegh M, Schmid AB, Hansson P, Finnerup NB. Not being able to measure
what is important, does not make things we can measure important. Pain. Aug 1
2022;163(8):€963. doi:10.1097/j.pain.0000000000002662

153. Cohen ML. Proposed clinical criteria for nociplastic pain in the
musculoskeletal system are flawed. Pain. Apr 1 2022;163(4):e606-e607.
doi:10.1097 /j.pain.0000000000002505

154. Shala R. Chronic nociplastic and neuropathic pain: how do they
differentiate? PAIN. 2022;163(6)

155.  Walsh DA. Nociplastic pain: helping to explain disconnect between pain and
pathology. PAIN. 2021;162(11):2627-2628. doi:10.1097 /j.pain.0000000000002323
156. Van Oosterwijck J, Nijs J, Meeus M, Paul L. Evidence for central
sensitization in chronic whiplash: a systematic literature review. Fur J Pain. Mar
2013;17(3):299-312. doi:10.1002/j.1532-2149.2012.00193.x

157.  Fitzcharles MA, Cohen SP, Clauw DJ, Littlejohn G, Usui C, Hauser W.
Nociplastic pain: towards an understanding of prevalent pain conditions. Lancet.
May 29 2021;397(10289):2098-2110. doi:10.1016/s0140-6736(21)00392-5

158. Bontinck J, Lenoir D, Cagnie B, et al. Temporal changes in pain processing
after whiplash injury, based on Quantitative Sensory Testing: A systematic review.
Eur J Pain. Jan 2022;26(1):227-245. doi:10.1002/ejp.1858

159. Costigan M, Scholz J, Woolf CJ. Neuropathic pain: a maladaptive response
of the nervous system to damage. Annu Rev Neurosci. 2009;32:1-32.

d0i:10.1146 /annurev.neuro.051508.135531

160. Ellis A, Bennett DL. Neuroinflammation and the generation of neuropathic
pain. Br J Anaesth. Jul 2013;111(1):26-37. doi:10.1093 /bja/aet128

161. Smith AD, Jull G, Schneider G, et al. Cervical radiofrequency neurotomy
reduces psychological features in individuals with chronic whiplash symptoms.
Pain Physician. May-Jun 2014;17(3):265-74.

305



162.  Sterling M, Treleaven J, Jull G. Responses to a clinical test of mechanical
provocation of nerve tissue in whiplash associated disorder. Man Ther. May
2002;7(2):89-94. doi:10.1054 /math.2002.0443

163. Greening J, Dilley A, Lynn B. In vivo study of nerve movement and
mechanosensitivity of the median nerve in whiplash and non-specific arm pain
patients. Pain. 2005 Jun 2005;115(3)doi:10.1016/j.pain.2005.02.023

164. Farrell SF, de Zoete RMJ, Cabot PJ, Sterling M. Systemic inflammatory
markers in neck pain: A systematic review with meta-analysis. Furopean Journal
of Pain. 2020;24(9):1666-1686. doi:https://doi.org/10.1002/ejp.1630

165. Fasolino A, Di Stefano G, Leone C, et al. Small-fibre pathology has no
impact on somatosensory system function in patients with fibromyalgia. Pain.
2020;161(10)

166. Gierthmiihlen J, Maier C, Baron R, et al. Sensory signs in complex regional

pain syndrome and peripheral nerve injury. Pain. 2012;153(4):765-774.
doi:10.1016/j.pain.2011.11.009

167. Sandy-Hindmarch O, Bennett DL, Wiberg A, Furniss D, Baskozos G,
Schmid AB. Systemic inflammatory markers in neuropathic pain, nerve injury, and
recovery. Pain. Mar 1 2022;163(3):526-537. d0i:10.1097/j.pain.0000000000002386
168. Parisien M, Lima LV, Dagostino C, et al. Acute inflammatory response via
neutrophil activation protects against the development of chronic pain. Sci Transl
Med. May 11 2022;14(644):eabj9954. doi:10.1126/scitranslmed.abj9954

169. Sommer C, Leinders M, Uceyler N. Inflammation in the pathophysiology of
neuropathic pain. PAIN. 2018;159(3):595-602. doi:10.1097 /j.pain.0000000000001122
170. Rajabally YA, Narasimhan M. Characteristics and correlates of sensory
function in chronic inflammatory demyelinating polyneuropathy. Journal of the
Neurological Sciences. 2010/10/15/ 2010;297(1):11-14.
doi:https://doi.org/10.1016/.ins.2010.07.003

171. Lehmann HC, Burke D, Kuwabara S. Chronic inflammatory demyelinating
polyneuropathy: update on diagnosis, immunopathogenesis and treatment. Journal
of Neurology, Neurosurgery € Psychiatry. 2019;90(9):981-987. doi:10.1136/jnnp-
2019-320314

172.  Kmezic I, Samuelsson K, Finn A, et al. Neurofilament light chain and total

tau in the differential diagnosis and prognostic evaluation of acute and chronic
inflammatory polyneuropathies. Fur J Neurol. Sep 2022;29(9):2810-2822.
doi:10.1111 /ene.15428

173.  Godelaine J, De Schaepdryver M, Bossuyt X, Van Damme P, Claeys KG,
Poesen K. Prognostic value of neurofilament light chain in chronic inflammatory
demyelinating polyneuropathy. Brain Communications.

2021;3(1)d0i:10.1093 /braincomms/fcab018

174. Maujean A, Gullo MJ, Andersen TE, Ravn SL, Sterling M. Post-traumatic
stress symptom clusters in acute whiplash associated disorder and their prediction
of chronic pain-related disability. Pain Rep. Nov 2017;2(6):e631.

doi:10.1097 /pr9.0000000000000631

306


https://doi.org/10.1002/ejp.1630
https://doi.org/10.1016/j.jns.2010.07.003

175. Feinberg RK, Hu J, Weaver MA, et al. Stress-related psychological
symptoms contribute to axial pain persistence after motor vehicle collision: path
analysis results from a prospective longitudinal study. Pain. Apr 2017;158(4):682-
690. doi:10.1097/j.pain.0000000000000818

176. Linnstaedt SD, Zannas AS, McLean SA, Koenen KC, Ressler KJ. Literature
review and methodological considerations for understanding circulating risk
biomarkers following trauma exposure. Mol Psychiatry. Sep 2020;25(9):1986-1999.
doi:10.1038 /s41380-019-0636-5

177.  Khasar SG, Burkham J, Dina OA, et al. Stress induces a switch of
intracellular signaling in sensory neurons in a model of generalized pain. J
Neurosci. May 28 2008;28(22):5721-30. doi:10.1523/jneurosci.0256-08.2008

178. Chapman CR, Tuckett RP, Song CW. Pain and stress in a systems
perspective: reciprocal neural, endocrine, and immune interactions. J Pain. Feb
2008;9(2):122-45. doi:10.1016/].jpain.2007.09.006

179. Fundaun J, Thomas ET, Schmid AB, Baskozos G. The power of integrating
data: advancing pain research using meta-analysis. Pain Rep. Nov-Dec
2022;7(6):€1038. doi:10.1097/pr9.0000000000001038

180. Wilson AT, Riley JL, III, Bishop MD, et al. Pain phenotyping and
investigation of outcomes in physical therapy: An exploratory study in patients
with low back pain. PLOS ONE. 2023;18(2):€0281517.

do0i:10.1371 /journal.pone.0281517

181. Dimova V, Herrnberger MS, Escolano-Lozano F, et al. Clinical phenotypes
and classification algorithm for complex regional pain syndrome. Neurology. Jan 28
2020;94(4):e357-e367. doi:10.1212/wnl.0000000000008736

182. Miaskowski C, Levine JD, Paul SM, et al. Similarities in the Neuropathy
Phenotype of Cancer Survivors Who Received Different Classes of Chemotherapy
Drugs. J Pain. Sep 2022;23(9):1604-1615. doi:10.1016/j.jpain.2022.04.007

183. Baron R, Dickenson AH, Calvo M, Dib-Hajj SD, Bennett DL. Maximizing
treatment efficacy through patient stratification in neuropathic pain trials. Nat Rev
Neurol. Jan 2023;19(1):53-64. doi:10.1038/s41582-022-00741-7

184. Themistocleous AC, Ramirez JD, Shillo PR, et al. The Pain in Neuropathy
Study (PiNS): a cross-sectional observational study determining the somatosensory
phenotype of painful and painless diabetic neuropathy. Pain. May
2016;157(5):1132-1145. doi:10.1097 /j.pain.0000000000000491

185. Matesanz L, Hausheer AC, Baskozos G, Bennett DLH, Schmid AB.
Somatosensory and psychological phenotypes associated with neuropathic pain in
entrapment neuropathy. Pain. Apr 1 2021;162(4):1211-1220.

doi:10.1097 /j.pain.0000000000002102

186. Riley RD, Hayden JA, Steyerberg EW, et al. Prognosis Research Strategy
(PROGRESS) 2: prognostic factor research. PLoS Med. 2013;10(2):e1001380.
do0i:10.1371 /journal.pmed.1001380

187. Hartling L, Brison RJ, Ardern C, Pickett W. Prognostic value of the
Quebec Classification of Whiplash-Associated Disorders. Spine (Phila Pa 1976).
Jan 1 2001;26(1):36-41. doi:10.1097/00007632-200101010-00008

307



188.  Sterling M. A proposed new classification system for whiplash associated
disorders—implications for assessment and management. Man Ther. 2004;9(2):60-
70. d0i:10.1016/j.math.2004.01.006

189. Chien A, Eliav E, Sterling M. Whiplash (grade II) and cervical
radiculopathy share a similar sensory presentation: an investigation using
quantitative sensory testing. Clin J Pain. 2008;24(7):595-603.

190. Serrano-Muiioz D, Galan-Arriero I, Avila-Martin G, et al. Deficient
Inhibitory Endogenous Pain Modulation Correlates With Periaqueductal Gray
Matter Metabolites During Chronic Whiplash Injury. Clin J Pain. 2019 Aug
2019;35(8)d0i:10.1097,/AJP.0000000000000722

191. Sterling M, Pedler A. A neuropathic pain component is common in acute
whiplash and associated with a more complex clinical presentation. Man Ther. Apr
2009;14(2):173-9. do0i:10.1016 /j.math.2008.01.009

192. Nikles J, Keijzers G, Mitchell G, et al. Pregabalin versus placebo in
targeting pro-nociceptive mechanisms to prevent chronic pain after whiplash injury
in at-risk individuals - a feasibility study for a randomised controlled trial. Trials.
Jan 17 2018;19(1):44. doi:10.1186/s13063-018-2450-9

193. Attal N, Lanteri-Minet M, Laurent B, Fermanian J, Bouhassira D. The
specific disease burden of neuropathic pain: results of a French nationwide survey.
Pain. Dec 2011;152(12):2836-2843. doi:10.1016/j.pain.2011.09.014

194. Finnerup NB, Haroutounian S, Kamerman P, et al. Neuropathic pain: an
updated grading system for research and clinical practice. Pain. Aug
2016;157(8):1599-1606. doi:10.1097 /j.pain.0000000000000492

195. Baron R, Binder A, Wasner G. Neuropathic pain: diagnosis,
pathophysiological mechanisms, and treatment. Lancet Neurol. Aug 2010;9(8):807-
19. doi:10.1016/s1474-4422(10)70143-5

196. Page MJ, McKenzie JE, Bossuyt PM, et al. Updating guidance for
reporting systematic reviews: development of the PRISMA 2020 statement. J Clin
Epidemiol. 2021/02/09/ 2021;doi:https://doi.org/10.1016/].jclinepi.2021.02.003
197.  Tong XW, Wengian W, Jiming L, Tiejun. Estimating the sample mean and
standard deviation from the sample size, median, range and/or interquartile range.
OriginalPaper. BMC Med Res Methodol. 2014-12-19 2014;14(1):1-13.
doi:doi:10.1186,/1471-2288-14-135

198.  Jelicic Kadic A, Vucic K, Dosenovic S, Sapunar D, Puljak L. Extracting
data from figures with software was faster, with higher interrater reliability than
manual extraction. J Clin Epidemiol. Jun 2016;74:119-23.
doi:10.1016/j.jclinepi.2016.01.002

199. Higgins J, Thomas J, Cumpston M, Li T, Page M, Welch Ve. Coachrane
Handbook for Systematic Reviews of Interventions version 6.1. 2020.

200. van den Berg R, Jongbloed EM, de Schepper EIT, Bierma-Zeinstra SMA,
Koes BW, Luijsterburg PAJ. The association between pro-inflammatory

biomarkers and nonspecific low back pain: a systematic review. Spine Journal.
2018 Nov 2018;18(11)d0i:10.1016/j.spinee.2018.06.349

308


https://doi.org/10.1016/j.jclinepi.2021.02.003

201. Popay J, Roberts H, Sowden A, et al. Guidance on the Conduct of
Narrative Synthesis in Systematic review: A Product from the ESRC Methods
Programme.

202. R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing; 2020. https://www.R-project.org

203.  RStudio: Integrated Development for R. RStudio; 2020.
http:www.rstudio.com

204. Harrer M, Cuijpers P, Furukawa T, Ebert D. Doing Meta-Analysis in R: A
Hands-n Guide. 2019.

205. Borenstein M, Hedges LV, Higgins JP, Rothstein HR. A basic introduction
to fixed-effect and random-effects models for meta-analysis. Res Synth Methods.
Apr 2010;1(2):97-111. doi:10.1002/jrsm.12

206. Tomlinson PJ, Gargan MF, Bannister GC. The fluctuation in recovery

following whiplash injury 7.5-year prospective review. Injury. Jun 2005;36(6):758-
61. doi:10.1016/j.injury.2005.01.006

207. Santana MV, Bina MT, Paz MG, et al. High prevalence of neuropathic pain
in the hand of patients with traumatic brachial plexus injury: a cross-sectional
study. Arq Neuropsiquiatr. Nov 2016;74(11):895-901. doi:10.1590/0004-
282x20160149

208.  Wallin M, Liedberg G, Borsbo B, Gerdle B. Thermal detection and pain
thresholds but not pressure pain thresholds are correlated with psychological
factors in women with chronic whiplash-associated pain. Clin J Pain. Mar-Apr
2012;28(3):211-21. doi:10.1097/AJP.0b013e318226¢3fd

209. Smith AD, Jull G, Schneider G, Frizzell B, Hooper RA, Sterling M. A
comparison of physical and psychological features of responders and non-
responders to cervical facet blocks in chronic whiplash. BMC' Musculoskelet Disord.
Nov 4 2013;14:313. doi:10.1186,/1471-2474-14-313

210. Pedler A, Motlagh H, Sterling M. Laterality judgments are not impaired in
patients with chronic whiplash associated disorders. Man Ther. Feb 2013;18(1):72-
6. doi:10.1016/j.math.2012.07.006

211.  Alpar EK, Onuoha G, Killampalli VV, Waters R. Management of chronic
pain in whiplash injury. J Bone Joint Surg Br. Aug 2002;84(6):807-11.
doi:10.1302/0301-620x.84b6.12738

212.  Sterling M, Jull G, Kenardy J. Physical and psychological factors maintain
long-term predictive capacity post-whiplash injury. Pain. May 2006;122(1-2):102-8.
doi:10.1016 /j.pain.2006.01.014

213. Sterling M, Kenardy J. The relationship between sensory and sympathetic
nervous system changes and posttraumatic stress reaction following whiplash
injury--a prospective study. J Psychosom Res. Apr 2006;60(4):387-93.
doi:10.1016/j.jpsychores.2005.08.016

214.  Scott D, Jull G, Sterling M. Widespread sensory hypersensitivity is a
feature of chronic whiplash-associated disorder but not chronic idiopathic neck
pain. Clin J Pain. Mar-Apr 2005;21(2):175-81. doi:10.1097,/00002508-200503000-
00009

309


https://www.r-project.org/
www.rstudio.com

215.  Chuang TY, Chiu FY, Tsai YA, Chiang SC, Yen DJ, Cheng H. The
comparison of electrophysiologic findings of traumatic brachial plexopathies in a
tertiary care center. Injury. Sep 2002;33(7):591-5. doi:10.1016/s0020-
1383(02)00094-3

216. Bowles AO, Graves DE, Chiou-Tan FY. Distribution and extent of
involvement in brachial plexopathies caused by gunshot wounds, motor vehicle
crashes, and other etiologies: a 10-year electromyography study. Arch Phys Med
Rehabil. Oct 2004;85(10):1708-10. doi:10.1016/j.apmr.2004.01.039

217. Hashish R, Badday H. Frequency of acute cervical and lumbar pathology in
common types of motor vehicle collisions: a retrospective record review. BMC
Musculoskelet Disord. Nov 9 2017;18(1):437. doi:10.1186/s12891-017-1797-5

218. Midha R. Epidemiology of brachial plexus injuries in a multitrauma
population. Neurosurgery. Jun 1997;40(6):1182-8; discussion 1188-9.
doi:10.1097,/00006123-199706000-00014

219. Miranda GE, Torres RY. Epidemiology of Traumatic Peripheral Nerve
Injuries Evaluated with Electrodiagnostic Studies in a Tertiary Care Hospital
Clinic. P R Health Sci J. Jun 2016;35(2):76-80.

220. Braddom RL, Spitz L, Rivner MH. Frequency of radiculopathies in motor
vehicle accidents. Muscle Nerve. Apr 2009;39(4):545-7. doi:10.1002 /mus.21276
221. Kaiser R, Mencl L, Haninec P. Injuries associated with serious brachial
plexus involvement in polytrauma among patients requiring surgical repair. Injury.
Jan 2014;45(1):223-6. doi:10.1016/j.injury.2012.05.013

222.  Coert JH, Dellon AL. Peripheral nerve entrapment caused by motor vehicle
crashes. J Trauma. Aug 1994;37(2):191-4. doi:10.1097/00005373-199408000-00006
223. Lo YL, Tan YE, Fook-Chong S, et al. Role of spinal inhibitory mechanisms
in whiplash injuries. J Neurotrauma. Jun 2007;24(6):1055-67.

doi:10.1089 /neu.2006.0222

224. Chuang TY, Chiou-Tan FY, Vennix MJ. Brachial plexopathy in gunshot
wounds and motor vehicle accidents: comparison of electrophysiologic findings.
Arch Phys Med Rehabil. Feb 1998;79(2):201-4. doi:10.1016/s0003-9993(98)90300-8
225. Saadat S, Eslami V, Rahimi-Movaghar V. The incidence of peripheral nerve
injury in trauma patients in Iran. Ulus Travma Acil Cerrahi Derg. Nov
2011;17(6):539-44. doi:10.5505/tjtes.2011.75735

226. Kaiser R, Waldauf P, Haninec P. Types and severity of operated
supraclavicular brachial plexus injuries caused by traffic accidents. Acta Neurochir
(Wien). Jul 2012;154(7):1293-7. doi:10.1007 /s00701-012-1291-7

227. Ovadia D, Steinberg EL, Nissan MN, Dekel S. Whiplash injury--a
retrospective study on patients seeking compensation. Injury. Sep 2002;33(7):569-
73. d0i:10.1016 /s0020-1383(02)00174-2

228. Terzis JK, Barmpitsioti A. Wrist fusion in posttraumatic brachial plexus
palsy. Plast Reconstr Surg. Dec 2009;124(6):2027-39.

do0i:10.1097 /PRS.0b013e3181bcefe0

310



229.  Steinberg EL, Ovadia D, Nissan M, Menahem A, Dekel S. Whiplash injury:
is there a role for electromyographic studies? Arch Orthop Trauma Surg. Feb
2005;125(1):46-50. doi:10.1007/s00402-004-0767-1

230. Karlsborg M, Smed A, Jespersen H, et al. A prospective study of 39
patients with whiplash injury. Acta Neurol Scand. Feb 1997;95(2):65-72.
doi:10.1111/j.1600-0404.1997.tb00071.x

231. Radanov BP, Sturzenegger M, Di Stefano G. Long-term outcome after
whiplash injury. A 2-year follow-up considering features of injury mechanism and
somatic, radiologic, and psychosocial findings. Medicine (Baltimore). Sep
1995;74(5):281-97. doi:10.1097/00005792-199509000-00005

232. Pettersson K, Hildingsson C, Toolanen G, Fagerlund M, Bjornebrink J.
MRI and neurology in acute whiplash trauma. No correlation in prospective
examination of 39 cases. Acta Orthop Scand. Oct 1994;65(5):525-8.
doi:10.3109/17453679409000906

233. Sturzenegger M, DiStefano G, Radanov BP, Schnidrig A. Presenting
symptoms and signs after whiplash injury: the influence of accident mechanisms.
Neurology. Apr 1994;44(4):688-93. doi:10.1212/wnl.44.4.688

234. Sterner Y, Toolanen G, Knibestél M, Gerdle B, Hildingsson C. Prospective
study of trigeminal sensibility after whiplash trauma. J Spinal Disord. Dec
2001;14(6):479-86. doi:10.1097,/00002517-200112000-00003

235.  Radanov BP, Sturzenegger M, De Stefano G, Schnidrig A. Relationship
between early somatic, radiological, cognitive and psychosocial findings and
outcome during a one-year follow-up in 117 patients suffering from common
whiplash. Br J Rheumatol. May 1994;33(5):442-8.

doi:10.1093 /rheumatology /33.5.442

236. Sturzenegger M, Radanov BP, Di Stefano G. The effect of accident
mechanisms and initial findings on the long-term course of whiplash injury. J
Neurol. Jul 1995;242(7):443-9. doi:10.1007 /bf00873547

237. Maimaris C, Barnes MR, Allen MJ. '"Whiplash injuries' of the neck: a
retrospective study. Injury. Nov 1988;19(6):393-6. doi:10.1016/0020-1383(88)90131-
3

238. Bekelis K, Missios S, Spinner RJ. Restraints and peripheral nerve injuries in
adult victims of motor vehicle crashes. J Neurotrauma. Jun 15 2014;31(12):1077-
82. doi:10.1089 /neu.2013.3281

239.  Goudman L, Daenen L, Mouraux A, et al. Processing of Laser-Evoked
Potentials in Patients with Chronic Whiplash-Associated Disorders, Chronic
Fatigue Syndrome, and Healthy Controls: A Case-Control Study. Pain Med. Oct 1
2020;21(10):2553-2563. doi:10.1093 /pm/pnaa068

240. Mailis A, Papagapiou M, Vanderlinden RG, Campbell V, Taylor A.
Thoracic outlet syndrome after motor vehicle accidents in a Canadian pain clinic
population. Clin J Pain. Dec 1995;11(4):316-24. doi:10.1097/00002508-199512000-
00009

311



241. Héaggman-Henrikson B, Lampa E, Nordh E. Altered thermal sensitivity in
facial skin in chronic whiplash-associated disorders. Int J Oral Sci. Sep
2013;5(3):150-4. doi:10.1038/ijos.2013.42

242.  Vaegter HB, Andersen TE, Harvold M, Andersen PG, Graven-Nielsen T.
Increased Pain Sensitivity in Accident-related Chronic Pain Patients With
Comorbid Posttraumatic Stress. Clin J Pain. Apr 2018;34(4):313-321.
doi:10.1097 /ajp.0000000000000543

243. Moog M, Quintner J, Hall T, Zusman M. The late whiplash syndrome: a
psychophysical study. Fur J Pain. 2002;6(4):283-94. do0i:10.1053/eujp.2002.0338
244. Haanpaa M, Attal N, Backonja M, et al. NeuPSIG guidelines on
neuropathic pain assessment. PAIN. 2011;152(1):14-27.
doi:10.1016/j.pain.2010.07.031

245.  Carlesso LC, Neogi T. Identifying pain susceptibility phenotypes in knee
osteoarthritis. Clin FExp Rheumatol. Sep-Oct 2019;37 Suppl 120(5):96-99.

246. Fingleton C, Smart K, Moloney N, Fullen BM, Doody C. Pain sensitization
in people with knee osteoarthritis: a systematic review and meta-analysis.
Osteoarthritis Cartilage. Jul 2015;23(7):1043-56. doi:10.1016/j.joca.2015.02.163
247. Berwick RJ, Siew S, Andersson DA, Marshall A, Goebel A. A Systematic
Review Into the Influence of Temperature on Fibromyalgia Pain: Meteorological
Studies and Quantitative Sensory Testing. J Pain. Jan 6
2021;d0i:10.1016//].jpain.2020.12.005

248. Clauw DJ. Fibromyalgia: A Clinical Review. JAMA. 2014;311(15):1547-
1555. doi:10.1001 /jama.2014.3266

249. Tampin B, Slater H, Jacques A, Lind CRP. Association of quantitative
sensory testing parameters with clinical outcome in patients with lumbar
radiculopathy undergoing microdiscectomy. Eur J Pain. Aug 2020;24(7):1377-1392.
doi:10.1002/ejp.1586

250. Baskozos G, Sandy-Hindmarch O, Clark AJ, et al. Molecular and cellular
correlates of human nerve regeneration: ADCYAP1/PACAP enhance nerve
outgrowth. Brain. Jul 1 2020;143(7):2009-2026. doi:10.1093/brain/awaal63

251. Held M, Karl F, Vickova E, et al. Sensory profiles and immune-related
expression patterns of patients with and without neuropathic pain after peripheral
nerve lesion. Pain. 2019;160(10):2316-2327. do0i:10.1097/j.pain.0000000000001623
252.  Samuelsson L, Lundin A. Thermal quantitative sensory testing in lumbar
disc herniation. Fur Spine J. Feb 2002;11(1):71-5. doi:10.1007/s00586-001-0354-x
253. Coppieters MW, Schmid AB, Kubler PA, Hodges PW. Description,
reliability and validity of a novel method to measure carpal tunnel pressure in
patients with carpal tunnel syndrome. Man Ther. Dec 2012;17(6):589-92.
d0i:10.1016/j.math.2012.03.005

254. Takahashi K, Shima I, Porter RW. Nerve root pressure in lumbar disc
herniation. Spine (Phila Pa 1976). Oct 1 1999;24(19):2003-6.
doi:10.1097,/00007632-199910010-00007

312



255.  Mackinnon SE, Dellon AL, Hudson AR, Hunter DA. Chronic human nerve
compression--a histological assessment. Neuropathol Appl Neurobiol. Nov-Dec
1986;12(6):547-65. doi:10.1111/;.1365-2990.1986.tb00159.x

256. Gupta R, Rowshan K, Chao T, Mozaffar T, Steward O. Chronic nerve
compression induces local demyelination and remyelination in a rat model of carpal
tunnel syndrome. Fzp Neurol. Jun 2004;187(2):500-8.

doi:10.1016 /j.expneurol.2004.02.009

257.  Geber C, Magerl W, Fondel R, et al. Numbness in clinical and experimental
pain — A cross-sectional study exploring the mechanisms of reduced tactile
function. PAIN. 2008;139(1):73-81. doi:10.1016/j.pain.2008.03.006

258.  Magerl W, Treede R-D. Secondary tactile hypoesthesia: a novel type of
pain-induced somatosensory plasticity in human subjects. Neuroscience Letters.
2004/05/06/ 2004;361(1):136-139. doi:https://doi.org/10.1016/j.neulet.2003.12.001
259. Enax-Krumova E, Attal N, Bouhassira D, et al. Contralateral Sensory and

Pain Perception Changes in Patients With Unilateral Neuropathy. Neurology.
2021:10.1212/WNL.0000000000012229. do0i:10.1212/wnl.0000000000012229

260. Ellrich J, Andersen OK, Treede RD, Arendt-Nielsen L. Convergence of
nociceptive and non-nociceptive input onto the medullary dorsal horn in man.
Neuroreport. Oct 5 1998;9(14):3213-7. doi:10.1097,/00001756-199810050-00015
261. Linnman C, Appel L, Fredrikson M, et al. Elevated [11C]-D-deprenyl
uptake in chronic Whiplash Associated Disorder suggests persistent
musculoskeletal inflammation. PLoS One. Apr 19 2011;6(4):e19182.

doi:10.1371 /journal.pone.0019182

262. Sterling M, Head J, Cabot PJ, Farrell M. Serum C-reactive protein levels
predict regional brain responses to noxious cold stimulation of the hand in chronic
whiplash associated disorders. Scand J Pain. Apr 2016;11:19-26.
doi:10.1016/j.sjpain.2015.11.003

263. Hartlehnert M, Derksen A, Hagenacker T, et al. Schwann cells promote
post-traumatic nerve inflammation and neuropathic pain through MHC class 1I.
Sci Rep. 2017/10/02 2017;7(1):12518. do0i:10.1038/s41598-017-12744-2

264. Ko KW, Milbrandt J, DiAntonio A. SARM1 acts downstream of
neuroinflammatory and necroptotic signaling to induce axon degeneration. J Cell
Biol. Aug 3 2020;219(8)d0i:10.1083/jcb.201912047

265. Stanisz GJ, Webb S, Munro CA, Pun T, Midha R. MR properties of excised
neural tissue following experimentally induced inflammation. Magn Reson Med.
Mar 2004;51(3):473-9. doi:10.1002/mrm.20008

266. Bove GM, Ransil BJ, Lin HC, Leem JG. Inflammation induces ectopic
mechanical sensitivity in axons of nociceptors innervating deep tissues. J
Neurophysiol. Sep 2003;90(3):1949-55. doi:10.1152/jn.00175.2003

267. Dilley A, Lynn B, Pang SJ. Pressure and stretch mechanosensitivity of
peripheral nerve fibres following local inflammation of the nerve trunk. Pain. Oct
2005;117(3):462-472. do0i:10.1016/j.pain.2005.08.018

268. Goodwin G, Bove GM, Dayment B, Dilley A. Characterizing the
Mechanical Properties of Ectopic Axonal Receptive Fields in Inflamed Nerves and

313


https://doi.org/10.1016/j.neulet.2003.12.001

Following Axonal Transport Disruption. Neuroscience. 2020/03/01/ 2020;429:10-
22. doi:https://doi.org/10.1016/j.neuroscience.2019.11.042

269. Fernandez-de-Las-Penias C, Ortega-Santiago R, Ambite-Quesada S,
Jiménez-Garci AR, Arroyo-Morales M, Cleland JA. Specific mechanical pain

hypersensitivity over peripheral nerve trunks in women with either unilateral
epicondylalgia or carpal tunnel syndrome. J Orthop Sports Phys Ther. Nov
2010;40(11):751-60. doi:10.2519 /jospt.2010.3331

270. Fernandez-de-las-Penas C, de la Llave-Rincon AI, Fernandez-Carnero J,
Cuadrado ML, Arendt-Nielsen L, Pareja JA. Bilateral widespread mechanical pain
sensitivity in carpal tunnel syndrome: evidence of central processing in unilateral
neuropathy. Brain. Jun 2009;132(Pt 6):1472-9. doi:awp050 [pii]

10.1093 /brain/awp050

271. Caamaifo-Barrios LH, Galan-Del-Rio F, Fernandez-de-Las-Penas C, Plaza-
Manzano G, Arendt-Nielsen L, Ortega-Santiago R. Widespread Pressure Pain
Sensitivity over Nerve Trunk Areas in Women with Frequent Episodic Tension-
Type Headache as a Sign of Central Sensitization. Pain Med. Nov 7
2020;21(7):1408-1414. doi:10.1093 /pm/pnz146

272.  Koulidis K, Veremis Y, Anderson C, Heneghan NR. Diagnostic accuracy of
upper limb neurodynamic tests for the assessment of peripheral neuropathic pain:
A systematic review. Musculoskelet Sci Pract. Apr 2019;40:21-33.

doi:10.1016 /j.msksp.2019.01.001

273. Baselgia LT, Bennett DL, Silbiger RM, Schmid AB. Negative
Neurodynamic Tests Do Not Exclude Neural Dysfunction in Patients With
Entrapment Neuropathies. Arch Phys Med Rehabil. 2017;98(3):480-486.
doi:10.1016 /j.apmr.2016.06.019

274. Ottiger-Boettger K, Ballenberger N, Landmann G, Stockinger L, Tampin B,
Schmid A. Somatosensory profiles in patients with non-specific neck-arm pain with
and without positive neurodynamic tests. Musculoskelet Sci Pract. Dec
2020;50:102261. doi:10.1016/j.msksp.2020.102261

275.  Torres JR, Martos IC, Sanchez IT, Rubio AO, Pelegrina AD, Valenza MC.
Results of an Active Neurodynamic Mobilization Program in Patients With
Fibromyalgia Syndrome: A Randomized Controlled Trial. Arch Phys Med Rehabil.
2015;96(10):1771-1778. doi:10.1016/j.apmr.2015.06.008

276. Freeman MD, Croft AC, Rossignol AM. "Whiplash Associated Disorders:
Redefining Whiplash and Its Management" by the Quebec Task Force: A Critical
Evaluation. Spine. 1998;23(9):1043-1049.

277.  Coté P, Cassidy JD, Carroll L, Frank JW, Bombardier C. A systematic
review of the prognosis of acute whiplash and a new conceptual framework to
synthesize the literature. Spine (Phila Pa 1976). Oct 1 2001;26(19):E445-58.
doi:10.1097,/00007632-200110010-00020

278.  Schmid AB, Coppieters MW, Ruitenberg MJ, McLachlan EM. Local and
remote immune-mediated inflammation after mild peripheral nerve compression in
rats. J Neuropathol Exp Neurol. Jul 2013;72(7):662-80.

doi:10.1097 /NEN.0b013e318298de5b

314


https://doi.org/10.1016/j.neuroscience.2019.11.042

279. Schmid AB, Bland JD, Bhat MA, Bennett DL. The relationship of nerve
fibre pathology to sensory function in entrapment neuropathy. Brain. Dec
2014;137(Pt 12):3186-99. do0i:10.1093 /brain /awu288

280. Ravn SL, Eskildsen NB, Johnsen AT, Sterling M, Andersen TE. There's
Nothing Broken. You've Had a Whiplash, That's It: A Qualitative Study of
Comorbid Posttraumatic Stress Disorder and Whiplash Associated Disorders. Pain
Med. Aug 1 2020;21(8):1676-1689. doi:10.1093/pm/pnz369

281. Ritchie C, Ehrlich C, Sterling M. Living with ongoing whiplash associated
disorders: a qualitative study of individual perceptions and experiences. BMC
Musculoskelet Disord. 2017/12/15 2017;18(1):531. doi:10.1186/s12891-017-1882-9
282. Dworkin RH, O’Connor AB, Backonja M, et al. Pharmacologic management
of neuropathic pain: Evidence-based recommendations. Pain. 2007;132(3):237-251.
doi:10.1016/j.pain.2007.08.033

283.  Excellence NIfHC. Management: Neck pain - whiplash injury.

284. G N. Cervical Plexus Block (CPB) in Whiplash Associated Disorder
(WAD). ClinicalTrials.gov University Hospitals, Leicester; 2020.

285. Hanewinckel R, van Oijen M, Ikram MA, van Doorn PA. The epidemiology
and risk factors of chronic polyneuropathy. Furopean Journal of Epidemiology.
2016/01/01 2016;31(1):5-20. doi:10.1007/s10654-015-0094-6

286. Elafros MA, Kvalsund MP, Callaghan BC. The Global Burden of
Polyneuropathy—In Need of an Accurate Assessment. JAMA Neurology.
2022;d0i:10.1001 /jamaneurol.2022.0565

287. Hoffman EM, Staff NP, Robb JM, St. Sauver JL, Dyck PJ, Klein CJ.
Impairments and comorbidities of polyneuropathy revealed by population-based
analyses. Neurology. 2015;84(16):1644-1651. doi:10.1212/wnl.0000000000001492
288. Brannagan TH, 3rd. Current issues in peripheral neuropathy. J Peripher
Nerv Syst. May 2012;17 Suppl 2:1-3. doi:10.1111/j.1529-8027.2012.00387.x

289. Koopman RJ, Mainous AG, Liszka HA, et al. Evidence of Nephropathy and
Peripheral Neuropathy in US Adults With Undiagnosed Diabetes. The Annals of
Family Medicine. 2006;4(5):427-432. doi:10.1370/afm.577

290. Bridel C, van Wieringen WN, Zetterberg H, et al. Diagnostic Value of
Cerebrospinal Fluid Neurofilament Light Protein in Neurology: A Systematic
Review and Meta-analysis. JAMA Neurol. Sep 1 2019;76(9):1035-1048.

doi:10.1001 /jamaneurol.2019.1534

291. Graham NSN, Zimmerman KA, Moro F, et al. Axonal marker
neurofilament light predicts long-term outcomes and progressive neurodegeneration
after traumatic brain injury. Sci Transl Med. Sep 29 2021;13(613):eabg9922.
doi:10.1126 /scitranslmed.abg9922

292. Disanto G, Barro C, Benkert P, et al. Serum Neurofilament light: A
biomarker of neuronal damage in multiple sclerosis. Ann Neurol. Jun
2017;81(6):857-870. doi:10.1002/ana.24954

293. Turner MR, Kiernan MC, Leigh PN, Talbot K. Biomarkers in amyotrophic
lateral sclerosis. Lancet Neurol. Jan 2009;8(1):94-109. doi:10.1016/s1474-
4422(08)70293-x

315



294. Alagaratnam J, von Widekind S, De Francesco D, et al. Correlation
between CSF and blood neurofilament light chain protein: a systematic review and
meta-analysis. BMJ Neurol Open. 2021;3(1):€000143. doi:10.1136/bmjno-2021-
000143

295. van den Berg R, Jongbloed EM, de Schepper EIT, Bierma-Zeinstra SMA,
Koes BW, Luijsterburg PAJ. The association between pro-inflammatory
biomarkers and nonspecific low back pain: a systematic review. Spine J. Nov
2018;18(11):2140-2151. doi:10.1016/j.spinee.2018.06.349

296. Uhlén M, Fagerberg L, Hallstrom BM, et al. Proteomics. Tissue-based map
of the human proteome. Science. Jan 23 2015;347(6220):1260419.

doi:10.1126 /science.1260419

297. Afarideh M, Zaker Esteghamati V, Ganji M, et al. Associations of Serum
S100B and S100P With the Presence and Classification of Diabetic Peripheral
Neuropathy in Adults With Type 2 Diabetes: A Case-Cohort Study. Observational
Study. Canadian Journal of Diabetes. 2019;43(5):336-344.e2.

298. Azoulay D, Abed S, Sfadi A, et al. Low brain-derived neurotrophic factor
protein levels and single-nucleotide polymorphism Val66Met are associated with
peripheral neuropathy in type II diabetic patients. Acta Diabetologica.
2020;57(7):891-898.

299. Celikbilek A, Akyol L, Sabah S, et al. S100B as a glial cell marker in
diabetic peripheral neuropathy. Research Support, Non-U.S. Gov't. Neuroscience
Letters. 2014;558:53-7.

300. LiY, Ma WG, Li XC. Identification of Blood miR-216a, miR-377 and Their
Target Genes ANGPTL4, GAP-43 and Serum of PPARG as Biomarkers for
Diabetic Peripheral Neuropathy of Type 2 Diabetes. Clinical Laboratory.
2021;67(4):01.

301. LiJ, Zhang H, Xie M, Yan L, Chen J, Wang H. NSE, a potential
biomarker, is closely connected to diabetic peripheral neuropathy. Randomized
Controlled Trial

Research Support, Non-U.S. Gov't. Diabetes Care. 2013;36(11):3405-10.

302. Niezgoda A, Michalak S, Losy J, Kalinowska-Lyszczarz A, Kozubski W.
sNCAM as a specific marker of peripheral demyelination. Research Support, Non-
U.S. Gov't. Immunology Letters. 2017;185:93-97.

303. Ozuguz U, Oruc S, Ulu MS, et al. Does vitamin D have any role in the
improvement of diabetic peripheral neuropathy in type 1 diabetic patients?
Journal of Endocrinological Investigation. 2016;39(12):1411-1417.

304. Sandhu HS, Butt AN, Powrie J, Swaminathan R. Measurement of
circulating neuron-specific enolase mRNA in diabetes mellitus. Annals of the New
York Academy of Sciences. 2008;1137:258-63.

305. Qiao X, Zhang S, Zhao W, et al. Serum Phosphorylated Neurofilament-
Heavy Chain, a Potential Biomarker, is Associated With Peripheral Neuropathy in
Patients With Type 2 Diabetes. Medicine. 2015;94(44):e1908.

316



306. Sun Q, Tang DD, Yin EG, et al. Diagnostic Significance of Serum Levels of
Nerve Growth Factor and Brain Derived Neurotrophic Factor in Diabetic
Peripheral Neuropathy. Medical Science Monitor. 2018;24:5943-5950.

307. Ziegler D, Strom A, Bonhof GJ, et al. Deficits in systemic biomarkers of
neuroinflammation and growth factors promoting nerve regeneration in patients
with type 2 diabetes and polyneuropathy. Research Support, Non-U.S. Gov't. BMJ
Open Diabetes Research & Care. 2019;7(1):e000752.

308. Morgenstern J, Groener JB, Jende JME, et al. Neuron-specific biomarkers
predict hypo- and hyperalgesia in individuals with diabetic peripheral neuropathy.
Diabetologia. Dec 2021;64(12):2843-2855. doi:10.1007/s00125-021-05557-6

309. Celikbilek A, Tanik N, Sabah S, et al. Elevated neurofilament light chain
(NFL) mRNA levels in prediabetic peripheral neuropathy. Mol Biol Rep. Jun
2014;41(6):4017-22. doi:10.1007/s11033-014-3270-y

310. Kim YH, Kim YH, Shin YK, et al. p75 and neural cell adhesion molecule 1
can identify pathologic Schwann cells in peripheral neuropathies. Research
Support, N.I.H., Extramural

Research Support, Non-U.S. Gov't. Annals of Clinical & Translational Neurology.
2019;6(7):1292-1301.

311. Millere E, Rots D, Simren J, et al. Plasma neurofilament light chain as a
potential biomarker in Charcot-Marie-Tooth disease. Research Support, Non-U.S.
Gov't. European Journal of Neurology. 2021;28(3):974-981.

312. Rossor AM, Lu CH, Petzold A, et al. Plasma neurofilament heavy chain is
not a useful biomarker in Charcot-Marie-Tooth disease. Research Support, Non-
U.S. Gov't

Research Support, N.I.LH., Extramural. Muscle & Nerve. 2016;53(6):972-5.

313. Sandelius A, Zetterberg H, Blennow K, et al. Plasma neurofilament light
chain concentration in the inherited peripheral neuropathies. Research Support,
N.I.LH., Extramural

Research Support, Non-U.S. Gov't. Neurology. 2018;90(6):e518-e524.

314. Wang H, Davison M, Wang K, et al. Transmembrane protease serine 5: a
novel Schwann cell plasma marker for CMT1A. Research Support, N.I.H.,
Extramural

Research Support, Non-U.S. Gov't. Annals of Clinical & Translational Neurology.
2020;7(1):69-82.

315.  Wang H, Davison M, Wang K, et al. MicroRNAs as Biomarkers of Charcot-
Marie-Tooth Disease Type 1A. Research Support, N.I.H., Extramural

Research Support, Non-U.S. Gov't. Neurology. 2021;97(5):e489-e500.

316. Altmann P, De Simoni D, Kaider A, et al. Increased serum neurofilament
light chain concentration indicates poor outcome in Guillain-Barre syndrome.
Journal of Neuroinflammation. 2020;17(1):86.

317. Kortvelyessy P, Kuhle J, Diizel E, et al. Ratio and index of Neurofilament
light chain indicate its origin in Guillain-Barré Syndrome. Ann Clin Transl Neurol.
Nov 2020;7(11):2213-2220. doi:10.1002/acn3.51207

317



318. Mateos-Hernandez L, Villar M, Doncel-Perez E, et al. Quantitative
proteomics reveals Piccolo as a candidate serological correlate of recovery from
Guillain-Barre syndrome. Oncotarget. 2016;7(46):74582-74591.

319. Martin-Aguilar L, Camps-Renom P, Lleixa C, et al. Serum neurofilament
light chain predicts long-term prognosis in Guillain-Barré syndrome patients. J
Neurol Neurosurg Psychiatry. Nov 5 2021;doi:10.1136 /jnnp-2020-323899

320. Sessa G, Nemni R, Canal N, Marchisio PC. Circulating fragments of myelin-
associated alpha 6 beta 4 integrin in Guillain-Barre syndrome. Research Support,
Non-U.S. Gov't. Journal of Neuroimmunology. 1997;80(1-2):115-20.

321. Ghafouri-Fard S, Mazdeh M, Nicknafs F, Nazer N, Sayad A, Taheri M.
Expression analysis of BDNF, BACE1 and their antisense transcripts in
inflammatory demyelinating polyradiculoneuropathy. Multiple Sclerosis and
Related Disorders. 2021;47:102613.

322. Hayashi T, Nukui T, Piao JL, et al. Serum neurofilament light chain in
chronic inflammatory demyelinating polyneuropathy. Research Support, Non-U.S.
Gov't. Brain and Behavior. 2021;11(5):02084.

323. van Lieverloo GGA, Wieske L, Verhamme C, et al. Serum neurofilament
light chain in chronic inflammatory demyelinating polyneuropathy. Research
Support, Non-U.S. Gov't. Journal of the Peripheral Nervous System.
2019;24(2):187-194.

324. Kapoor M, Foiani M, Heslegrave A, et al. Plasma neurofilament light chain
concentration is increased and correlates with the severity of neuropathy in
hereditary transthyretin amyloidosis. Research Support, Non-U.S. Gov't. Journal
of the Peripheral Nervous System. 2019;24(4):314-319.

325. Maia LF, Maceski A, Conceicao I, et al. Plasma neurofilament light chain:
an early biomarker for hereditary ATTR amyloid polyneuropathy. Amyloid.
2020;27(2):97-102.

326. Ticau S, Sridharan GV, Tsour S, et al. Neurofilament Light Chain as a
Biomarker of Hereditary Transthyretin-Mediated Amyloidosis. Research Support,
Non-U.S. Gov't. Neurology. 2021;96(3):e412-e422.

327. Jia X, Liu Q, Zhang Y, et al. Myelin protein zero and its antibody in serum
as biomarkers of n-hexane-induced peripheral neuropathy and neurotoxicity effects.
Research Support, Non-U.S. Gov't. Chinese Medical Journal. 2014;127(8):1536-40.
328.  Frithiof R, Rostami E, Kumlien E, et al. Critical illness polyneuropathy;,
myopathy and neuronal biomarkers in COVID-19 patients: A prospective study.
Observational Study. Clinical Neurophysiology. 2021;132(7):1733-1740.

329. Bischof A, Manigold T, Barro C, et al. Serum neurofilament light chain: a
biomarker of neuronal injury in vasculitic neuropathy. Letter

Research Support, Non-U.S. Gov't. Annals of the Rheumatic Diseases.
2018;77(7):1093-1094.

330. Salih AM, Nixon NB, Dawes PT, Mattey DL. Antibodies to neuroblastoma
cells in rheumatoid arthritis: a potential marker for neuropathy. Research Support,
Non-U.S. Gov't. Clinical & Ezrperimental Rheumatology. 2000;18(1):23-30.

318



331. Jadhav R, Suneetha L, Kamble R, et al. Analysis of antibody and cytokine
markers for leprosy nerve damage and reactions in the INFIR cohort in India.
Research Support, Non-U.S. Gov't. PLoS Neglected Tropical Diseases [electronic
resourcef. 2011;5(3):€977.

332. Mariotto S, Carta S, Bozzetti S, et al. Sural nerve biopsy: current role and
comparison with serum neurofilament light chain levels. Journal of Neurology.
2020;267(10):2881-2887.

333. Benatar M, Wuu J, Andersen PM, Lombardi V, Malaspina A.
Neurofilament light: A candidate biomarker of presymptomatic amyotrophic lateral
sclerosis and phenoconversion. Annals of Neurology. 2018;84(1):130-139.
doi:https://doi.org/10.1002/ana.25276

334. Ashton NJ, Janelidze S, Al Khleifat A, et al. A multicentre validation study
of the diagnostic value of plasma neurofilament light. Nature Communications.
2021/06/07 2021;12(1):3400. doi:10.1038/s41467-021-23620-z

335. Gao W, Zhang 7Z, Lv X, et al. Neurofilament light chain level in traumatic
brain injury: A system review and meta-analysis. Medicine (Baltimore). Sep 18
2020;99(38):€22363. d0i:10.1097/md.0000000000022363

336. Aguet F, Anand S, Ardlie KG, et al. The GTEx Consortium atlas of genetic
regulatory effects across human tissues. Science. 2020;369(6509):1318-1330.
doi:doi:10.1126 /science.aaz1776

337. Khalil M, Teunissen CE, Otto M, et al. Neurofilaments as biomarkers in
neurological disorders. Nature Reviews Neurology. 2018/10/01 2018;14(10):577-589.
doi:10.1038 /s41582-018-0058-z

338. Bathina S, Das UN. Brain-derived neurotrophic factor and its clinical
implications. Archives of medical science : AMS. 2015;11(6):1164-1178.

doi:10.5114 /aoms.2015.56342

339. Yang Z, Wang KK. Glial fibrillary acidic protein: from intermediate

filament assembly and gliosis to neurobiomarker. Trends Neurosci. Jun
2015;38(6):364-74. doi:10.1016/].tins.2015.04.003

340. Rutishauser U, Acheson A, Hall AK, Mann DM, Sunshine J. The neural cell
adhesion molecule (NCAM) as a regulator of cell-cell interactions. Science. Apr 1
1988;240(4848):53-7. doi:10.1126 /science.3281256

341. van der Ende EL, Meeter LH, Poos JM, et al. Serum neurofilament light
chain in genetic frontotemporal dementia: a longitudinal, multicentre cohort study.
Lancet Neurol. Dec 2019;18(12):1103-1111. doi:10.1016/s1474-4422(19)30354-0
342.  Weston PSJ, Poole T, O’Connor A, et al. Longitudinal measurement of
serum neurofilament light in presymptomatic familial Alzheimer’s disease.
Alzheimer's Research € Therapy. 2019/02/20 2019;11(1):19. doi:10.1186/s13195-
019-0472-5

343. Bjornevik K, Munger KL, Cortese M, et al. Serum Neurofilament Light
Chain Levels in Patients With Presymptomatic Multiple Sclerosis. JAMA Neurol.
Jan 1 2020;77(1):58-64. do0i:10.1001 /jamaneurol.2019.3238

344. Hughes RAC. Peripheral neuropathy. BMJ. 2002;324(7335):466-469.
doi:10.1136/bmj.324.7335.466

319


https://doi.org/10.1002/ana.25276

345.  Federation ID. International Diabetes Federation. IDF Diabetes Atlas.
2019;(9th ed)

346. Lu CH, Macdonald-Wallis C, Gray E, et al. Neurofilament light chain: A
prognostic biomarker in amyotrophic lateral sclerosis. Neurology. Jun 2
2015;84(22):2247-57. doi:10.1212/wnl.0000000000001642

347. Trusheim MR, Berndt ER, Douglas FL. Stratified medicine: strategic and
economic implications of combining drugs and clinical biomarkers. Nat Rev Drug
Discov. Apr 2007;6(4):287-93. doi:10.1038/nrd2251

348.  Matthews PM, Edison P, Geraghty OC, Johnson MR. The emerging agenda
of stratified medicine in neurology. Nature Reviews Neurology. 2014/01/01
2014;10(1):15-26. doi:10.1038 /nrneurol.2013.245

349. Ridehalgh C, Fundaun J, Bremner S, et al. Does peripheral
neuroinflammation predict chronicity following whiplash injury? Protocol for a
prospective cohort study. BMJ Open. 2022;12(12):e066021. doi:10.1136/bmjopen-
2022-066021

350. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research
electronic data capture (REDCap)--a metadata-driven methodology and workflow
process for providing translational research informatics support. J Biomed Inform.
Apr 2009;42(2):377-81. doi:10.1016/;.jbi.2008.08.010

351. Carroll LJ, Jones DC, Ozegovic D, Cassidy JD. How well are you
recovering? The association between a simple question about recovery and patient
reports of pain intensity and pain disability in whiplash-associated disorders.
Disability and Rehabilitation. 2012/01/01 2012;34(1):45-52.
doi:10.3109,/09638288.2011.587085

352.  Sterling M, Hendrikz J, Kenardy J. Compensation claim lodgement and
health outcome developmental trajectories following whiplash injury: A prospective
study. Pain. Jul 2010;150(1):22-8. doi:10.1016/j.pain.2010.02.013

353. Hu J, Bortsov AV, Ballina L, et al. Chronic widespread pain after motor
vehicle collision typically occurs through immediate development and nonrecovery:
results of an emergency department-based cohort study. Pain. Feb
2016;157(2):438-44. doi:10.1097/j.pain.0000000000000388

354. Parisien M, Buxbaum C, Granovsky Y, Yarnitsky D, Diatchenko L.
Prospective Blood Transcriptomics Study in a Motor Vehicle Collision Cohort
Identified a Protective Function of the <em>SAMD15< /em> Gene Against
Chronic Pain. The Journal of Pain. doi:10.1016/j.jpain.2023.04.009

355.  Sterling M, Andersen T, Carroll L, et al. Recommendations for a core
outcome measurement set for clinical trials in whiplash associated disorders. Pain.
Oct 1 2023;164(10):2265-2272. doi:10.1097 /j.pain.0000000000002926

356. Griffin AR, Leaver AM, Arora M, et al. Clinimetric Properties of Self-
reported Disability Scales for Whiplash: A Systematic Review for the Whiplash
Core Outcome Set (CATWAD). Clin J Pain. Oct 1 2021;37(10):766-787.
doi:10.1097 /ajp.0000000000000968

320



357. Freynhagen R, Baron R, Gockel U, Té6lle TR. painDETECT: a new
screening questionnaire to identify neuropathic components in patients with back
pain. Curr Med Res Opin. Oct 2006;22(10):1911-20. doi:10.1185/030079906x132488
358. Tampin B, Bohne T, Callan M, et al. Reliability of the English version of
the painDETECT questionnaire. Curr Med Res Opin. Apr 2017;33(4):741-748.
doi:10.1080,/03007995.2017.1278682

359. Creamer M, Bell R, Failla S. Psychometric properties of the Impact of
Event Scale - Revised. Behav Res Ther. Dec 2003;41(12):1489-96.
doi:10.1016/j.brat.2003.07.010

360. Hansen M, Andersen TE, Armour C, Elklit A, Palic S, Mackrill T. PTSD-8:
A Short PTSD Inventory. Clin Pract Epidemiol Ment Health. Sep 28 2010;6:101-8.
doi:10.2174/1745017901006010101

361. Osman A, Barrios FX, Kopper BA, Hauptmann W, Jones J, O'Neill E.
Factor structure, reliability, and validity of the Pain Catastrophizing Scale. J
Behav Med. Dec 1997;20(6):589-605. doi:10.1023/a:1025570508954

362. Lovibond PF, Lovibond SH. The structure of negative emotional states:
comparison of the Depression Anxiety Stress Scales (DASS) with the Beck
Depression and Anxiety Inventories. Behav Res Ther. Mar 1995;33(3):335-43.
doi:10.1016,/0005-7967(94)00075-u

363. Wheeler CHB, Williams ACC, Morley SJ. Meta-analysis of the
psychometric properties of the Pain Catastrophizing Scale and associations with
participant characteristics. Pain. Sep 2019;160(9):1946-1953.

doi:10.1097 /j.pain.0000000000001494

364. Ownsworth T, Little T, Turner B, Hawkes A, Shum D. Assessing emotional
status following acquired brain injury: The clinical potential of the depression,
anxiety and stress scales. Brain Injury. 2008/01/01 2008;22(11):858-869.
doi:10.1080,/02699050802446697

365. Beck JG, Grant DM, Read JP, et al. The impact of event scale-revised:
psychometric properties in a sample of motor vehicle accident survivors. J Anziety
Disord. 2008;22(2):187-98. doi:10.1016/j.janxdis.2007.02.007

366. Herdman M, Gudex C, Lloyd A, et al. Development and preliminary testing
of the new five-level version of EQ-5D (EQ-5D-5L). Qual Life Res. Dec
2011;20(10):1727-36. doi:10.1007/s11136-011-9903-x

367. Feng YS, Kohlmann T, Janssen MF, Buchholz I. Psychometric properties of
the EQ-5D-5L: a systematic review of the literature. Qual Life Res. Mar
2021;30(3):647-673. doi:10.1007 /s11136-020-02688-y

368. Devlin NJ, Shah KK, Feng Y, Mulhern B, van Hout B. Valuing health-
related quality of life: An EQ-5D-5L value set for England. Health Econ. Jan
2018;27(1):7-22. doi:10.1002 /hec.3564

369. Morton F SNJ. eqbd: Methods for Analysing 'EQ-5D' Data and Calculating
'"EQ-5D' Index Scores. R package version 0150. 2023;

370. Memorandum M. Aids to the examination of the peripheral nervous system.
HMSO, London; 1976.

321



371. Hallett M. NINDS Myotatic Reflex Scale. Neurology. 1993;43(12):2723-2723.
doi:10.1212/wnl.43.12.2723

372. Ridehalgh C, Sandy-Hindmarch OP, Schmid AB. Validity of Clinical Small-
Fiber Sensory Testing to Detect Small-Nerve Fiber Degeneration. Journal of
Orthopaedic & Sports Physical Therapy. 2018;48(10):767-774.

doi:10.2519 /jospt.2018.8230

373. Ropper AH, RH B. Adams and Victor’s Principles of Neurology 8th
Edition. McGraw-Hill, Medical Publishing Division; 2005.

374.  Zhu GC, Bottger K, Slater H, et al. Concurrent validity of a low-cost and
time-efficient clinical sensory test battery to evaluate somatosensory dysfunction.
European journal of pain (London, England). 2019;23(10):1826-1838.
doi:10.1002/ejp.1456

375.  Rolke R, Baron R, Maier C, et al. Quantitative sensory testing in the
German Research Network on Neuropathic Pain (DFNS): standardized protocol
and reference values. Pain. Aug 2006;123(3):231-243.
doi:10.1016/j.pain.2006.01.041

376. B. SA, Brunner F, Luomajoki H, et al. Reliability of clinical tests to
evaluate nerve function and mechanosensitivity of the upper limb peripheral
nervous system. BMC musculoskeletal disorders. 01,/21/2009
2009;10d0i:10.1186,/1471-2474-10-11

377. Middlebrook N, Heneghan NR, Evans DW, Rushton A, Falla D. Reliability
of temporal summation, thermal and pressure pain thresholds in a healthy cohort
and musculoskeletal trauma population. PLoS One. 2020;15(5):¢0233521.
doi:10.1371 /journal.pone.0233521

378.  Geber C, Klein T, Azad S, et al. Test-retest and interobserver reliability of
quantitative sensory testing according to the protocol of the German Research
Network on Neuropathic Pain (DFNS): a multi-centre study. Pain. Mar
2011;152(3):548-556. do0i:10.1016/j.pain.2010.11.013

379. Marcuzzi A, Wrigley PJ, Dean CM, Adams R, Hush JM. The long-term
reliability of static and dynamic quantitative sensory testing in healthy individuals.
PAIN. 2017;158(7):1217-1223. doi:10.1097/j.pain.0000000000000901

380. Lauria G, Hsieh ST, Johansson O, et al. European Federation of
Neurological Societies/Peripheral Nerve Society Guideline on the use of skin biopsy
in the diagnosis of small fiber neuropathy. Report of a joint task force of the
European Federation of Neurological Societies and the Peripheral Nerve Society.
Eur J Neurol. Jul 2010;17(7):903-12, e44-9. doi:10.1111/j.1468-1331.2010.03023.x
381. Kuhle J, Barro C, Andreasson U, et al. Comparison of three analytical
platforms for quantification of the neurofilament light chain in blood samples:
ELISA, electrochemiluminescence immunoassay and Simoa. Clin Chem Lab Med.
Oct 1 2016;54(10):1655-61. doi:10.1515/cclm-2015-1195

382. von Elm E, Altman DG, Egger M, Pocock SJ, Ggtzsche PC, Vandenbroucke
JP. The Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) statement: guidelines for reporting observational studies. J Clin
Epidemiol. Apr 2008;61(4):344-9. doi:10.1016/j.jclinepi.2007.11.008

322



383. Schafer JL. Multiple imputation: a primer. Stat Methods Med Res. Mar
1999;8(1):3-15. doi:10.1177,/096228029900800102

384. Bennett DA. How can I deal with missing data in my study? Aust N Z J
Public Health. Oct 2001;25(5):464-9.

385. Rolke R, Magerl W, Campbell KA, et al. Quantitative sensory testing: a
comprehensive protocol for clinical trials. Eur J Pain. Jan 2006;10(1):77-88.
doi:10.1016/j.ejpain.2005.02.003

386. Blankenburg M, Boekens H, Hechler T, et al. Reference values for
quantitative sensory testing in children and adolescents: developmental and gender
differences of somatosensory perception. Pain. Apr 2010;149(1):76-88.
doi:10.1016/j.pain.2010.01.011

387. Vollert J, Maier C, Attal N, et al. Stratifying patients with peripheral
neuropathic pain based on sensory profiles: algorithm and sample size
recommendations. Pain. Aug 2017;158(8):1446-1455.

doi:10.1097 /j.pain.0000000000000935

388. Benkert P, Meier S, Schaedelin S, et al. Serum neurofilament light chain for
individual prognostication of disease activity in people with multiple sclerosis: a
retrospective modelling and validation study. The Lancet Neurology. 2022/03/01/
2022;21(3):246-257. doi:https://doi.org/10.1016/51474-4422(22)00009-6

389. Shahim P, Gren M, Liman V, et al. Serum neurofilament light protein

predicts clinical outcome in traumatic brain injury. Scientific Reports. 2016/11/07
2016;6(1):36791. doi:10.1038 /srep36791

390. Mattsson N, Cullen NC, Andreasson U, Zetterberg H, Blennow K.
Association Between Longitudinal Plasma Neurofilament Light and
Neurodegeneration in Patients With Alzheimer Disease. JAMA Neurology.
2019;76(7):791-799. doi:10.1001 /jamaneurol.2019.0765

391. Andrews S. FastQC: a quality control tool for high throughput sequence
data. Babraham Bioinformatics, Babraham Institute, Cambridge, United
Kingdom; 2010.

392. Li H, Handsaker B, Wysoker A, et al. The Sequence Alignment/Map format
and SAMtools. Bioinformatics. Aug 15 2009;25(16):2078-9.

doi:10.1093 /bioinformatics/btp352

393. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for
[lumina sequence data. Bioinformatics. 2014;30(15):2114-2120.

doi:10.1093 /bioinformatics/btul70

394. Dobin A, Davis CA, Schlesinger F, et al. STAR: ultrafast universal RNA-
seq aligner. Bioinformatics. Jan 1 2013;29(1):15-21.

doi:10.1093 /bioinformatics/bts635

395. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biology. 2014/12/05
2014;15(12):550. doi:10.1186/s13059-014-0550-8

396. Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical
power analysis program for the social, behavioral, and biomedical sciences. Behav
Res Methods. May 2007;39(2):175-91. doi:10.3758 /bf03193146

323


https://doi.org/10.1016/S1474-4422(22)00009-6

397. Zhao S, Li CI, Guo Y, Sheng ), Shyr Y. RnaSeqSampleSize: real data
based sample size estimation for RNA sequencing. BMC' Bioinformatics. May 30
2018;19(1):191. doi:10.1186/s12859-018-2191-5

398. Elliott JM, Walton DM, Albin SR, et al. Biopsychosocial sequelae and
recovery trajectories from whiplash injury following a motor vehicle collision. Spine
J. Jul 2023;23(7):1028-1036. doi:10.1016 /j.spinee.2023.03.005

399. Athanasou JA. Return to work following whiplash and back injury: a review
and evaluation. Med Leg J. 2005;73(Pt 1):29-33. doi:10.1258 /rsmmlj.73.1.29

400. Maujean A, Gullo MJ, Andersen TE, Ravn SL, Sterling M. Post-traumatic
stress symptom clusters in acute whiplash associated disorder and their prediction
of chronic pain-related disability. PAIN Reports. 2017;2(6):e631.

doi:10.1097 /pr9.0000000000000631

401. Fundaun J, Kolski M, Baskozos G, Dilley A, Sterling M, Schmid AB. Nerve
pathology and neuropathic pain after whiplash injury: a systematic review and
meta-analysis. Pain. Jul 1 2022;163(7):789-e811.

doi:10.1097 /j.pain.0000000000002509

402. McLean SA, Ulirsch JC, Slade GD, et al. Incidence and predictors of neck
and widespread pain after motor vehicle collision among US litigants and
nonlitigants. PAIN. 2014;155(2):309-321. doi:10.1016/j.pain.2013.10.016

403. Gudala K, Ghai B, Bansal D. Usefulness of four commonly used
neuropathic pain screening questionnaires in patients with chronic low back pain: a
cross-sectional study. The Korean journal of pain. 2017/01// 2017;30(1):51-58.
doi:10.3344 /kjp.2017.30.1.51

404. Torrance N, Ferguson JA, Afolabi E, et al. Neuropathic pain in the
community: more under-treated than refractory? Pain. May 2013;154(5):690-699.
doi:10.1016/j.pain.2012.12.022

405. Cassidy JD, Boyle E, Carroll LJ. Population-based, inception cohort study
of the incidence, course, and prognosis of mild traumatic brain injury after motor
vehicle collisions. Archives of physical medicine and rehabilitation. 2014;95(3):S278-
S285.

406. Chen Y, Tang Y, Vogel L, DeVivo M. Causes of spinal cord injury. Topics
in spinal cord injury rehabilitation. 2013;19(1):1-8.

407. Elliott JM, Noteboom JT, Flynn TW, Sterling M. Characterization of acute
and chronic whiplash-associated disorders. J Orthop Sports Phys Ther. May
2009;39(5):312-23. doi:10.2519/jospt.2009.2826

408. Lunn ER, Perry VH, Brown MC, Rosen H, Gordon S. Absence of Wallerian
Degeneration does not Hinder Regeneration in Peripheral Nerve. Eur J Neurosci.
1989;1(1):27-33. doi:10.1111/j.1460-9568.1989.tb00771.x

409. Reichert F, Saada A, Rotshenker S. Peripheral nerve injury induces
Schwann cells to express two macrophage phenotypes: phagocytosis and the
galactose-specific lectin MAC-2. J Neurosci. May 1994;14(5 Pt 2):3231-45.
doi:10.1523 /jneurosci.14-05-03231.1994

410. Olmarker K. Spinal nerve root compression. Nutrition and function of the
porcine cauda equina compressed in vivo. Acta Orthop Scand Suppl. 1991;242:1-27.

324



411. Rydevik BL, Pedowitz RA, Hargens AR, Swenson MR, Myers RR, Garfin
SR. Effects of acute, graded compression on spinal nerve root function and
structure. An experimental study of the pig cauda equina. Spine (Phila Pa 1976).
May 1991;16(5):487-93. doi:10.1097/00007632-199105000-00001

412. Rydevik BL. The effects of compression on the physiology of nerve roots. J
Manipulative Physiol Ther. Jan 1992;15(1):62-6.

413. Provitera V, Gibbons CH, Wendelschafer-Crabb G, et al. The role of skin
biopsy in differentiating small-fiber neuropathy from ganglionopathy. Fur J Neurol.
Jun 2018;25(6):848-853. doi:10.1111/ene.13608

414. Lauria G, Sghirlanzoni A, Lombardi R, Pareyson D. Epidermal nerve fiber
density in sensory ganglionopathies: clinical and neurophysiologic correlations.
Muscle Nerve. Aug 2001;24(8):1034-9. doi:10.1002/mus.1107

415.  Olmarker K, Rydevik B, Holm S. Edema formation in spinal nerve roots
induced by experimental, graded compression. An experimental study on the pig
cauda equina with special reference to differences in effects between rapid and slow
onset of compression. Spine (Phila Pa 1976). Jun 1989;14(6):569-73.

416. Olmarker K, Holm S, Rydevik B. Importance of compression onset rate for
the degree of impairment of impulse propagation in experimental compression
injury of the porcine cauda equina. Spine (Phila Pa 1976). May 1990;15(5):416-9.
doi:10.1097,/00007632-199005000-00013

417. Lind B, Massie JB, Lincoln T, Myers RR, Swenson MR, Garfin SR. The
Effects of Induced Hypertension and Acute Graded Compression on Impulse
Propagation in the Spinal Nerve Roots of the Pig. Spine. 1993;18(11):1550-1555.
418. Igarashi T, Yabuki S, Kikuchi S, Myers RR. Effect of acute nerve root
compression on endoneurial fluid pressure and blood flow in rat dorsal root
ganglia. J Orthop Res. Mar 2005;23(2):420-4. do0i:10.1016/j.orthres.2004.08.026
419. Sekiguchi M, Sekiguchi Y, Konno S, et al. Comparison of neuropathic pain
and neuronal apoptosis following nerve root or spinal nerve compression. Furopean
Spine Journal. 2009;18(12):1978-1985. doi:10.1007/s00586-009-1064-z

420. Obata K, Yamanaka H, Kobayashi K, et al. The effect of site and type of
nerve injury on the expression of brain-derived neurotrophic factor in the dorsal
root ganglion and on neuropathic pain behavior. Neuroscience. Feb
2006;137(3):961-70. doi:10.1016/j.neuroscience.2005.10.015

421.  Jespersen SM, Christensen K, Svenstrup L, Lindblad BE, Hansen ES,
Biinger C. Spinal Cord and Nerve Root Blood Flow in Acute Double Level Spinal
Stenosis. Spine. 1997;22(24)

422.  Elliott JM, Parrish TB, Walton DM, et al. Does Overall Cervical Spine
Pathology Relate to the Clinical Heterogeneity of Chronic Whiplash? Am J Emerg
Med. May 2020;38(5):869-873. doi:10.1016/j.ajem.2019.06.052

423. Smith AC, Parrish TB, Hoggarth MA, et al. Potential associations between
chronic whiplash and incomplete spinal cord injury. Spinal Cord Ser Cases.
2015;1:15024-. doi:10.1038 /scsandc.2015.24

325



424. Elliott JM, Dewald JPA, Hornby TG, Walton DM, Parrish TB. Mechanisms
underlying chronic whiplash: Contributions from an incomplete spinal cord injury?
Pain Medicine (United States). 01 Nov 2014;15(11):1938-1944.

425. Guéz M, Hildingsson C, Rosengren L, Karlsson K, Toolanen G. Nervous
tissue damage markers in cerebrospinal fluid after cervical spine injuries and
whiplash trauma. J Neurotrauma. Sep 2003;20(9):853-8.
doi:10.1089/089771503322385782

426. Kessels RP, Keyser A, Verhagen WI, van Luijtelaar EL. The whiplash
syndrome: a psychophysiological and neuropsychological study towards attention.
Acta Neurol Scand. Mar 1998;97(3):188-93. doi:10.1111/j.1600-0404.1998.tb00635.x
427. Kessels RP, Aleman A, Verhagen WI, Van Luijtelaar EL. Cognitive
functioning after whiplash injury: a meta-analysis. Journal of the International
Neuropsychological Society. 2000;6(3):271-278.

428. Treleaven J, Jull G, Sterling M. Dizziness and unsteadiness following
whiplash injury: characteristic features and relationship with cervical joint position
error. Journal of rehabilitation medicine. 2003;35(1):36-43.

429. Treleaven J, Jull G, Grip H. Head eye co-ordination and gaze stability in
subjects with persistent whiplash associated disorders. Man Ther. Jun
2011;16(3):252-7. doi:10.1016 /j.math.2010.11.002

430. Shahim P, Politis A, van der Merwe A, et al. Time course and diagnostic
utility of NfL, tau, GFAP, and UCH-L1 in subacute and chronic TBI. Neurology.
Aug 11 2020;95(6):€623-€636. doi:10.1212/wnl.0000000000009985

431. Shahim P, Tegner Y, Marklund N, Blennow K, Zetterberg H. Neurofilament
light and tau as blood biomarkers for sports-related concussion. Neurology. May 15
2018;90(20):e1780-e1788. doi:10.1212/wnl.0000000000005518

432. Shahim P, Politis A, van der Merwe A, et al. Neurofilament light as a
biomarker in traumatic brain injury. Neurology. Aug 11 2020;95(6):e610-e622.
doi:10.1212/wnl.0000000000009983

433. McDonald SJ, O'Brien WT, Symons GF, et al. Prolonged elevation of
serum neurofilament light after concussion in male Australian football players.
Biomark Res. Jan 10 2021;9(1):4. doi:10.1186/s40364-020-00256-7

434. Kuhle J, Gaiottino J, Leppert D, et al. Serum neurofilament light chain is a
biomarker of human spinal cord injury severity and outcome. J Neurol Neurosurg
Psychiatry. Mar 2015;86(3):273-9. doi:10.1136/jnnp-2013-307454

435. Stukas S, Cooper J, Gill J, et al. Association of CSF and Serum
Neurofilament Light and Glial Fibrillary Acidic Protein, Injury Severity, and
Outcome in Spinal Cord Injury. Neurology. Mar 21 2023;100(12):e1221-e1233.
doi:10.1212/wnl.0000000000206744

436. Rasmussen VF, Karlsson P, Drummond PD, et al. Bilaterally Reduced
Intraepidermal Nerve Fiber Density in Unilateral CRPS-1. Pain Medicine.
2017;19(10):2021-2030. doi:10.1093 /pm,/pnx240

437. Schiining J, Scherens A, Haussleiter IS, et al. Sensory Changes and Loss of
Intraepidermal Nerve Fibers in Painful Unilateral Nerve Injury. The Clinical
Journal of Pain. 2009;25(8):683-690. doi:10.1097/AJP.0b013e3181a1260e

326



438. Singleton JR, Marcus RL, Jackson JE, M KL, Graham TE, Smith AG.
Exercise increases cutaneous nerve density in diabetic patients without neuropathy.
Ann Clin Transl Neurol. Oct 2014;1(10):844-9. doi:10.1002/acn3.125

439. Pearson AM, Ivancic PC, Ito S, Panjabi MM. Facet joint kinematics and
injury mechanisms during simulated whiplash. Spine (Phila Pa 1976). Feb 15
2004;29(4):390-7. doi:10.1097/01.brs.0000090836.50508.17

440. Tampin B, Slater H, Hall T, Lee G, Briffa NK. Quantitative sensory testing
somatosensory profiles in patients with cervical radiculopathy are distinct from
those in patients with nonspecific neck-arm pain. Pain. Dec 2012;153(12):2403-
2414. doi:10.1016/j.pain.2012.08.007

441. Bontinck J, Chys M, Coppieters I, Meeus M, Cagnie B. Exploration of
Somatosensory Function of Patients With Acute Nonspecific Neck Pain, Through
Quantitative Sensory Testing and Self-reported Symptoms. The Clinical Journal of
Pain. 2023;39(8)

442. Capasso A, Di Giannuario A, Loizzo A, Pieretti S, Sorrentino L. Central
interaction of dexamethasone and RU-38486 on morphine antinociception in mice.
Life Sci. 1992;51(14):P1139-43. doi:10.1016,/0024-3205(92)90521-p

443. Pieretti S, Capasso A, Di Giannuario A, Loizzo A, Sorrentino L. The
interaction of peripherally and centrally administered dexamethasone and RU
38486 on morphine analgesia in mice. Gen Pharmacol. 1991;22(5):929-33.
doi:10.1016,/0306-3623(91)90232-u

444. Lim G, Wang S, Zeng Q, Sung B, Mao J. Evidence for a long-term influence
on morphine tolerance after previous morphine exposure: role of neuronal
glucocorticoid receptors. Pain. Mar 2005;114(1-2):81-92.
doi:10.1016/j.pain.2004.11.019

445.  Defrin R, Ginzburg K, Solomon Z, et al. Quantitative testing of pain
perception in subjects with PTSD--implications for the mechanism of the
coexistence between PTSD and chronic pain. Pain. Aug 31 2008;138(2):450-459.
doi:10.1016/j.pain.2008.05.006

446. Defrin R, Schreiber S, Ginzburg K. Paradoxical Pain Perception in
Posttraumatic Stress Disorder: The Unique Role of Anxiety and Dissociation. J
Pain. Oct 2015;16(10):961-70. doi:10.1016/j.jpain.2015.06.010

447. Holbech JV, Bach FW, Finnerup NB, Jensen TS, Sindrup SH. Pain
phenotype as a predictor for drug response in painful polyneuropathy-a
retrospective analysis of data from controlled clinical trials. Pain. Jun
2016;157(6):1305-1313. doi:10.1097 /j.pain.0000000000000563

448. Forstenpointner J, Ruscheweyh R, Attal N, et al. No pain, still gain (of
function): the relation between sensory profiles and the presence or absence of self-
reported pain in a large multicenter cohort of patients with neuropathy. PAIN.
2021;162(3):718-727. d0i:10.1097/j.pain.0000000000002058

449.  Opsommer E, Korogod N, Stockinger L, Landmann G. Multimodal sensory
evaluation of neuropathic spinal cord injury pain: an experimental study. Spinal
Cord. 2021/08/01 2021;59(8):842-854. doi:10.1038/s41393-020-00607-z

327



450. Nolet PS, Emary PC, Kristman VL, Murnaghan K, Zeegers MP, Freeman
MD. Exposure to a motor vehicle collision and the risk of future back pain: A
systematic review and meta-analysis. Accident Analysis € Prevention.
2020/07/01/ 2020;142:105546. doi:https://doi.org/10.1016/j.aap.2020.105546

451.  Reimer M, Forstenpointner J, Hartmann A, et al. Sensory bedside testing: a
simple stratification approach for sensory phenotyping. PAIN Reports.
2020;5(3):e820. doi:10.1097/pr9.0000000000000820

452.  Tuure J, Mohammadian M, Tenovuo O, et al. Late blood levels of
neurofilament light correlate with outcome in patients with traumatic brain injury.
Journal of Neurotrauma. 2023;d0i:10.1089/neu.2023.0207

453.  Ravn SL, Karstoft K-I, Sterling M, Andersen TE. Trajectories of
posttraumatic stress symptoms after whiplash: A prospective cohort study.
European Journal of Pain. 2019;23(3):515-525.
doi:https://doi.org/10.1002/ejp.1325

454. Rosenbloom BN, Katz J, Chin KYW, et al. Predicting pain outcomes after
traumatic musculoskeletal injury. PAIN. 2016;157(8):1733-1743.

doi:10.1097 /j.pain.0000000000000580

455.  Leister I, Altendorfer B, Maier D, et al. Trajectory of Serum Levels of Glial
Fibrillary Acidic Protein Within Four Weeks Post-Injury Is Related to
Neurological Recovery During the Transition from Acute to Chronic Spinal Cord
Injury. J Neurotrauma. May 2023;40(9-10):999-1006. doi:10.1089 /neu.2022.0326
456. Wichmann TO, Kasch H, Dyrskog S, et al. Glial fibrillary acidic protein is a
robust biomarker in cerebrospinal fluid and peripheral blood after traumatic spinal
cord injury: a prospective pilot study. Acta Neurochir (Wien). Jun
2023;165(6):1417-1425. doi:10.1007/s00701-023-05520-x

457.  Jou IM, Lai KA. Neuromonitoring of an experimental model of clip

compression on the spinal nerve root to characterize acute nerve root injury. Spine
(Phila Pa 1976). Apr 15 1998;23(8):932-9; discussion 939-40.
doi:10.1097,/00007632-199804150-00017

458. Ritchie C, Sterling M. Recovery Pathways and Prognosis After Whiplash
Injury. Journal of Orthopaedic € Sports Physical Therapy. 2016;46(10):851-861.
doi:10.2519/jospt.2016.6918

459. Kamper SJ, Rebbeck TJ, Maher CG, McAuley JH, Sterling M. Course and
prognostic factors of whiplash: A systematic review and meta-analysis. PAIN.
2008/09/15/ 2008;138(3):617-629. doi:https://doi.org/10.1016/j.pain.2008.02.019
460. Carstensen TB, Frostholm L, Oernboel E, et al. Are there gender differences
in coping with neck pain following acute whiplash trauma? A 12-month follow-up
study. Eur J Pain. Jan 2012;16(1):49-60. doi:10.1016/j.ejpain.2011.06.002

461. Malfliet A, De Kooning M, Inghelbrecht E, et al. Sex Differences in Patients
with Chronic Pain Following Whiplash Injury: The Role of Depression, Fear,

Somatization, Social Support, and Personality Traits. Pain Pract. Nov
2015;15(8):757-64. doi:10.1111 /papr.12244

462. Linnstaedt SD, Hu J, Bortsov AV, et al. y-Opioid Receptor Gene A118 G
Variants and Persistent Pain Symptoms Among Men and Women Experiencing

328


https://doi.org/10.1016/j.aap.2020.105546
https://doi.org/10.1002/ejp.1325
https://doi.org/10.1016/j.pain.2008.02.019

Motor Vehicle Collision. J Pain. Jul 2015;16(7):637-44.
doi:10.1016/j.jpain.2015.03.011

463. Mogil JS. Qualitative sex differences in pain processing: emerging evidence
of a biased literature. Nat Rev Neurosci. Jul 2020;21(7):353-365.

doi:10.1038 /s41583-020-0310-6

464. Rosen S, Ham B, Mogil JS. Sex differences in neuroimmunity and pain. J
Neurosci Res. Jan 2 2017;95(1-2):500-508. doi:10.1002/jnr.23831

465. Meng W, Deshmukh HA, Donnelly LA, et al. A Genome-wide Association
Study Provides Evidence of Sex-specific Involvement of Chr1p35.1 (ZSCAN20-
TLR12P) and Chr8p23.1 (HMGB1P46) With Diabetic Neuropathic Pain.
EBioMedicine. Oct 2015;2(10):1386-93. doi:10.1016/j.ebiom.2015.08.001

466. Mapplebeck JCS, Beggs S, Salter MW. Sex differences in pain: a tale of two
immune cells. Pain. Feb 2016;157 Suppl 1:S2-s6.

doi:10.1097 /j.pain.0000000000000389

467. Gregus AM, Levine IS, Eddinger KA, Yaksh TL, Buczynski MW. Sex
differences in neuroimmune and glial mechanisms of pain. PAIN. 2021;162(8):2186-
2200. doi:10.1097/j.pain.0000000000002215

468. Klein J, Sato A. The HLA system. First of two parts. N Engl J Med. Sep 7
2000;343(10):702-9. doi:10.1056 /nejm200009073431006

469. Li C, Houser BL, Nicotra ML, Strominger JL. HLA-G homodimer-induced
cytokine secretion through HLA-G receptors on human decidual macrophages and
natural killer cells. Proc Natl Acad Sci U S A. Apr 7 2009;106(14):5767-72.
doi:10.1073 /pnas.0901173106

470. Parisien M, Buxbaum C, Granovsky Y, Yarnitsky D, Diatchenko L.
Prospective Blood Transcriptomics Study in a Motor Vehicle Collision Cohort
Identified a Protective Function of the <em>SAMD15< /em> Gene Against
Chronic Pain. The Journal of Pain. 2023;d0i:10.1016/j.jpain.2023.04.009

471.  Glynn LE. Natural history of the major histocompatibility complex. Jan
Klein, John Wiley and Sons: New York. 775 pages, £90.75 (1986). Cell
Biochemistry and Function. 1988;6(3):222-222.
doi:https://doi.org/10.1002/cbf.290060321

472. Swanberg M, Lidman O, Padyukov L, et al. MHC2TA is associated with
differential MHC molecule expression and susceptibility to rheumatoid arthritis,
multiple sclerosis and myocardial infarction. Nat Genet. May 2005;37(5):486-94.
doi:10.1038 /ngl544

473.  Veluchamy A, Hébert HL, Meng W, Palmer CNA, Smith BH. Systematic
review and meta-analysis of genetic risk factors for neuropathic pain. PAIN.
2018;159(5):825-848. d0i:10.1097/j.pain.0000000000001164

474. Zis P, Sarrigiannis P, Artemiadis A, Sanders DS, Hadjivassiliou M. Gluten
neuropathy: electrophysiological progression and HLA associations. Journal of
Neurology. 2021/01/01 2021;268(1):199-205. doi:10.1007/s00415-020-10137-6

475. Biirk K, Bosch S, Miiller CA, et al. Sporadic cerebellar ataxia associated
with gluten sensitivity. Brain. 2001;124(5):1013-1019. do0i:10.1093 /brain/124.5.1013

329


https://doi.org/10.1002/cbf.290060321

476. Marzban A, Kiani J, Hajilooi M, Rezaei H, Kahramfar Z, Solgi G. HLA
class II alleles and risk for peripheral neuropathy in type 2 diabetes patients.
Neural Regen Res. Nov 2016;11(11):1839-1844. doi:10.4103/1673-5374.194756

477.  Zhu Y, Paniccia A, Schulick AC, et al. Identification of CD112R as a novel
checkpoint for human T cells. J Ezp Med. Feb 8 2016;213(2):167-76.

doi:10.1084 /jem.20150785

478.  Warner MS, Geraghty RJ, Martinez WM, et al. A cell surface protein with
herpesvirus entry activity (HveB) confers susceptibility to infection by mutants of
herpes simplex virus type 1, herpes simplex virus type 2, and pseudorabies virus.
Virology. Jun 20 1998;246(1):179-89. doi:10.1006/viro.1998.9218

479. Mizutani K, Miyata M, Shiotani H, Kameyama T, Takai Y. Nectin-2 in
general and in the brain. Mol Cell Biochem. Jan 2022;477(1):167-180.
doi:10.1007/s11010-021-04241-y

480. Topham L, Gregoire S, Kang H, et al. The transition from acute to chronic
pain: dynamic epigenetic reprogramming of the mouse prefrontal cortex up to 1
year after nerve injury. Pain. Oct 2020;161(10):2394-24009.

doi:10.1097 /j.pain.0000000000001917

481. Devosse T, Dutoit R, Migeotte I, et al. Processing of HEBP1 by cathepsin
D gives rise to F2L, the agonist of formyl peptide receptor 3. J Immunol. Aug 1
2011;187(3):1475-85. d0i:10.4049/jimmunol.1003545

482. Taketani S, Adachi Y, Kohno H, Ikehara S, Tokunaga R, Ishii T. Molecular
Characterization of a Newly Identified Heme-binding Protein Induced during
Differentiation of urine Erythroleukemia Cells*. Journal of Biological Chemistry.
1998/11/20/ 1998;273(47):31388-31394.
doi:https://doi.org/10.1074/ibc.273.47.31388

483. Yagensky O, Kohansal-Nodehi M, Gunaseelan S, et al. Increased expression

of heme-binding protein 1 early in Alzheimer's disease is linked to neurotoxicity.
Elife. Aug 27 2019;8d0i:10.7554 /eLife.47498

484. Ock J, Wu J, Liu FY, et al. Heme-binding protein 1 delivered via pericyte-
derived extracellular vesicles improves neurovascular regeneration in a mouse
model of cavernous nerve injury. Int J Biol Sci. 2023;19(9):2663-2677.
doi:10.7150/ijbs.81809

485.  Walker MG, Volkmuth W. Cell adhesion and matrix remodeling genes
identified by co-expression analysis. Gene Function & Disease. 2002;3(3-4):109-112.
486. Shen Y, Ning J, Zhao L, et al. Matrix remodeling associated 7 proteins
promote cutaneous wound healing through vimentin in coordinating fibroblast
functions. Inflammation and Regeneration. 2023/01/16 2023;43(1):5.
doi:10.1186/s41232-023-00256-8

487. Bouhassira D, Wilhelm S, Schacht A, et al. Neuropathic pain phenotyping
as a predictor of treatment response in painful diabetic neuropathy: data from the
randomized, double-blind, COMBO-DN study. Pain. Oct 2014;155(10):2171-9.
doi:10.1016/j.pain.2014.08.020

488. Hincker A, Frey K, Rao L, et al. Somatosensory predictors of response to
pregabalin in painful chemotherapy-induced peripheral neuropathy: a randomized,

330


https://doi.org/10.1074/jbc.273.47.31388

placebo-controlled, crossover study. Pain. Aug 2019;160(8):1835-1846.
doi:10.1097 /j.pain.0000000000001577

489. Kalliomaki J, Attal N, Jonzon B, et al. A randomized, double-blind,
placebo-controlled trial of a chemokine receptor 2 (CCR2) antagonist in
posttraumatic neuralgia. Pain. May 2013;154(5):761-767.
doi:10.1016/j.pain.2013.02.003

490. Sachau J, Appel C, Reimer M, et al. Test-retest reliability of a simple
bedside-quantitative sensory testing battery for chronic neuropathic pain. PAIN
Reports. 2023;8(1):€1049. doi:10.1097 /pr9.0000000000001049

491. Baron R, Forster M, Binder A. Subgrouping of patients with neuropathic
pain according to pain-related sensory abnormalities: a first step to a stratified
treatment approach. The Lancet Neurology. 2012/11/01/ 2012;11(11):999-1005.
doi:https://doi.org/10.1016,/S1474-4422(12)70189-8

492. Vardeh D, Mannion RJ, Woolf CJ. Toward a Mechanism-Based Approach
to Pain Diagnosis. The Journal of Pain. 2016/09/01/ 2016;17(9, Supplement):T50-
T69. doi:https://doi.org/10.1016/j.jpain.2016.03.001

493. Lotsch J, Malkusch S. Interpretation of cluster structures in pain-related
phenotype data using explainable artificial intelligence (XAI). Eur J Pain. Feb
2021;25(2):442-465. doi:10.1002/ejp.1683

494. Newman AM, Liu CL, Green MR, et al. Robust enumeration of cell subsets
from tissue expression profiles. Nature Methods. 2015/05/01 2015;12(5):453-457.
d0i:10.1038 /nmeth.3337

495.  De Leener B, Lévy S, Dupont SM, et al. SCT: Spinal Cord Toolbox, an
open-source software for processing spinal cord MRI data. Neuroimage. Jan 15
2017;145(Pt A):24-43. doi:10.1016/j.neuroimage.2016.10.009

331


https://doi.org/10.1016/S1474-4422(12)70189-8
https://doi.org/10.1016/j.jpain.2016.03.001

Appendices

Appendix A. The Power of Integrating Data Manuscript

Big Data and Pain

Review

@ REPORTS

The power of integrating data: advancing pain
research using meta-analysis
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Abstract \

Publications related to pain research have increased significantly in recent years. The abundance of new evidence creates
challenges staying up to date with the latest information. A comprehensive understanding of the literature is important for both
clinicians and investigators involved in pain research. One commonly used method to combine and analyse data in health care
research is meta-analysis. The primary aim of a meta-analysis is to quantitatively synthesise the results of multiple studies focused
on the same research question. Meta-analysis is a powerful tool that can be used to advance pain research. However, there are
inherent challenges when combining data from multiple sources. There are also numerous models and statistical considerations
when undertaking a meta-analysis. This review aims to discuss the planning and preparation for completing a meta-analysis, review
commonly used meta-analysis models, and evaluate the clinical implications of meta-analysis in pain research.

Keywords: Meta-analysis, Random-effects, Common-effect, Fixed-effect, Meta-regression, Network, Individual participant data,
Prevalence

1. Introduction medications,?'?®64 to assessing associations of functional
magnetic resonance imaging to placebo treatment.®¢:%7

Rigorous meta-analyses have the potential to provide impor-
tant insights for pain research.*® However, aggregating data to
answer impactful clinical questions can be challenging.® There
are inherent difficulties when combining data sets and selecting
the most appropriate statistical method for a meta-analysis.?”-52
The overall aims of this review are to discuss the preparatory
considerations for completing a meta-analysis, review commonly
used meta-analysis models, and evaluate the clinical implications
of meta-analysis in pain research.

The field of pain research has grown substantially in recent
years.5®% The rapid increase in research output creates an
important need to synthesise these findings. One commonly used
tool to combine and analyse data in health care research is using
meta-analysis. Often combined with a systematic review of the
literature, a meta-analysis aims to quantitatively synthesise the
results of multiple studies that answer the same research
question.>”#7® Meta-analyses help to understand what is
currently known, identify gaps in the literature, and formulate
new research questions.

Systematic reviews and meta-analyses are considered the
pinnacle of evidence-based medicine.®'? High-quality meta-
analyses can guide clinical decision making, inform national and
international clinical guidelines, update health care policies, and  Detailed planning and preparation are critical to avoid common
influence research priorities and funding. This is relevant for both  pitfalls when conducting a meta-analysis. Methodological errors
clinicians and scientists and can include a variety of pain-related  include poorly designed search strategies, analysing overly
research topics. Examples range from understanding treatments  dissimilar data, synthesising poor-quality studies, and changing
effects in preclinical models of painful conditions,>®>% mea-  outcomes without properly reporting.'®*” These pitfalls can lead
suring the efficacy of physiotherapy'”?®%° or pain tomisinterpretation andinaccurate conclusions of the literature. A

2. Planning and design
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detailed prospectively registered protocol provides transparency
and can mitigate these errors thus strengthening the results and
allowing for further scrutiny from the scientific community.
Preregistration of a meta-analysis protocol (before completion
of data extraction) in an academic journal or an online repository,
such as PROSPERO®” or the Open Science Framework, %2 is now
a requirement for publication in most high-quality journals.
Figure 1 highlights a brief summary of the steps and consider-
ations for undertaking a meta-analysis.

For both systematic reviews and meta-analyses, there are
several guidelines to help standardise the study design and
reporting of results (eg, Cochrane Handbook®” PRISMA
guidelines,®® prospective meta-analysis,”” preclinical systematic
reviews’®). The EQUATOR Network (https://www.equator-net-
work.org) and CAMARADES (https://www.ed.ac.uk/clinical-
brain-sciences/research/camarades) are excellent resources for
clinical and preclinical reporting guidelines, respectively. There
are also many tools to assess the quality of studies included in a
meta-analysis (eg, GRADE,* Cochrane Risk of Bias tool,*®
Newcastle-Ottawa Scale,%° etc). The overall quality and sub-
sequent impact of a meta-analysis can significantly improve
through proper study design and appropriate planning.

3. Meta-analysis models

There are numerous statistical models to consider when
completing a meta-analysis. This review does not provide a
comprehensive overview of all available options but will discuss
commonly used models in pain research. In each section, we will
introduce the model, discuss relevant considerations, and
present an illustrative example related to pain research. Table 1
describes a summary of the models discussed in this review. For
comprehensive details regarding meta-analysis model applica-
tion, selection, and statistical methods, refer previous
studies. 333476

Combining data for a meta-analysis focuses on creating an
overall effect size estimate of improved precision. An effect size is
a quantification of the relationship between 2 entities that
incorporates both its direction and magnitude (eg, standardised
mean difference, odds, and risk ratios).>” It is important to
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consider the weighting of individual study estimates to improve
the precision of the overall estimate for the true effect size of
pooled data. The most common method for calculating study
weight for continuous data is the inverse-variance method.®®”
This method uses the inverse of the variance of the effect size
estimate (ie, one over the square of its standard error) to
determine the weight given to each study.®?® Similarly, there are
other approaches available to calculate the study weight of binary
data (eg, Mantel-Haenszel,”* Peto®). However, determining the
most appropriate model to calculate study weight for a meta-
analysis remains controversial.®3376

Effect sizes are graphically depicted using forest plots. Forest
plots include critical components of a meta-analysis, including
the type of model used, results and weighting of individual
studies, the overall effect sizes, confidence intervals, and
between-study heterogeneity. Figure 2 includes a detaied
description of an example forest plot from our previous
systematic review and meta-analysis.?®

3.1. Common-effect model

The common-effect model, also known as the fixed-effect model,
is a meta-analysis method that assumes that all included studies
share a common effect.® This implies that there is only one true
underlying effect (in both magnitude and direction), and the
between-study differences are only the result of sampling error,
the within-study variance.® For example, this may be applicable
when analysing multiple groups (data sets) from a large study
performed by a single research group on the same population of
individuals and similar experimental paradigms.®

3.1.1. Considerations

A common-effect model is applicable if heterogeneity, between-
study variance, is not present or when the distribution of the
intervention effects is nearly symmetrical.*” However, another
consideration when choosing between common and random-
effect models is accounting for the number of included studies. A
small number of studies could overinflate the effect size
estimation for random-effects models.® Thus, a common-effect
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Data analysis

Summary

+ Clearly defined research question and population
« Protocol registration with outcomes & analysis plan
« A priori subgrouping

« Defined search strategy
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+ Screening articles/sources of data
« Extracting data
« Transforming into comparable summary statistics

« Meta-analysis model selection
« Statistical heterogeneity
« Risk of bias & quality assessment

« Interpreting findings
« Discussing quality & heterogeneity
« Suggestions for future research

Figure 1. Considerations for completing a systematic literature review with meta-analysis.
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Summary of meta-analysis models and corresponding statistical considerations.

Meta-analysis models

Considerations

Common-effect

Synthesises the common effect measure between
studies

Strengths:
Estimates the assumed common underlying treatment effect between studies
May be more appropriate for meta-analysis with few included studies
Limitations:
Problematic when combining the effects of multiple studies because maintaining the
assumption that there is no other variance is unlikely
Interpretation of results is focused only on the included population

Random-effects

Synthesises the average effect measure between
studies

Strengths:
More generalisable and less restrictive than the common-effect model
Considers heterogeneity of included studies
More likely to fit the sampling distribution
Limitations:
A small number of studies may overinflate effect size estimation
High levels of heterogeneity can limit the representation of the identified effect

Meta-regression

Explores potential associations and relationships
between studies

Strengths:

Assesses strength and direction of relationships

Ability to assess multiple covariates simultaneously
Limitations:

Requires adequate number of studies

Must limit covariates based on background subject knowledge

Multivariate

Simultaneously analyses multiple outcomes from
the included studies

Strengths:
Useful when analysing multiple main outcomes
Produces a summary statistic for each outcome
Reduces the impact of reporting bias by allowing inclusion of more data
Limitations:
Correlations measured across studies may not reflect the underlying association between
treatment effects
Correlation estimates can be less precise and prone to large bias

Network

Assesses available interventions for a clinical
condition and makes direct and indirect
comparisons across studies to determine the most
effective interventions

Strengths:
Beneficial for clinicians to decide on the best treatment for patients who fit the review
question

Limitations:
Assumes that heterogeneity variance across different comparisons within the network meta-
analysis model is the same
Transitivity and inconsistency must be assessed and addressed

Individual participant
data

Summarises original data taken from individual
participants from multiple studies

Strengths:
Increased power to detect differential treatment effects across individuals in randomised
controlled trials
Ability to identify confounding factors in observational studies
Limitations:
Difficult to coordinate and obtain individual data
Increased time and resource requirements in order to complete

Prevalence

Used to estimate the frequency of a disease
occurring within a predefined population

Strengths:
Auseful tool for clinicians, researchers, and policymakers to better understand the burden of
disease

Limitations:
Variation in the underlying population, case definition, and disease severity is likely to
contribute to heterogeneity in the results
Transformation of the prevalence proportions may be necessary to obtain confidence
intervals that do not lie in extreme ranges and variances that do not result in the undue
weighting of studies

model may produce more robust estimators when comparing
only a small number of studies. Conversely, a common-effect
model in the presence of heterogeneity can lead to an un-
derestimation of the confidence interval’s width because the
between-study variance is not taken into account.

3.1.2. Example

Veluchamy et al. performed meta-analyses investigating the
association of genetic variants on the susceptibility to neuropathic
pain.®’ The authors performed meta-analyses of genome-wide
association studies from 3 large comparable cohorts of patients
with neuropathic pain in the United Kingdom. Using common-
effect meta-analyses of each single-nucleotide polymorphism,°

they identified a novel genome-wide significant locus at
chromosome 12g23.1 mapping to SLC25A3 (odds ratio =
1.68, 95% confidence interval [Cl]: 1.40-2.02). Experimental
models have suggested that SLC25A3 is believed to have arolein
developing neuropathic pain; however, further research is
required to better understand the underlying mechanisms
implicated with these findings.®" This study illustrates the use of
common-effect models to provide important insights into the
potential genetic associations to neuropathic pain.

3.2. Random-effects model

In contrast to the common-effect model, the random-effects
model allows for the distribution of the true effect size, ie, different
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Experimental Control Standardised Mean
Study Total Mean SD Total Mean sD Difference SMD 95%-Cl Weight
Chien et al. 2009 31 2899 15500 31 29.58 0.8500 ——==—+ -0.47 [-0.97; 0.04] 24.0%
Chien et al. 2010 50 28.24 1.2000 31 29.30 3.2300 — -0.48 [-0.93;-0.02] 28.7%
Farrell et al. 2020 23 30.17 1.1600 23 30.75 0.3600 : -0.66 [-1.26;-0.07] 18.0%
Chien et al. 2008a 50 28.27 6.6800 31 29.32 1.0400 — -0.20 [-0.65; 0.25] 29.3%
Overall random effects model 154 116 e -0.43 [-0.73; -0.13] 100.0%
| I I N B

Heterogeneity: /2 = 0%, t* = 0.0109, p = 0.64
Residual heterogeneity: 1% = 0%, p =064

-1 05 0 05 1

Figure 2. Example forest plot of cold detection thresholds taken at the index finger in patients with whiplash associated disorder (WAD) compared with control
subjects. A random-effects model was used to account for potential between-study variance. The left side of the figure displays the total number of participants
and corresponding means/standard deviations (SD) for cold detection thresholds of the WAD and control groups. Individual study standardised mean differences
(SMD) are depicted by the grey squares (varying in size depending on study weight). The black lines extending from the squares represent the 95% confidence
intervals (Cl). The overall random-effect meta-analysis summary is shown in bolded text and blue diamond. The overall effect size estimate (blue diamond) does not
cross the zero line, indicating that cold detection thresholds were significantly decreased in the WAD groups compared with the control group (P < 0.05). The
individual and overall SMD, Cl, and corresponding study weight values are shown on the right side of the forest plot. Between-study heterogeneity values (shown
as Higgins I? and %) were low and not considered important. This figure was originally published by Fundaun et al.>*

effect estimates for each study, and considers additional levels of
variance.® In many instances, it is difficult to assume that all
studies included in a meta-analysis share one underlying effect
size. Forinstance, studies may measure the same biomarker fora
painful condition, but they could have variation in the duration of
diagnosis, the timepoint of biomarker analysis, or differences in
the type of analytic platform used. Therefore, a random-effects
model may be more appropriate because it considers both the
within-study and between-study variance (heterogeneity).

3.2.1. Considerations

Random-effects meta-analysis models estimate the variance of
the true effect size distribution, which is known as tau®.%® There
are multiple methods described to estimate tau®. Examples of tau
estimators include the restricted maximum likelihood,®?
DerSimonian-Laird,'® Paule-Mandel,%® or Sidik-Jonkman.”®
There is still dispute regarding which estimator is most appro-
priate.*>**%" |n the bias-variance trade-off context, a random-
effect meta-analysis is less biased than a common-effect
analysis, but it can produce estimators with more variance.

Tau® is necessary to calculate the pooled effect size and
indicates the between-study variance. However, tau® does not
describe the source of the heterogeneity present between the
studies. The quantification of heterogeneity is commonly
expressed through measures, including Cochrane Q, showing
the variation excess to sampling error, and Higgins 1° statistic,
showing the excess percentage of the observed Q vs the
expected Q.2+ These measures help to understand the extent
of between-study heterogeneity present within a meta-analysis
but do not identify its source. One method to explore the source
of heterogeneity is through subgroup analysis and meta-
regression, as discussed below.*

3.2.2. Example

Georgopoulos et al.%® performed a systematic review and meta-
analysis to determine whether quantitative sensory testing (QST)
parameters were prognostic of pain and disability in various
musculoskeletal conditions. Taken from 37 studies, random-
effect meta-analyses identified initial QST measures as prognos-
tic for pain (mean r = 0.31, 95% Cl: 0.23-0.38, n = 1,057
participants) and disability (mean r = 0.30, 95% CI: 0.19-0.40, n
= 290 participants). This study highlights the potential impact of
using QST as a prognostic tool to stratify patients with
musculoskeletal pain.
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3.3. Meta-regression

The interpretation of a meta-analysis is often limited due to
potential confounding variables from combining studies. One way
to “explore” the potential associations and relationships between
the studies, while controlling for covariates, is using meta-
regression.? Like linear regression, meta-regression evaluates
whether there is a linear relationship between the variables using
weighted summary statistics from the included studies. Meta-
regression evaluates both the strength and direction of associ-
ation between the covariates within an analysis.?

3.3.1. Considerations

Common-effect meta-regression models do not consider
between-study variance, making random-effects models more
appropriate for meta-regression.”®* Compared with subgroup
analysis, meta-regression provides more detailed consideration
for the strength and direction of relationships between the
covariates. The selection of covariates (eg, age, sex, comorbid-
ities, etc) should be limited in number, based on background
subject knowledge, and should be determined a priori.

3.3.2. Example

Niesters et al. used meta-regression to understand sex differ-
ences in opioid analgesia.®? These results indicated that there
was no effect of age or study size on analgesia. However, they
identified significantly greater effects of patient-controlled anal-
gesia in women compared with men (effect size = 0.22, 95% Cl:
0.02-0.42). Further analysis, which only included studies using
morphine-based analgesia, showed even greater effect in
women (effect size = 0.36, 95% Cl: 0.17-0.56). With the
increasing evidence of sex differences in pain mechanisms and
processing,®® meta-regression could be an important tool to
highlight sex differences in pain research.

3.4. Multivariate methods

Meta-analyses are often focused on a clinical topic with multiple
correlated measures. The most appropriate way to analyse this
type of data is through multivariate meta-analysis approaches.
Multivariate meta-analysis simultaneously estimates the effect of
multiple correlated outcomes.'®#% 7" Due to the inherent variance
included in multivariate methods, random-effects models are
commonly used.*5467® Classic examples of multivariate analysis
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include assessing both the systolic and diastolic blood pressure
or the sensitivity and specificity of a diagnostic test.*®

3.4.1. Considerations

Multivariate approaches are critical to consider when there are
missing data or when the summarised effects depend on other
correlated outcomes.”"""®

Unfortunately, correlated outcomes are often assessed using
multiple univariate analyses. This univariate approach can pro-
duce bias and overestimate the overall effect.®® This approach is
also a common criticism of meta-analysis'® because it does not
adequately assess the influence of multiple correlated outcomes
on each other.*5"® Multivariate approaches help overcome this
problem by accounting for the inherent dependence of certain
outcomes in an analysis.*®

3.4.2. Example

Tagliaferri et al. analysed the contributions of multiple factors
(pathological and psychological biomarkers) related to persis-
tent nonspecific low back pain.? They concluded that there
were significant contributions of all studied biomarker cate-
gories to persistent low back pain (nervous system, spinal
imaging, and psychosocial). However, psychosocial factors
showed the greatest effect (Hedges g = 0.90, 95% CI:
0.69-1.10) compared with the nervous system (Hedges g =
0.31, 95% Cl: 0.13-0.49) or spinal imaging measures (Hedges g
= 0.55, 95% ClI: 0.37-0.73). Due to the often complex and
multifactorial nature of painful conditions, multivariate meta-
analysis methods may elucidate important underlying factors
that can facilitate patient stratification in various painful
conditions.

3.5. Network meta-analysis

Network meta-analysis allows researchers to compare 3 or more
interventions simultaneously by combining all of the available
evidence both directly and indirectly across studies.*” By
combining 2 different sets of interventions (ie, interventions A
and B in study 1, and interventions B and C in study 2), it is
possible to estimate the effects between 2 indirect interventions
(interventions A and C). Network meta-analyses are beneficial for
clinicians because they allow comparisons across the available
evidence to rank the efficacy of different interventions for a clinical
condition. This renders the findings more clinically relevant to the
appropriate patient. It is particularly an advantageous method of
meta-analysis because it allows for the comparison of interven-
tions that have previously never been compared in primary
studies.

3.5.1. Considerations

Pairwise meta-analyses of the directly compared interventions
should be performed before performing the network meta-
analysis so that the statistical heterogeneity for each comparison
can be directly evaluated. After this, the network meta-analysis
model can be developed. Several models can be utilised for this: If
there are no trials with multiple arms, meta-regression (described
above) can be used; If multiarm trials are included, hierarchical
models could be used within a Bayesian framework, or
alternatively, a multivariate meta-analysis approach can be taken.
Researchers should also prespecify how heterogeneity will be
assessed within the model.
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Network meta-analyses assume that there is consistency or
agreement between the direct and indirect comparisons.
However, this is not always the case and researchers must
check for both global inconsistency across all comparisons and
local inconsistency or “hotspots” within comparisons. If either of
these are identified, itis important to closely examine the potential
effect modifiers of studies within inconsistent loops. Network
meta-regression models can also explore how the effect
modifiers can affect the results. In addition, sensitivity analyses
excluding studies that may be contributing to inconsistency can
improve the robustness of the results.

3.5.2. Example

Ho et al. performed a network meta-analysis comparing the
effectiveness of various psychological interventions for chronic
low back pain.® This included 97 randomised controlled trials
with 17 treatment nodes. They performed traditional pairwise
meta-analyses for all direct comparisons and used random-
effects network meta-analysis to combine the direct and indirect
evidence. The mean rank and relative treatment rankings for each
node were estimated, and the authors determined that the most
highly ranked intervention for the primary outcome (physical
functioning) at postintervention was cognitive behavioural therapy
delivered with physiotherapy care (mean rank = 2.2, stand-
ardised mean differences = 1.01, 95% Cl: 0.58-1.44).

3.6. Individual participant data methods

Individual participant data (IPD) meta-analysis is a method of
obtaining and analysing raw individual level data from single
studies instead of traditional group-level summary statistics.”®’
Individual participant data enables the identification of covariates
or subgroups that traditional meta-analyses of aggregate dataare
not able to detect.?”7%7285 As such, IPD meta-analysis is
considered the benchmark for integrating data from clinical
studies.”®®" With the increased need for personalised and
stratified pain management, IPD meta-analysis has the potential
to uncover the important and targeted treatment options that
single randomised controlled trials are not powered to de-
tect.""'41682 This is particularly relevant for pain research
because most clinical trials are not adequately powered to detect
subgroup differences or identify relevant covariates. Recent
advances in statistical modelling of IPD meta-analysis have
shown promise and can be reviewed in detail here.®70:7276

3.6.1. Considerations

Because IPD meta-analyses are more time and resource intensive,
they should only be undertaken when traditional meta-analyses
cannot adequately answer a clinical question.” One such area for
using IPD is to detect differences in treatment effects between
individuals and account for covariates. With the often-disappointing
results of potentially promising pain medications of the past few
decades, '®2°2147:50 |PD meta-analysis may provide important
insights on how to identify significant subgroup differences in
treatment effects. However, IPD meta-analyses are not always
possible, and there are significant challenges with data sharing
policies,” data set harmonization," and obtaining full data sets.

3.6.2. Example

Hayden et al. initially performed a systematic review and traditional
meta-analysis that suggested that exercise therapy to be more
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effective in decreasing pain and improving function in patients with
persistent low back pain®'. However, this study used aggregate
level data and was unable to identify which individuals may be more
likely to benefit from exercise therapy. Then, the authors performed
an IPD meta-analysis to identify different treatment effects of
exercise among individual patients with persistent low back pain®.
The overall IPD meta-analysis for persistent low back pain
suggested that exercise was more beneficial than usual care or
no treatment on pain at short-term follow-up (mean effect = —10.7,
95% Cl: —14.1 to —7.4). This review also identified potential novel
covariates of participants who may respond more favourably to an
exercise intervention for persistent low back pain, including not
having heavy physical work demands, normal body mass index,
and any medication use for low back pain. These covariates could
be usedin future research to assess a stratified treatment approach
for subgroups of patients with low back pain.

3.7. Prevalence

Prevalence meta-analysis is used to estimate the frequency of
a disease occurring within a predefined population.® Preva-
lence meta-analyses, such as the Global Burden of Disease
Study,” are valuable tools for researchers, clinicians, and
policymakers to better understand disease burden and
therefore direct resources and research appropriately. There
are a variety of considerations to make when conducting a
prevalence meta-analysis: the choice of method, model,
variance estimation technique, whether the prevalence
proportions need to be transformed, and method of hetero-
geneity assessment.

3.7.1. Considerations

Currently, there are no reporting guidelines for prevalence meta-
analyses. This results in reviews of varying quality.’® The main
challenge with undertaking a prevalence meta-analysis is
assessing heterogeneity.>” Within prevalence studies, there is
likely to be variation in the underlying population, case definition,
disease severity, and other biases, and therefore, a random-
effects model should be utilised. To address heterogeneity,
reviewers should assess for covariates that may explain

PAIN Reports®

heterogeneity and stratify the results into appropriate subgroups
or perform meta-regression.

Transformation of the prevalence proportions may be neces-
sary to obtain confidence intervals that do not lie in extreme
ranges and variances that do not result in the undue weighting of
studies. The most commonly recommended transformation is the
Freeman-Tukey double-arcsine, followed by the logit, log, and
arcsine transformations. '°

3.7.2. Example

Murray et al.%® conducted a meta-analysis examining the
prevalence of chronic pain in young adults. They examined
possible sources of heterogeneity by classifying studies by
location of chronic pain, demographic, geographic, and
psychosocial factors related to chronic pain as well as study-
level characteristics such as population type, sampling area,
years of data collection, and assessment method. The authors
calculated heterogeneity using the 12 statistic and the Q test,
and they found a very high degree of heterogeneity, with
prevalence rates of chronic pain in young adults ranging from
1% to 41%, 12 = 99%, Q(42) = 5473.3. There was high
heterogeneity even when the results were stratified by pain
subtype.

4. Implications

The abundance and diversity of pain research creates unique
opportunities to use meta-analysis in many areas (see examples in
Fig. 3). These techniques are highly relevant for pain researchers
and are currently being used to understand many aspects of pain.
For example, there are several, large, multidisciplinary consortia
actively collecting data to be meta-analysed.""*®® This enables
large sample sizes and adequate power to detect significant effects
for a range of biological and clinical variables, which cannot be
identified in smaller studies.*®

The complex pathological mechanisms of pain contrib-
ute to diverse and challenging clinical presentations. One
approach to better understand and improve treatment for these
pain phenotypes is through patient subgrouping, ie, stratifica-
tion.®” Examples of data for patient stratification include clinical
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Figure 3. Examples of potential categories and data types that could be meta-analysed in the field of pain research.
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examination measures, QST, physiological and psychological
factors, and molecular profiing.2® Meta-analysis can be a
powerful tool to identify, organise, and analyse data to improve
patient stratification.®®

To continue advancing pain research, it is imperative to
recognise what is currently known. Meta-analyses provide
critical summaries of all available evidence to inform clinical
practice and impact national and international guidelines*'49:8°
and resource allocation. Although there are many different
models and statistical considerations, meta-analysis is an
important technique to understand and integrate these data.
Meta-analyses can provide robust syntheses of published and
unpublished data and can be planned prospectively through
consortia and collaboration.

5. Conclusions

Meta-analysis can be used as a powerful tool to quantitatively
synthesise important questions in pain research. In this review,
we have highlighted several models and statistical methods to
consider for the selection and interpretation of a meta-analysis.
Although careful methodological consideration must be taken,
meta-analyses can provide important summaries to facilitate
scientific discovery and clinical advancement in pain research.
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Appendix B. Clinical proforma

Code: Date: / /
CLINICAL SCREENING PROFORMA

Interviewer: Consent: D
Age:__ Sexx M D F D Dominant Hand: Right D Left D Either D
Height: Weight:

Occupation: AtWork: Y[ | N []

Hospital of recruitment?

HISTORY
Collision: rear D forward D side D Your speed: slow D fast D stopped D
Their speed:  slow D fast D stopped|:]
(<10 mph)
Date Injury: Anticipation YD N |:|

Currently involved in litigation due to collision? Y D N D

Symptom history:

Red flags:

(Diplopia, dizziness, drop attacks, dysarthria, dysphagia, ataxia of gait, nausea, numbness and nystagmus)
Current Symptoms: Y. D N. D Comments:

Radiating symptoms? Y.L IN.[] Comments:

Subjective sensory changes: Y. [ N[ ] Comments:

Right

No symptoms Worst imaginable
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Code: Date: /
MANAGEMENT OF SYMPTOMS
Yes No
Physiotherapy D D
Osteopathy / Chiropractic D |:|
Drugs D D
Injections D D
Other:
WAD medication (dose):
Other medication (dose):
INVESTIGATIONS
Yes No
MRI L O
X-rays D I:\
Nerve Conduction study D |:|
Other investigations:
Other medical diagnoses (including nerve involvement):
NECK ACTIVE MOVEMENT
0: Full 1: Full 2: Reduced 3: Reduced
movement movement movement; no movement
and symptoms and symptoms
symptoms

Rotation (R)

Rotation (L)

Flexion

Extension

Lateral flexion (R)

Lateral flexion (L)

Description:

342




Code: Date: / /
UPPER EXTREMITY ACTIVE MOVEMENT
0: Full 1: Full 2: Reduced 3: Reduced
movement movement movement; no movement
and symptoms and symptoms
symptoms
Shoulder flexion
Shoulder abduction
Elbow flexion
Elbow extension
Elbow supination
Elbow pronation
Wrist flexion
Wrist extension
Description:
NEUROLOGICAL EXAMINATION
TENDON REFLEXES
RIGHT LEFT 0 Absent
Bicens 1 Reduced
P 2 Normal
Triceps 3 Enhanced

DERMATOME TESTING

RIGHT

Light touch Pin prick

C5

C6 LCN

C6 MN

Cc7

c8

T1

* Key Sensory
Points
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LEFT

Light touch Pin prick

C5

C6 LCN

C6 MN

Cc7

c8

T1




Code: Date: / /

BEDSIDE SENSORY TESTING

Warm coin Cool coin Pin prick 0 Absent
1 Reduced
: : R L R L R = 2 Normal
Maximal pain area 3 Enhanced
Skin temp: Ko
Index Finger
Skin temp: Ko

AREA OF MAXIMAL PAIN

MYOTOME TESTING RIGHT LEFT

Trapezius (C3 C4) - Shd shrug

Supraspinatus (C5 C6) - Shd abd

Biceps (C5 C6) - Forearm sup + elb flex

Triceps (radial nerve C6 C7 C8) - Forearm ext

Ext pollicis longus (C7 C8) — Thumb ext
Abd pollicis (C8 T1) — Thumb abd

Interossei (C8 T1) — Finger abd/add

0: No contraction

1: Flicker/trace contraction

2: Active movement, gravity
eliminated

3: Active movement, against gravity
4: Active movement, against gravity
and resistance

5: Normal power
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Code: Date: / /

QUANTITATIVE SENSORY TESTING

MEDIAN (Digit2) Left Right
Pain Intensity prior to QST (0-100) | | Room TO
| Skin T° | oc | |
cDT WDT TSL CPT VAS HPT VAS
°c °c °c °c °c
°c °c °c °c °c
oC oc oc oc oC
oc
oc PHS
oc
Mechanical
Mechanical Pain
Detection Threshold
(16 mN) Threshold (8mN)
felt not felt blunt pricking
mN mN
[ mN [ mN
mN | mN |
mN mN
mN I mN |
l mN l mN
mN I mN |
[ mN [ mN
mN | mN |
mN mN
S-R Function (MPS, DMA) - 0-100
8 16
Qr BR
256 512
64 32
cw 64
512 128
128 Qr
16 cw
32 8
BR 256
WUR, Wind up-ratio ] Pressure pain
(0-100) e threshold
threshold
Single Series 2" MCP Thenar:
/8 Keg
/8 Ke
/8 Keg
Stimulus
[ 256 mN
The patient has understood the instructions and complied with them:
TIBIALIS DT WDT PPT V&5 D No D Unsure E]
ANTERIOR o o Ke
(contralateral) C o
°c oc Ke
°c °c kg
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Code: Date: / /

NERVE MECHANOSENSITIVTY TESTS

MOVEMENT 0 = Normal response
1 = Reduced movement; no symptoms
Median nerve biased (ULNT1) WITH INCLINOMETER 2 = Reduced movement and symptoms
0 1 2 At least partial Elbow flexion Structural
symptom differentiation
reproduction positive
RIGHT
LEFT

Median nerve biased (ULNT1) NO INCLINOMETER
0 1 2 | At least partial symptom Structural >90 degrees elbow
reproduction differentiation positive flexion (Y/N)

RIGHT

LEFT

Ulnar nerve biased (ULNT3) NO INCLINOMETER
0 1 2 | At least partial symptom Structural <90 degrees elbow
reproduction differentiation positive flexion (Y/N)

RIGHT

LEFT

DIGITAL PRESSURE

0 = No pain or discomfort

Palpation only 1= local discomfort
Brachial Plexus 2a= local painful response
Supraclavicular fossa (trunks) 2b=referred pain/symptoms
0 1 2a 2b Symptoms
RIGHT
LEFT

Median nerve
Proximal carpal tunnel
0 1 2a 2b Symptoms

RIGHT

LEFT
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Code:

Ulnar nerve
Guyon'’s canal

Date: / /

0 = No pain or discomfort
1=local discomfort

2a= local painful response
2b=referred pain/symptoms

2a

2b

Symptoms

RIGHT

LEFT

With algometer

Ulnar nerve

Proximal to cubital tunnel

0

1

2a

2b

Force at pain onset (kg; avg 3)

Symptoms

RIGHT

LEFT

Median nerve
Carpal tunnel

0

2a

2b

Force at pain onset (kg; avg 3)

Symptoms

RIGHT

LEFT

CTS TESTS

RIGHT

LEFT

Positive Tinel’s

Positive Phalen’s

DIAGNOSIS

0 = Normal response
1 = WAD symptom reproduction

WAD1

WAD2

OTHER

Blood taken:

Time of last meal:

Yes

[]

No

Questionnaires complete:

]

]
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Code: Date: / /

NEUROPATHIC PAIN GRADING SCALE

Possible: Yes No

1. Neuroanatomically plausible pain O O

Probable:

1. Abnormal light touch |___] D

2. Abnormal pin prick I:] D

3. Abnormal thermal (coins) I:] D

4. Abnormal Reflexes (] [

5. Abnormal Myotomes |:| D

6. Post-hoc QST abnormalities |:| D

Definite:

7. Post-hoc MRI abnormalities ] [

8. Post-hoc reduced IENFD |:| |:|

INITIAL GRADE: : [ ] Unlikely [ ] Possible [ ] Probable
FINAL (post-hoc) GRADE: D Unlikely D Possible D Probable D Definite
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Code: Date: / /

MRI code:

Comments: Brachial plexus
T2 stir

T1tse
Resolve

Wrist
T1 tirm
Trufi
Mbep2d

Bleeding: Yes / No

Lidocaine injected locally ml
Digit Il left right

After care sheet given : yes no
Any problems:

Sign & date

Bleeding: Yes / No

Lidocaine injected locally ml
Ankle left right

After care sheet given : yes no
Any problems:

Sign & date
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Appendix C. Skin biopsy protocol

Free floating skin biopsy protocol

e Cut skin at 50 um and put into well plates with PBS (pH 7.4)

e Pipette off PBS with Pasteur pipette

e Add 500ul 5% fish skin gelatine per well

e Incubate for 1 hour at room temperature on shaker

e Dilute primary antibody in 0.1% Triton in PBS
o PGP (1:200 dilution, rabbit polyclonal, cat # 516—3344, Zytomed Systems)
o MBP (1:500 dilution, rat monoclonal, cat #ab7349, Abcam)

e Pipette out fish skin gelatine

e Add 250 ul primary antibody dilution per well

e Incubate over night at 4 degrees on shaker

e Next day: wash 3x1 hour with 0.1% Triton/PBS on shaker at room temperature
e Dilute 2" antibody in 0.1% Triton in PBS
o Cy3(1:1,000, anti-rabbit, cat #J1711165152, Jackson)
o Alexa 488 (1:500, anti-rat, cat # A11006, Life Technologies)
e Add 250-300ul AB solution to each well
e Incubate at 4 degrees overnight on shaker in the dark!

e Next day: wash 3x1 hour at room temperature with 0.1% Triton/PBS on shaker
(dark)

e Wash 1x1 hour at room temperature with PBS on shaker (dark)

e Transfer the section on glass slides with Pasteur pipette

e Add vectashield (with DAPI) and mount

e Seal with nail polish

e keep inthe dark at 4 degrees or freeze for long-term storage

5% fish gelatine solution:
- Use 45% dilution from Sigma (G7765 — 250ml).
- Heatitup at 37% in an incubator or water bath until it becomes more liquid.
- Then add 11ml gelatine to 88.5ml PBS and 500ul TritonX100.

350



Appendix D.Simoa NfL blood analysis protocol (Quanterix)

Quanterix

The Science of Precision Health

Simoa® NF-LIGHT V2 Advantage Kit

Kit Instructions for SR-X® item 104073

SIMOA NF-LIGHT V2 ADVANTAGE KIT

The Simoa® NF-Light v2 Advantage assay is a digital
immunoassay for the quantitative determination of
Neurofilament-Light in serum, plasma and cerebrospinal fluid
(CSF). This assay is for research use only and not for use in
diagnostic procedures.

Note: An Assay Evaluation Kit containing lot-matched
Calibrator Concentrate, Calibrator Diluent, and Sample
Diluent is available for NF-Light v2 Advantage. Please use
item # 104074 to order and refer to the Technical Note on
Evaluation Kits for Simoa Assays on the Quanterix®
Customer Portal for details

Quanterix sima,

Simoa® NF-Light v2 Advantage Reagent kit
104073

2'C'(

w Quanterix Corp.
Billerica, MA 01821

LBL4464] Rev1 O

Made In Usa
For Research Use Only. Notfor Use in Diag nosti Procedures

NF-LIGHT ASSAY DESCRIPTION

Assay format 2-step digital immunoassay:

* Sample-bead-detector incubation 30

min at 30°C, 800 rpm

* SBG incubation 10 min at 30°C, 800 rpm
Storage Calibrators and controls: —80°C
conditions Reagents: 2—8°C (keep upright)
Total tests/kit 96
Calibrator range: ~ 0-450 pg/mL

0-1,800 pg/mL (with 4x dilution
Serum/Plasma)

0-45 ng/mL (with 100x dilution CSF)
8 calibrators in triplicate (24 tests)
2 controls in duplicate (4 tests)

34 samples in duplicate (68 tests)
100 pL per replicate

Sample range:

Typical run setup*

Calibrator volume

Sample and
control volumes

100 pL per well post-dilution. Minimum
required dilution for control, plasma and
serum is 4x. Minimum required dilution
for CSF is 100x.

*Note: Each replicate sample is run in a separate well.

Quanterix Corporation

900 Middlesex Turnpike, Billerica, MA 01821
techsupport@quanterix.com

NF-LIGHT V2 ADVANTAGE PROTOCOL

Step 1: Reagent and sample warming. Equilibrate reagents,
calibrators, controls, and samples to room temperature for 1
hour. Secure RGP bottle in the Simoa heated shaker and let it
remain there during sample preparation. At minimum, RGP
should shake at 30°C for 230 minutes at 800 RPM (see RGP
Substrate Preparation for Simoa Assays for details). One RGP
bottle is sufficient for up to 96 tests and should be used within
8 hours of shaking. Do not store and re-use RGP.

Step 2: Prepare washer and shaker.

o If buffers/DI water have been in bottles on the washer
for longer than one month, discard, rinse containers with
DI water, and add fresh buffers/DI water.

e Run the System Flush washer protocol to rinse the
manifold with DI water.

e After the System Flush is finished, connect the Buffer A
and Buffer B tubing to the correct buffer reservoirs and
ensure that sufficient volume of each buffer is available.

*  Ensure sufficient volume is available in the waste bottle.

e Set the temperature and speed on the shaker to the
settings indicated in the ‘Assay format’ section of the
table above.

Step 3: Downloads. Download the NF-Light v2 Advantage
analysis protocol (http://portal.quanterix.com) for use in Step
14. Download the lot-specific Certificate of Analysis (CoA)
from https://www.quanterix.com/coa by entering in the kit
lot number (not calibrator lot number) to find the
concentrations of the calibrators in this lot. Calibrators are
single use.

Step 4: Assay plate preparation. Prepare your assay plate
using conical bottom plates provided by Quanterix. This is the
only plate type compatible with this protocol! Pipette the
appropriate volume of prepared calibrators, controls, and
samples into the wells. Place replicates in separate wells.
Calibrators are run neat with 100 pL added per well. Spin
samples at 10,000 x g for 5 minutes to precipitate debris. Spin
at least 10 pL more than the volume needed for the run to
avoid transferring debris. Plasma or serum samples and
controls should be diluted 4x with Sample Diluent before
distributing to individual wells or diluted in the plate by mixing
25 pL of sample with 75 pL Sample Diluent in each well.

Step 5: Capture bead addition. Vortex the beads for 30
seconds. Pour beads into a clean reagent reservoir. Using a
multi-channel pipettor, dispense 25 pL of beads into each well,
touching off to the samples and changing tips between each
column. Pre-wet tips for accurate volume transfer.

Note: Ensure that beads are distributed across the plate within
2 minutes to avoid settling in the reagent reservoir.

©2022 Quanterix Corp. Simoa® is a registered trademark of Quanterix Corp.
NF-Light v2 Advantage is a trademark of Quanterix Corp. or their affiliates.
For research use only. Not for use in diagnostic procedures.
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Step 6: Detector addition. Pour the Detector into a clean
reagent reservoir. Use a multi-channel pipettor to dispense 20
UL of Detector into each well, touching off to the samples and
changing tips between each column. Pre-wet tips for accurate
volume transfer.

Step 7: Sample-bead-detector incubation. Carefully place
plate on the shaker, cover the plate with a black lid, secure,
and incubate at 30°C at 800 rpm for 30 minutes.

Step 8: Washer priming and first wash. Once the first
incubation is started, start the 2-step protocol on the washer
to prime the manifold. When the sample-bead-detector
incubation is complete, carefully remove the plate from the

shaker, place it on the washer magnet (remove lid!), and
execute the first wash of the 2-step protocol.

Step 9: SBG addition. Keep the plate on the magnet after the
last wash aspiration is complete. Pour SBG into a clean reagent
reservoir. Use a multi-channel, multi-dispense pipette to
dispense 100 pL of SBG into each well.

Step 10: Bead-SBG incubation: Carefully place plate on the
shaker, cover the plate with a black lid, secure, and incubate at
30°C at 800 rpm for 10 minutes.

Step 11: Second wash. Place plate on the washer magnet
(remove lid!) and continue the 2-step protocol through the
first addition of Buffer B.

Step 12: Buffer B wash/resuspension. Remove the plate from
the magnet, place plate on the shaker, cover the plate with a
black lid, secure, and shake at 800 rpm for 1 minute. Return
the plate to the washer magnet (remove lid!) and press
Continue. Repeat the Buffer B wash/resuspension one more
time, following washer prompts.

Step 13: Plate drying. After completion of the two Buffer B
wash/resuspension cycles, press Continue on the washer for
final aspiration. After aspiration, check all wells to ensure no
residual volume or bubbles remain in the wells. Remove any
residual volume with a pipette. If bubbles are observed near
the pellet, manually add 100 pL of Buffer B, let the bead pellet
on magnet, and then aspirate to remove all liquid. Leave plate
on the magnet and allow to dry for 10 minutes.

Step 14: Import analysis protocol and update calibrator
concentrations. If necessary, import the NF-light v2
Advantage analysis protocol into the Quanterix SR-X software.
Set up the Plate Layout for the run, ensuring the appropriate
calibrator concentrations are entered for each plex (use values
on the CoA for Reference Calibrator sets or use the values in
the Kit Instructions if calibrators were diluted manually).

Step 15: Start run. After the 10-minute drying step is
complete, transfer the plate with the pelleted beads onto the
SR-X instrument, load RGP, and start the run. Runs should be
started within one hour after drying beads. If the dry plate
needs to be stored for a longer period of time, then leave it
covered with the black lid at room temperature. The Buffer B
wash/resuspension/drying steps should be repeated prior to
starting the run if the plate is stored for longer than one hour.
Step 16: Washer maintenance. After the final run of the day is
complete, perform another System Flush to ensure the
manifold is clean. Surface cleaning is necessary daily. Note that
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buffer buildup on or around the tubing, manifold, or moving
parts of the washer may affect future assay performance. If
expecting to leave the washer idle for two weeks or longer, it
is recommended to discard excess buffer and perform the Idle
Maintenance procedure.

Consult the Simoa Microplate Washer Maintenance Guide for
recommended care of the washer. For additional information
on setting up assay runs, data analysis, and general operating
procedures, refer to documents on the Quanterix Customer
Portal at htt ortal.quanterix.com, which includes the
Quanterix SR-X User Guide and the Quanterix SR-X Quick
Reference Guide.

WARNINGS AND PRECAUTIONS
For research use only. Not for use in diagnostic procedures.

Safety Precautions
CAUTION: Use of this product may require the handling of
human specimens. It is recommended that all human-sourced
materials be considered potentially infectious and be handled
in accordance with the OSHA Standard on Bloodborne
Pathogens.! Biosafety Level 2% or other appropriate biosafety
practices® should be used for materials that contain or are
suspected of containing infectious agents.
Simoa reagents contain methylisothiazolones, which are
components of ProClin and are classified per applicable
European Community (EC) Directives as: Irritant (Xi). The
following are the appropriate Risk (R) and Safety (S) phrases.
Y
P ¢
R43 May cause sensitization by skin contact.
$24 Avoid contact with skin.
S35 This material and its container must be disposed of in a
safe way.
S37 Wear suitable gloves.
S46 If swallowed, seek medical advice immediately and
show this container or label.
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REAGENTS PROVIDED
Simoa Advantage Reagent Kit for 96 Tests
Bead Reagent 1 bottle (4.4 Capture antibody coated
mL/bottle) beads in buffer with protein
stabilizers.
Detector 1 bottle (3.8 Biotinylated detector
Reagent mL/bottle) antibody in buffer with
protein stabilizers.
SBG Reagent 1 bottle (12.3  Streptavidin-R-galactosidase
mL/bottle) (SBG) in buffer with protein

stabilizers.

RGP Reagent 3 bottles (3.9 Resorufin B-D-
mL/ bottle) galactopyranoside (RGP) in
buffer with surfactant.
Reference 2 sets (1 Antigen in buffer with
Calibrators mL/vial) protein stabilizers.
Controls 2 sets (0.5 Antigen in buffer with
ml/vial protein stabilizers.
Sample 2 bottles (14.5  Buffer with protein
Diluent mL/bottle) stabilizers, a heterophilic

blocker.

Simoa Evaluation Kit (item 104074)

Calibrator 1 vial Antigen in buffer with
Concentrate  (200pL/vial) protein stabilizers.
Calibrator 1 bottle (28.8  Buffer with protein
Diluent mL/bottle) stabilizers

Sample 2 bottles (14.5 Bufff:.r with protem .
Diluent mL/bottle) stabilizers, a heterophilic

blocker.

Additional Equipment and Materials Required

Quanterix SR-X Instrument

Simoa Microplate Washer

Simoa Plate Shaker

Simoa SR-X System Wash Buffer A and Wash Buffer B

DI Water

Simoa SR-X Sealing Oil

Simoa Discs, Pipette Tips, 96-well Microplates, Plate Lids
(included in Simoa disc kit)

Multi-channel pipettor and tips (for 20-150 pL volumes)
Multi-channel repeat pipettor and tips (50-1200 pL)

PRINCIPLES OF THE SIMOA BEAD ASSAY
Simoa® Assay Kits contain reagents for running tests to
quantify target analyte(s) on the Simoa SR-X Instrument.*

Simoa Immunoassays have either 2 or 3 incubation steps. In a
2-step immunoassay, target antibody coated paramagnetic
beads are combined with sample and biotinylated detector
antibody in the same incubation. Target molecules present in
the sample are captured by the antibody coated beads and
bind with the biotinylated antibody detector simultaneously.

In a 3-step assay, target antibody coated paramagnetic beads
are combined and incubated with sample alone. Target
molecules present in the sample are captured by the antibody
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coated beads. After washing, biotinylated detector antibodies
are mixed and incubated with the beads. The detector
antibodies bind to the captured target during this additional
incubation.

Following a wash, a conjugate of streptavidin-B-galactosidase
(SBG) is mixed with the beads. SBG binds to the biotinylated
detector antibodies, resulting in enzyme labeling of captured
target. Following a final wash, the beads are resuspended in a
resorufin B-D-galactopyranoside (RGP) substrate solution and
transferred to the Simoa Disc. Individual beads are then sealed
within microwells in the array. If the target has been captured
and labeled on the bead, R-galactosidase hydrolyzes the RGP
substrate in the microwell into a fluorescent product that
provides the signal for measurement.

A single labeled target molecule results in sufficient
fluorescent signal in 30 seconds to be detected and counted by
the Simoa optical system. At low target concentration, the
percentage of bead-containing wells in the array with a
positive signal is proportional to the amount of target present
in the sample. At higher target concentration, when most of
the bead-containing wells have one or more labeled target
molecules, the total fluorescence signal is proportional to the
amount of target present in the sample. The concentration of
target in unknown samples is interpolated from the calibration
curve.
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Appendix E. Blood RNA extraction protocol (Tempus)

Product information
| Centrifuge protocol workflow

Centrifuge protocol workflow

This protocol describes the steps required to use the Spin Kit to purify RNA from a 3-
mL sample of whole blood collected in a Tempus tube. This protocol can also be used
with the Tempus Sample Kit.

The following diagram provides an overview of the procedure described in this
protocol.

Draw blood directly into
Tempus™ Blood RNA Tube

8

Shake vigorously or vortex for 10 sec
Process immediately or store for later use
(5 days at room temperature, 7 days at 4°C,
or indefinitely at —20°C )

l

Transfer stabilized blood to 50-mL tube,
then dilute with 1X PBS

|

Vortex vigorously for at least 30 sec, ensuring that
the lysate travels to the top of the tube

Collect blood
el

Isolate RNA

Centrifuge at 4°C at 3000 x g (rcf)
N then carefully pour off supernatant

Resuspend RNA pellet

g% Transfer resuspended RNA into purification filter
%' then purify and elute RNA using a microcentrifuge
' )

!

U Store RNA in Nucleic Acid

Purify RNA

Purification Elution Solution
(Keep at —20°C or -80°C )

Tempus™ Blood RNA Tube and Tempus™ Spin RNA Isolation Kit User Guide
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Guidelines for extracting RNA

Isolate RNA

Tempus™ Spin RNA Isolation Kit is used to isolate and purify RNA from whole blood
collected with Tempus™ Blood RNA Tubes. The RNA isolated in this procedure
contains very low levels of genomic DNA (<0.05% by weight).

Discard the blood-containing wastes following recognized disinfection
procedures and in accordance with all local, state, and national
bloodborne/infection regulations.

Adjust the final concentration of the stabilizing reagent to a final concentration of
1X by diluting the stabilized blood with calcium- and magnesium-free
phosphate-buffered saline (PBS) before extracting RNA for purification. Failure to
do so results in significantly lower RNA yields.

Keep the samples on ice as much as possible to prevent possible decrease in RNA

yields.

. If the sample is frozen, thaw the sample in the Tempusm Blood RNA Tube at

room temperature (18-25°C).

. Remove the cap from the Tempus™ Blood RNA Tube, then pour the contents into

a clean 50-mL conical tube.
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Methods
Isolate RNA

3. Add 3 mL of 1X PBS (Ca?*/MgZ*-free) into the conical tube to bring the total
volume to 12 mL.

cu

1E

L

5
10

@_

(M 12 mL total volume
(@ 3mL1XPBS
@ 3 mL blood mixed with 6 mL 2X stabilizing reagent

Note: If the initial blood sample is less than 3 mL, make up the difference by
adding enough 1X PBS to bring the total volume to 12 mL.

4. Replace the cap on the conical tube, then vortex the tube vigorously (at
maximum vortex speed) for 30 seconds to ensure proper mixing of the contents.

Note: Make sure the conical tube is capped properly to prevent the contents
from leaking or spraying out during vortexing.

Note: Vortexing for less than 30 seconds may cause clogging of the purification
column. A layer of froth over the sample after vortexing is normal.

5. Centrifuge the tube at 4°C at 3,000 x g (rcf) for 30 minutes.

6. Carefully pour off the supernatant. Handle the conical tube carefully so that you
do not dislodge the RNA pellet off the bottom of the tube.

(D RNA pellet [transparent and invisible)
7. Leave the conical tube inverted on absorbent paper for 1 to 2 minutes.

8. Blot the remaining drops of liquid off the rim of the conical tube with clean
absorbent paper.

10 Tempus™ Blood RNA Tube and Tempus™ Spin RNA Isolation Kit User Guide
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9.

10.

Purify RNA

Methods
PurifyRNA =

x

Add 400 puL of RNA Purification Resuspension Solution into the conical tube,
then vortex briefly to resuspend the RNA pellet.

Note: To prevent washing any blood residue down the inside of the tube, insert
the pipette tip into the tube and add the resuspension solution to the bottom of
the tube.

Proceed to “Purify RNA“. The resuspended RNA can be kept on ice while
preparing for the next steps.

. Label the RNA purification filter, then insert the filter into a waste collection

tube.
5—o
1 1

—0®

(D RNA purification filter
(2) Waste collection tube

. Pre-wet the filtration membrane by adding 100 uL of RNA Purification Wash

Solution 1 into the purification filter.

. Add ~400 pL of the resuspended RNA into the purification filter, then centrifuge

for 30 seconds at 16,000 x g.

Tempus™ Blood RNA Tube and Tempus™ Spin RNA Isolation Kit User Guide 1
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Methods
Purify RNA

4. Remove the purification filter, discard the liquid waste collected in the waste
tube, then re-insert the purification filter into the waste tube.

]
g~ 1£

Note: Each time you discard the liquid waste, instead of reusing the waste tube,
you can transfer the purification filter into a new collection tube (not provided in
the kit). See 15for ordering information.

5. Add 500 puL of RNA Purification Wash Solution 1 into the purification filter, then
centrifuge for 30 seconds at 16,000 x g.

6. Remove the purification filter, discard the liquid waste collected in the waste
tube, then re-insert the purification filter into the waste tube.

7. Add 500 uL of RNA Purification Wash Solution 2 into the purification filter, then
centrifuge for 30 seconds at 16,000 x g.

8. Remove the purification filter, discard the liquid waste collected in the waste
tube, then re-insert the purification filter into the waste tube.

9. Add 500 pL of RNA Purification Wash Solution 2 into the purification filter, then
centrifuge for 30 seconds at 16,000 x g.

10. Remove the purification filter, discard the liquid waste collected in the waste
tube, then re-insert the purification filter into the waste tube.

11. Centrifuge for 30 seconds at 16,000 x g to dry the membrane.

12. Transfer the purification filter to a new, labeled collection tube to collect the
eluate.

13. Add 100 uL Nucleic Acid Purification Elution Solution into the purification filter,
close the cap, incubate the entire tube for 2 minutes at 70°C, then centrifuge for

30 seconds at 16,000 x g.

14. Add ~100 pL of the collected RNA eluate back into the purification filter, then
centrifuge for 2 minutes at 16,000-18,000 x g. No incubation is necessary.

12 Tempus™ Blood RNA Tube and Tempus™ Spin RNA Isolation Kit User Guide

358



Methods
Purify RNA 500

15. Discard the purification filter, then transfer approximately 90 uL of the RNA
eluate to a new, labeled collection tube.

Note: When transferring the RNA eluate, carefully remove the liquid from the

collection tube starting from the top of the liquid to ensure that the pellet is not
disturbed.

—®
O—H—0

(1) ~90 pL of eluate [transfer to new tube)
(@ ~10 pL (do not disturb)

(3 Pellet

16. Replace the cap on the new collection tube, then store the RNA at —20°C, or
-80°C for long-term storage.
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