@° PLOS | ONE

Check for
updates

G OPENACCESS

Citation: Heneghan NR, Smith R, Tyros |, Falla D,
Rushton A (2018) Thoracic dysfunction in
whiplash associated disorders: A systematic
review. PLoS ONE 13(3): €0194235. https:/doi.
org/10.1371/journal.pone.0194235

Editor: Pei-Ning Wang, Taipei Veterans General
Hospital, TAIWAN

Received: January 14, 2017
Accepted: February 27, 2018
Published: March 23, 2018

Copyright: © 2018 Heneghan et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: The authors received no specific funding
for this work.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Thoracic dysfunction in whiplash associated
disorders: A systematic review

Nicola R. Heneghan'*, Richard Smith?, Isaak Tyros®, Deborah Falla', Alison Rushton'’

1 Centre of Precision Rehabilitation for Spinal Pain, School of Sport, Exercise & Rehabilitation Sciences,
University of Birmingham, Birmingham, United Kingdom, 2 Department of Allied Health Professions,
University of the West of England, Bristol, United Kingdom, 3 Edgbaston Physiotherapy Clinic, Birmingham,
United Kingdom

* n.heneghan @bham.ac.uk

Abstract

Background

Research investigating Whiplash Associated Disorder (WAD) has largely focused on the
cervical spine yet symptoms can be widespread. Thoracic spine pain prevalence is reported
~66%; perhaps unsurprising given the forceful stretch/eccentric loading of posterior struc-
tures of the spine, and the thoracic spine’s contribution to neck mobility/function. Approxi-
mately 50% WAD patients develop chronic pain and disability resulting in high levels of
societal and healthcare costs. It is time to look beyond the cervical spine to fully understand
anatomical dysfunction in WAD and provide new directions for clinical practice and
research.

Purpose

To evaluate the scope and nature of dysfunction in the thoracic region in patients with WAD.

Methods

A systematic review and data synthesis was conducted according to a pre-defined, regis-
tered (PROSPERO, CRD42015026983) and published protocol. All forms of observational
study were included. A sensitive topic-based search strategy was designed from inception
to 1/06/16. Databases, grey literature and registers were searched using a study population
terms and key words derived from scoping search. Two reviewers independently searched
information sources, assessed studies for inclusion, extracted data and assessed risk of
bias. A third reviewer checked for consistency and clarity. Extracted data included summary
data: sample size and characteristics, outcomes, and timescales to reflect disorder state.
Risk of bias was assessed using the Newcastle-Ottawa Scale. Data were tabulated to allow
enabling a semi-qualitative comparison and grouped by outcome across studies. Strength
of the overall body of evidence was assessed using a modified GRADE.

Results

Thirty eight studies (n>50,000) which were conducted across a range of countries were
included. Few authors responded to requests for further data (5 of 9 contacted). Results
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were reported in the context of overall quality and were presented for measures of pain or
dysfunction and presented, where possible, according to WAD severity and time point post
injury. Key findings include: 1) high prevalence of thoracic pain (>60%); higher for those with
more severe presentations and in the acute stage, 2) low prevalence of chest pain (<22%),
3) evidence of thoracic outlet syndrome, with some association to and involvement of the
brachial plexus, 4) muscle dysfunction in the form of heightened activity of the sternocleido-
mastoid or delayed onset of action of the serratus anterior, 5) high prevalence of myofascial
pain and trigger points in the scalene muscles, sternocleidomastoid and mid/lower fibres of
trapezius muscle (48—65%), and 6) inconclusive evidence of altered thoracic posture or
mobility.

Conclusions

Considerable evidence supports thoracic pain and dysfunction in patients with WAD, involv-
ing primarily nerves and muscles. Notwithstanding the low/very low level of evidence from
this review, our findings do support a more extensive clinical evaluation of patients present-
ing with WAD. Additional high quality research is required to further characterise dysfunction
across other structures in the thoracic region, including but not limited to the thoracic spine
(mobility and posture) and thoracic muscles (stiffness, activation patterns). In turn this may
inform the design of clinical trials targeting such dysfunction.

Introduction

The cumulative incidence of patients seeking healthcare post-whiplash from a road traffic acci-
dent has increased over the last 30 years to an annual incidence of between 3 and 6/1000
inhabitants in North America and Western Europe [1]. Following injury, individuals experi-
ence a range of clinical manifestations, described as Whiplash Associated Disorder (WAD),
including neck pain, fatigue, nausea, low self-reported physical and mental health, cognitive
impairments and pain in multiple sites [2]. The severity of presentation in WAD is categorised
according to the Quebec Task Force Classification (QTF) where the presence of clinical signs
and symptoms relate to the severity of the disorder [3].

Whilst research has identified risk factors for poor prognosis [4, 5], and enhanced under-
standing of neurophysiological changes [6], it is not known why disability and pain persist
beyond normal tissue healing times. With 40-60% patients progressing to experience chronic
whiplash associated disorder (CWAD), estimated costs of ~$4 billion (USA) and ~€10 billion
(Europe) associated with management and time off work [7, 8], further research is needed to
fully understand anatomical dysfunction in WAD and provide new directions for clinical prac-
tice and research. This includes the effects on anatomically related body regions, such as the
thoracic spine. Potential ongoing dysfunction in the thoracic region may partially explain why
there is inconclusive evidence for the effectiveness of physiotherapy management for WAD II,
where interventions target a primary complaint of neck pain [9, 10].

Although current research into WAD has focused on the primary complaint of neck pain
[11], symptoms may also include stiffness [12, 13] and pain in other regions including the jaw,
head, upper and lower limbs, chest, abdomen and groin [14]. Moreover, data from a large
cohort study (n = 6481) reported that 66% of individuals complained of thoracic mid-spine
pain post whiplash injury, with 23% still experiencing symptoms one year later [14]. This is
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not surprising given the mechanism of a whiplash injury which involves forceful stretch load-
ing to the upper back muscles; muscles which span both the neck and thoracic spine [15].
Recent evidence supports the presence of pathology in the mid/lower fibres of the trapezius
muscle where they insert onto bone (myofascial-entheseal dysfunction) [16], which may partly
account for the high prevalence of thoracic pain reported in both acute (65.5%) [14] and
>80% in chronic WAD [17]. Furthermore, a number of abnormalities have been documented
for the trapezius muscle in people with chronic WAD including histological changes as well as
changes in muscle behaviour [18, 19].

With reduced cervical mobility being characteristic of chronic WAD and evidence that the
thoracic spine contributes up to 33% and 21% of the movement occurring during neck flexion
and rotation respectively [20] perhaps thoracic mobility is impaired following a whiplash
injury; however at this time relatively little is known about the impact of WAD on this spinal
region [21]. Research is now needed to examine the impact of injury on the thoracic spine in
WAD.

Nevertheless, a systematic review of the current evidence has never been conducted to
examine the scope and nature of dysfunction/impairment in the thoracic spine region follow-
ing whiplash injury and in WAD. Knowledge of such dysfunction may be used to inform clini-
cal practice and examination of patients with WAD, but also future clinical trials of novel
interventions targeting thoracic impairments in WAD.

Objectives

The primary objective is to evaluate the scope and nature of dysfunction in the thoracic spine
region in patients with WAD. A secondary objective is to explore the scope and nature of such
changes based on severity using the Quebec Task Force classification (I-III) and stage post
injury (acute/sub-acute less than 3 months or chronic 3+ months). Thirdly, we wish to make
evidence based recommendations for clinical practice and future research.

Methods/Design
Protocol and registration

A systematic review of all forms of observational study was conducted according to a pre-
defined protocol [22], in line with the Centre of Research and Dissemination Guidelines [23],
Meta-analyses of Observational Studies in Epidemiology (MOOSE) [24] and is reported in line
with Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [25], S1
Table. PROSPERO (Registration number: CRD42015026983).

Eligibility criteria
Eligibility criteria informed using SPIDER [26], included that the sample (S) comprised
patients aged >19 years; the phenomenon of interest (PI) was a WAD following motor vehicle
or sporting injury; investigated using an observational study design (cohort, case control, sin-
gle case study) (D) with evaluation of patient reported or performance based measure(s) of
thoracic dysfunction of one or more of the following: muscle with an insertion to the thoracic
cage, bone or joint of the thoracic cage, neural tissue related to the thorax (E).

Exclusion criteria included: studies investigating upper trapezius, studies investigating
a central pain mechanism or neurophysiology of pain where no testing took place in the
thoracic region, simulation or modelling studies, fractures (WAD IV), visceral injury or
fibromyalgia.
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Information sources

The search employed sensitive topic-based strategies designed for each database from incep-
tion to 1/6/16. No language or geographical restrictions were included. Databases included,
CINAHL, EMBASE, MEDLINE, ZETOC, Index to Chiropractic Literature ChiroAccess and
Google Scholar. Selected Internet sites and Indexes including, Turning Research into Practice,
PubMed, National Research Register and Cochrane Back Review Group were also searched.
Hand searching of key journals included Spine and the European Spine Journal. Grey litera-
ture included British National Bibliography for Report Literature, Dissertation Abstracts,
Index to Scientific and Technical Proceedings, National Technical Information Service and
the System for Information on Grey Literature.

Search strategy

The search strategy included terms related to whiplash associated disorder and patient
reported or performance based measures of thoracic dysfunction. Terms and keywords
derived from the scoping search and experts [subject specific (NRH,AR) and methodological
(NRH,AR)] included: ‘whiplash’, ‘whiplash associated disorder’, ‘WAD’, ‘whiplash injury’,
‘motor vehicle accident OR collision’, ‘road traffic accident’, ‘cervical strain’ and ‘thoracic
spine’, ‘dorsal spine’, ‘mid-spine’, ‘thoracic injuries’, limiting to adults >19 years and diagnosis
to achieve the best balance of sensitivity and specificity. An example a search from Medline is
included S2 Table. Terms were adapted to reflect spelling differences and [14] unique search-
ing features of individual databases. Reference lists of included papers were also searched.

Study selection

Two reviewers (NRH, RS) independently searched information sources and assessed identified
studies for inclusion, facilitated by grading each eligibility criterion as eligible/not eligible/
might be eligible [27]. Full texts were reviewed and included when both reviewers agreed [23].
A third reviewer (IT) mediated in the event of disagreement [28].

Data collection process and items

Using a standardised form, the two reviewers extracted data independently [23]. A further
reviewer (IT) independently examined data for accuracy and clarity. Authors were contacted
for additional information or data where required.

Data items

Data were extracted from each study, including: study design, sample characteristics including
age, gender, severity of WAD using the QTF Classification if reported, time point post injury
and patient reported or performance based measures of thoracic dysfunction.

Risk of bias in individual studies

Risk of bias for each included study was independently assessed by the same initial reviewers.
The third reviewer mediated in situations of disagreement. All tools and processes were piloted
prior to use. Risk of bias was only assessed for cohort and case-control studies using the New-
castle-Ottawa Scale [29]; that includes eight items that are rated and categorised into three
groups, namely selection, comparability and outcome.
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Summary measures

Summary measures of patient reported or performance based measures of thoracic dysfunc-
tion are presented in the form of prevalence data and confidence intervals where provided, for
thoracic pain, chest pain, thoracic outlet syndrome (TOS), myofascial pain and trigger points,
dysfunction involving the brachial plexus, thoracic spine posture or mobility. Results are pre-
sented where possible, according to severity (QTF) and stage of WAD i.e. acute/sub-acute (< 3
months) or chronic (> 3 months).

Synthesis of results

In accordance with the protocol [22] meta-analyses would be performed where a sufficient
number of studies share all of the stated characteristics; design, measure of dysfunction, sever-
ity based on QTF and stage post whiplash injury.

Quality of evidence across studies

Quality of evidence, including risk of bias across studies was evaluated using GRADE [30] for
individual outcomes of interest. By their very nature, observational studies are considered ‘low
quality’ although could be upgraded where a large dose response was evident, or the effects
could not be accounted for by bias [30]. Likewise, findings could be downgraded to ‘very low’
where concerns were identified from the body of studies relating to precision, consistency,
directness, precision or potentially other additional domains relating to strength of association
e.g. magnitude of effect [30].

Results
Study selection

A total of 38 studies met the eligibility criteria, including 19 cohort studies, 16 case control
studies and 3 single case studies/reports. The process of selection is detailed in Fig 1, with the
list of excluded studies and reasons provided S3 Table.

Study characteristics

Study characteristics are detailed in Table 1. A range of measures of thoracic dysfunction were
identified, including thoracic pain, chest pain, involvement of the brachial plexus, thoracic
outlet syndrome, changes in muscle activation efc. An overview of the types of dysfunction is
provided in Table 2 and, where possible, is presented according to severity and stage following

injury.

Risk of bias within studies

Agreement of risk of bias following discussion was excellent with studies ranging considerably
in quality from 1/9 to 7/9. Key methodological flaws included poor definition of cases, repre-
sentativeness of cases, lack of non-exposed cohort, lack of blinding, controlling for risk factors
beyond age and gender and clarity of follow up time point in cohort studies. There were many
instances where information was missing and email requests for additional data or clarification
was unforthcoming, resulting in ratings being ‘unclear’. See Table 3 for risk of bias for cohort
studies and Table 4 for case control studies.
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Records identified through Additional records identified
database searching through other sources
(n = 826) (n = 24)

| |

Records after duplicates removed
(n=471)

l Records excluded
(n =21)
Records screened Visceral injury n=2
(n =85) Injury analysis/modelling
n=4
l Review/letter n=4
Not WAD n=6

Full-text articles assessed Not thoracic n=5

for eligibility
(n = 64)
l Full-text articles excluded,

with reasons
Fractures n=3

Studies included in Injury analysis/modelling
qualitative synthesis n=2
(n =38) Review/letter n=4
Not WAD n=3
l No data n=5
Not thoracic n=9
Studies included in
quantitative synthesis
(meta-analysis)

(n =0)

[ Included ]{ Eligibility ][ Screening } { |dentification ]

Fig 1. Flow chart of search and study selection.

https://doi.org/10.1371/journal.pone.0194235.9001

Results of individual studies

From this review we identified evidence of the following dysfunction,: thoracic spine pain in
acute/sub-acute/chronic WAD ranging from minor injuries to more severe (WADIII) presen-
tations [11, 14, 17, 32, 33, 43, 50, 52, 58, 62]; chest pain in acute/sub-acute/chronic WAD [11,
17, 52, 53]; postural changes [44, 61] and reduced chest/thoracic mobility in CWAD [61]; tho-
racic outlet syndrome in CWAD [31, 35, 36, 47, 51]; involvement of the brachial plexus at all
stages and across all levels of WAD severity [12, 46, 55, 57, 59]; muscle dysfunction in the form
of the following: 1) heightened activity of the sternocleidomastoid during neck flexion [12, 56],
2) delayed onset of serratus anterior during arm elevation at the chronic stage in mild WAD
[45] and 3) a high prevalence of myofascial pain and trigger points in the scalene muscles [40,
41], sternocleidomastoid [37, 40, 41] and mid/lower fibres of trapezius [16] within the sub-
acute and chronic stages and across different levels of severity.

Synthesis of results

Synthesis of findings from cohort and case control studies across outcomes of dysfunction are
provided in Tables 5-8. Sub-grouping according to stages and defined populations are
included where reported. A summary of overall quality is provided based on GRADE follow-
ing appraisal of risk of bias, consistency, precision, directness and effect size. Clinical heteroge-
neity across samples with respect to severity of presentation, time post injury and outcomes
precluded meta-analysis being performed. Few studies stated a primary aim which accurately
reflected the aims and objectives of this review.

Thoracic spine pain. Despite the very low quality of included studies, there is evidence of
thoracic spine pain in a sub-acute WAD population (n = 11,576) [11, 14, 17, 34, 39, 43, 52, 60],
with prevalence ranging between 21%-66%,. Findings were inconsistent in chronic WAD,
with prevalence ranging 0-94% [17, 50]. Study quality, differing time points post injury, differ-
ing measurement approaches and higher degrees of WAD severity could partly account for the
inconsistency. For example, chronic WAD, studies with less severe presentations (minor or
WADII) [32, 50] demonstrated lower prevalence rates (0-15.3%) compared to studies investi-
gating WADII/III where prevalence was 54% [58]. Just one study reporting thoracic pain
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Table 2. Overview of included studies.

Author Measurement and summary outcome Sample size | Acute/ Chronic WADI/ | WADII | WADII/
N = 37 papers n= sub I III
acute

Thoracic pain prevalence
Yeung 1997 75% (during slump) 20 X x?
Koelbeck 1999 No difference light touch (reduced PPT, hyperalgesia & referral) 11 X
Bergland 2001 15.3% 242 X X

(minor)

Hartling 2002 74% 380 X X X
Bock 2005 71% (allodynia) 22 X X
Sterling 2005 54% 76 X X
Holm 2007 Acute 52%, chronic 80% 56 X X
Wenzel 2009 41% 785 X
Hincapie 2010 66-75% 6481 X
Myran 2011 7-8.8% 46,895 X
Bortsov 2014 47% 948 X X
Cornips 2014 Pain associated with herniated disc 4/10 10 X
McLean 2014 21% (upper thoracic/shoulder 23%) 711 X
Johansson 2015 43% 3711 X ?

Chest pain prevalence
Holm 2007 Acute 0%, chronic 6% 56 X
Hincapie 2010* 19% 6481 X
Myran 2011 6.9-7% 46,895 X
Bortsov 2014* 19% 948
McLean 2014* 8% 948 X X

Thoracic posture & mobility
Kall 2008 Flexion hypomobility 47 X X X
Helgadottir 2011a No change 23 X X
Wirth 2014 Reduced kyphosis (chest expansion) 7 X

Thoracic outlet syndrome prevalence
Capistrant 1976 86% 35 X
Capistrant 1986 36% 111 x?
Magnusson 1994 32% 38 X X X
Kai 2001 74% 110
Alexandre 2005 Positive 24 X x (mild)

Brachial Plexus test
Ide 2001 Prevalence 38% 119 X X
Sterling 2002 Positive 156 X X
Sterling 2003b Positive “*80 X b X
Sterling 2004 Positive 80 X X
Omar 2007 Brachial plexus lesion 1 X x
Chien 2009 Positive 31 X
Sterling 2009 Positive 85 X
Ferrari 2010 Positive 69 X X

Muscle activation
Bodack 1998 Weak mid and lower trapezius 1 X x
Klein 2001 SCM muscle activation: normal 46 X X

(mainly)
Sterling 2003a SCM muscle activity heightened 66 X X
(Continued)
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Table 2. (Continued)

Author Measurement and summary outcome Sample size | Acute/ Chronic  WADI/ | WADII | WADII/
N = 37 papers n= sub I 111
acute
Sterling 2004 SCM muscle activity heightened 80 X X
Helgadottir 2011b Serratus anterior activation: delayed onset and reduced duration of 27 X X
activation. No change for lower and mid trapezius
Muscle pain and trigger points
Bismil 2005 Mid/Low trapezius enthesopathy (myofascial pain +TP) 48% 25 X X
Ettlin 2008 SCM and Scaleneus medius MTP prevalence 24%, 30% 47
Fernandez-de-las- SCM and Scaleneus medius MTP 20 X X
Perez 2012
Castaldo 2014 SCM Latent and active TP 49 X x (mild) X
Note

*Same population
** same population
*** same population

SCM: sternocleidomastoid muscle

https://doi.org/10.1371/journal.pone.0194235.t002

specifically associated with central sensitisation (allodynia) where pain prevalence was 71% in
individuals with CWADI/II [33].

Chest pain. Prevalence of chest pain in acute/sub-acute was reported to range 0.0-19%
[11, 14, 17, 52], although when considered as part of a widespread pain presentation ranged
9-19% [11, 14]. In one study where they only considered individuals with numerical rating
scale (NRS 0-10) 4+ chest pain prevalence was lower at 8% [52]. In CWAD prevalence rates
for chest pain ranged 6-22% [17, 53] although this reflects a, broad timescale with one study
reporting results 6 month post injury [17] to one exploring prevalence at any time point fol-
lowing injury [53]. Drawing definitive conclusions on prevalence of chest pain is difficult
given variation in approaches used to record pain (pain drawings, VAS, efc.), time points post
injury, sample heterogeneity and the overall methodological low quality of research. This may
also be a related to the focus of this review, being to those with mild to moderate presentations
of WAD where studies including WADIV or fractures were excluded.

Thoracic posture. Evidence of thoracic postural dysfunction is inconclusive given con-
flicting findings from a small number of studies of low methodological quality evidence where
postural assessment was not a primary focus [44, 61]. Future studies should consider the use of
a gold standard measure for postural evaluation [63].

Thoracic mobility and chest mobility. There is a notable gap in the evidence exploring
thoracic and chest mobility in WAD, with just two studies (n = 54) of very low quality suggest-
ing a trend for reduced chest mobility (p>0.05) and flexion hypomobility at the cervico-tho-
racic junction in women. In terms of thoracic mobility, evidence from one study (n = 7) [61]
suggests a slight increase in thoracic flexion-extension, although with such a small sample and
lack of inclusion of a valid approach to quantify thoracic mobility, meaningful conclusions
cannot drawn.

Thoracic outlet syndrome in CWAD. Five studies found, a prevalence of 31-74+% [31,
35, 36, 47, 51] of thoracic outlet syndrome in CWAD. Although this suggests a relatively high
prevalence, the methodological quality of included studies was generally poor (<4/9), resulting
in a very low rating of quality according to GRADE.

Brachial plexus. Acute/sub-acute WAD
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Table 5. Pain.
Outcome Studies Findings Prevalence % Studies Overall GRADE
(95% confidence interval)
unless stated
Thoracic spine Bodack 1998 -Positive 6 cohort, Very low—due to risk of
pain in acute/sub- Hartling 2002 Upper back pain 74.6% 1 single case bias, directness and
acute WAD 0 study precision
N=11577 Holm 2007 -52%
Hincapie 2010 -Mid back 65.5 (64.4-
66.7)
-Upper thoracic 75.3
(74.3-76.4)
* Bortsov 2014 (Mild) | -Mid back 47% (18%
widespread, 29%
localised)
* McLean 2014 -Mid back 21% (range

(WADI/II) (moderate

18-24%)

or severe pain NRS4) | -Upper back 23% (range
20-26%)
Johansson 2015 -43%
Thoracic spine Yeung 1997(?WADI/ | -Slump 5 cohort, 3 Very low—due to risk of

pain in chronic
WAD
N=48,117

1I)
Koelbeck 1999 -No different controls
(WADII)
Bergland 2001 -15.3% (10.4-21.5)
(Minor)
Bock 2005 (WADI/II) | -71% (allodynia)
Sterling 2005 -54%
(WADII/II)
Holm 2007 -4months 86%,
-8 months 94%,
-12 months 87%
Wenzel 2009 -41%
Myran 2011 -men 8.8%
-women 7%
Cornips 2014 10 previously

asymptomatic individuals
significant pain

case control, 1
case series

bias, precision,
consistency and
directness

Thoracic spine

Koelbeck 1999

-No different controls

3 cohort, 1

Very low—due to risk of

pain in chronic (WADII) case control bias, precision,
WAD /It Bergland 2001 -15.3% (10.4-21.5) consistency and
N =655 (Minor) directness
Hartling 2002 -Upper back pain 74.6%
Bock 2005 (WADI/II) | -71% (allodynia)
Thoracic spine Sterling 2005 -54% 1 cohort Low??
pain in chronic (WADII/III)
WADII/III
N=76
Chest pain in Holm 2007 -0% 4 Cohorts Very low—due to risk of
acute/sub-acute | pipcapie 2010 -localised 0.05 (0.00-0.10) bias, precision,
WAD ~widespread 18.9 (17.9 consistency and
N = 7485 19.8) directness
aBortsov 2014 (mild) | -19% (10% localised
-9% widespread)
aMcLean 2014 -8% (6-10%) (moderate
(WADI/II) or severe pain)
(Continued)
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Table 5. (Continued)

Outcome Studies Findings Prevalence % Studies Overall GRADE
(95% confidence interval)
unless stated

Chest pain in Holm 2007 -6-weeks 6% 2 cohorts Very low—due to risk of
chronic WAD -4-months 4% bias, precision,
N = 46,951 8-months 12%, directness
-12-months 22%
Myran 2011 -men 7%, women 6.9%

https://doi.org/10.1371/journal.pone.0194235.1005

Notwithstanding that evidence is drawn principally from one research group, there is evi-
dence of thoracic dysfunction in relation to the brachial plexus provocation test (BPPT) in
WADI-III. From the research by Sterling et al [12, 57, 59], there is evidence of a negative asso-
ciation between self-report symptom severity (VAS) and range of elbow extension during the
BPPT in chronic WAD. Moreover, the extent of this dysfunction is in turn related to the
degree of pain and disability, with those participants presenting with higher levels of self-
reported pain and disability (NDI) having greater levels of dysfunction during BPPT.

Chronic WAD

For participants with CWADII and/or I1I, evidence indicates dysfunction detected during
the BPPT, with pain levels and restriction in elbow extension almost double those found in
asymptomatic controls [38, 55]. Furthermore, those with higher levels of self-reported pain
and disability (NDI>30) continued to have evidence of dysfunction 6 months after the injury
which was not seen in the mild group who were no different to the recovered group at 2
months [57]. Although quality of individual studies varied (4-6/9), the overall body of evidence
for dysfunction of the brachial plexus remains very low overall, primarily due to risk of bias of
the included studies.

Muscle activation. There are limited and very variable findings of thoracic muscle dys-
function (activation) in WAD with studies investigating a relatively small number of muscles:
sternocleidomastoid [12, 49, 56]; serratus anterior [45]; middle and lower fibres of trapezius
[45, 54]. Although it is difficult to derive meaningful conclusions with respect to serratus ante-
rior and trapezius, there is evidence supporting changes in sternocleidomastoid muscle activa-
tion with heightened levels of activation during a task of cranio-cervical flexion; this increase
in sternocleidomastoid activity however, was not seen during neck rotation [49]. There
appears to be a positive relationship between sternocleidomastoid activation and higher levels
of pain severity, with participants with CWADII/III and moderate to severe levels of disability
demonstrating increased levels of sternocleidomastoid activation of between 27-47% [12, 56].

Table 6. Posture and mobility.

Outcome Studies Findings Grade Overall GRADE
Thoracic posture in | Helgadottir -No change 2 Case control | Very low: due to risk of bias,
chronic WAD 2011a (WADII) precision, consistency and
N=30 Wirth 2014 -Reduced kyphosis directness
Thoracic and chest Kall 2008 -Flexion 1 cohort Very low: due to risk of bias,
mobility in chronic hypomobility in study,1 case precision, consistency and
WAD women control directness
N=>54 Wirth 2014 -Reduced chest

mobility

-Slight increase in
thoracic mobility

https://doi.org/10.1371/journal.pone.0194235.t1006
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Table 7. Thoracic outlet syndrome and brachial plexus.

Outcome

Thoracic outlet
syndrome in chronic
WAD

N =318

Brachial Plexus in all
WAD
(n =620)

Brachial Plexus In
acute/sub-acute WAD
(n =419)

Studies
Capistrant 1976

Capistrant 1986
Magnusson 1994
Kai 2001
Alexandre 2005
Ide 2001

Sterling 2002 (WADII/
1)
Chronic

Sterling 2003b (WADII/
111
Acute/sub-acute

Sterling 2003b (WADII/
1II)
Chronic

Sterling 2004 (WADII/
11I)
Acute/sub-acute

Sterling 2009 (WADI-III)
Acute

Chien 2009 (WADII)

Ferrari, 2010 (WADI/II

Ide 2001

Sterling 2003b (WADII/
I1I)

Sterling 2004 (WADII/
I11)

Sterling 2009 (WADI-III)

Ferrari, 2010 (WADI/II)

Findings [TOS: Prevalence % (95% confidence interval); | Grade
Brachial plexus provocation test (BPPT) unless stated]

-86% 5 Cohort
studies

-36%

-31.6%

74%

-Positive secondary to BPI

BPI 38% 4 case

“WAD -26.21 (95%CI -28.05, -24.37), VAS 4.93 (4.6,5.3) | control3

~Control -12.92 (95%CI -15.24, -10.6), VAS 2.62 (2.2, cohort

3.04)

<1 months post injury [mean (SD)

« Recovered group -23.95 (2.4) degrees, VAS 1.8 (04)

« Mild pain -33.97 (2.6) degrees, VAS 3.2 (0.5)

« Moderate/severe pain -34.27 (3.4) degrees, VAS 4.1 (0.5)
« Control -20.67 (3.12) degrees, VAS 1.8 (04)

Mild pain recovered and no different from controls at 2
months

6 months
Moderate/severe pain: continued to have higher VAS 3.4
(1.0) and reduced elbow extension (no data provided)

Mean (SD) degrees/VAS

« Mild symptoms -26.7 (17.7), VAS 1.8 (1.7)

« Moderate symptoms -31.3 (14.9), VAS 3.0 (1.8)
« Severe symptoms -36.5 (11.8), VAS 4.3 (1.6)

« Control -21.4 (10.8), VAS 1.7 (1.7)

Mean (SD)degrees
¢ S-LANSS >12-56.5 (28)
« S-LANSS <12-35.3 (19)

WAD -22.3 (27.4) degrees VAS 2.4 (2.3)
Control -11 (5.9) VAS 0.7 (1.1)

3 months:
¢ VAS: mean (SD)2.2 (1.2)
« Elbow extension: 41.5 (23) degrees

BPI 38% 2 case

<1 months post injury [mean (SD) control,4

« Recovered group (NDI<8) -23.95 (2.4) degrees, VAS 1.8 | cohort
(04)

« Mild pain (NDI 10-28) -33.97 (2.6) degrees, VAS 3.2

(0.5)

« Moderate/severe (NDI >30) -34.27 (3.4) degrees, VAS

4.1(0.5)

« Control -20.67 (3.12) degrees, VAS 1.8 (04)

Mean (SD)degrees/VAS (pain & disability)

« Mild (NDI 15.6) -26.7 (17.7), VAS 1.8 (1.7)
o Moderate (NDI 39.5) -31.3 (14.9), VAS 3.0 (1.8)
« Severe (NDI 69.5)-36.5 (11.8), VAS 4.3 (1.6)
« Control -21.4 (10.8), VAS 1.7 (1.7)

Mean (SD)degrees

+ S-LANSS >12-56.5 (28)

« S-LANSS <12-35.3 (19)

3 months:

¢ VAS: mean (SD)2.2 (1.2)

« Elbow extension: 41.5 (23) degrees

Overall GRADE

Very low: due to risk of bias,
directness, precision, reporting
bias

Very low: due to risk or bias,
directness and precision

Very low: due to risk or bias,
directness, precision

(Continued)
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Table 7. (Continued)

Outcome Studies Findings [TOS: Prevalence % (95% confidence interval); | Grade Overall GRADE

Brachial plexus provocation test (BPPT) unless stated]
Brachial Plexus In Sterling 2002 (WADII/ -WAD -26.21 (95%CI -28.05, -24.37), VAS 4.93 (4.6, 5.3) | 4 case control, | Very low: due to risk or bias,
chronic WAD 1II) -Control -12.92 (95%CI -15.24, -10.6), VAS 2.62 (2.2, 2 cohort directness, precision
(n=432) 3.04)

-Mild (NDI 10-28): recovered and no different from
controls at 2 months

Sterling 2003b (WADII/ | 6 months

I11) Moderate/severe (NDI >30): continued to have higher
VAS 3.4 (1.0) and reduced elbow extension (no data
provided)

Sterling 2004 (WADII/ Mean (SD)degrees/VAS (pain & disability)

1) « Mild (NDI 15.6) -26.7 (17.7), VAS 1.8 (1.7)

« Moderate (NDI 39.5) -31.3 (14.9), VAS 3.0 (1.8)
« Severe (NDI 69.5)-36.5 (11.8), VAS 4.3 (1.6)
« Control -21.4 (10.8), VAS 1.7 (1.7)

Chien 2009 (WADII) WAD -22.3 (27.4) degrees VAS 2.4 (2.3)
Control -11 (5.9) VAS 0.7 (1.1)

Sterling 2009 (WADI-III) | Mean (SD) degrees

« S-LANSS >12-56.5 (28)
« S-LANSS <12-35.3 (19)

Brachial Plexus In Sterling 2002 (WADII/ WAD -26.21 (95%CI -28.05, -24.37), VAS 4.93 (4.6, 5.3) 4 case control | Very low: due to risk or bias,
WADII/III I11) Control -12.92 (95%CI -15.24, -10.6), VAS 2.62 (2.2, 3.04) directness
(n =416) Chronic
Sterling 2003b (WADII/ | <1 months post injury [ROM mean (SD) (classified per
III) acute/sub-acute pain & disability)
« Recovered group (NDI<8) -23.95 (2.4) degrees, VAS 1.8
(04)
« Mild pain (NDI 10-28) -33.97 (2.6) degrees, VAS 3.2
(0.5)
« Moderate/severe (NDI >30) -34.27 (3.4) degrees, VAS
4.1(0.5)

« Control -20.67 (3.12) degrees, VAS 1.8 (04)
Mild (NDI 10-28):recovered and no different from
controls at 2 months

Sterling 2003b (WADII/ | 6 months

III) Chronic Moderate/severe (NDI>30): continued to have higher
VAS 3.4 (1.0) and reduced elbow extension (no data
provided)

Sterling 2004 (WADII/ Mean (SD)degrees/VAS (pain & disability)

1II) « Mild (NDI 15.6) -26.7 (17.7), VAS 1.8 (1.7)

Acute/sub-acute « Moderate (NDI 39.5) -31.3 (14.9), VAS 3.0 (1.8)

« Severe (NDI 69.5)-36.5 (11.8), VAS 4.3 (1.6)
« Control -21.4 (10.8), VAS 1.7 (1.7)

Chien 2009 (WADII) WAD -22.3 (27.4) degrees, VAS 2.4 (2.3)
Control -11 (5.9), VAS 0.7 (1.1)

BPI: brachial plexus irritation, BPPT: brachial plexus provocation test, NDI: Neck Disability Index, VAS: visual analogue scale, ROM: range of movement, S-LLANS:
short version Leeds Assessment of Neuropathic Symptoms and Signs

https://doi.org/10.1371/journal.pone.0194235.t007

Individuals with mild, moderate/severe presentations all share comparative levels of sternoclei-
domastoid activation in the acute [56] and chronic phases [12].

Myofascial pain and trigger points. Myofascial trigger points are highly prevalent in
WAD with estimates ranging between 48-64% [16, 37, 40]. Muscles that have been investi-
gated include the middle/lower trapezius [16], scaleneus medius [40, 41] and sternocleidomas-
toid [37, 40, 41], all with similar prevalence levels. Findings suggest that latent trigger points

PLOS ONE | https://doi.org/10.1371/journal.pone.0194235 March 23,2018 26/35


https://doi.org/10.1371/journal.pone.0194235.t007
https://doi.org/10.1371/journal.pone.0194235

@° PLOS | ONE

Thoracic dysfunction in WAD

Table 8. Muscle dysfunction (muscle activation, pain and trigger points).

Outcome

Muscle activation: all muscles- (n = 220)

Muscle activation: all muscle- Acute/sub-
acute(n = 146)

Muscle activation: all muscles- Chronic
WAD(n =73)

Muscle activation: SCM (All stages)
(n=192)

Muscle activation: SCM- Sub-acute WAD
II/III (n = 66)

Muscle activation: SCM-Chronic WAD II/
III (n = 126)

Myofascial pain and trigger points: all
muscles -Sub-acute WADII (n = 20)

Studies

Klein 2001
Sterling 2003a

Sterling 2004
(acute)

Omar 2007
(chronic WADIII)
Helgadottir 2011b

Sterling 2003a

Sterling 2004

Klein 2001
Omar 2007
Helgadottir 2011b

Klein 2001
Sterling 2003a

Sterling 2004

Sterling 2003a

Klein 2001

Sterling 2004

Fernandez-de-las-
Perez 2012

Findings Grade
Percentage (SD) change in

activation (EMG) unless stated

-no change 4 case control, 1
SCM (CCFT) single case study
« Recovered 29(4),

« Mild 27(3),

« Moderate/severe 40(4),
« Control 16(3)

SCM (CCFT)

« Control 13(3),
« Mild 32 (3),

« Mod 29(4);

« Severe 47(4)

-Weak mid/lower trapezius

-serratus anterior delayed onset, mid/
low trapezius unchanged

SCM (CCFT)

« Recovered 29 (4)

« Mild 27 (3)

« Moderate/severe 40 (4)
Control 16 (3)

- SCM (CCFT)
Control 13 (3), Mild 32 (3), Mod 29
(4), Severe 47 (4)

-no change

2 case control

-Weak mid/lower trapezius

-serratus anterior delayed onset, mid
and lower trapezius unchanged

-no change 3 case control

SCM (CCFT)

« Recovered 29 (4),

« Mild 27 (3),

« Moderate/severe 40 (4)

SCM (CCFT)

« Control 13 (3),

« Mild 32 (3),

« Mod 29 (4),

« Severe 47 (4)

SCM (CCFT)

« Recovered 29 (4)

« Mild 27 (3)

« Moderate/severe 40 (4)
« Control 16 (3)

-no change

1 case control

2 case control

SCM (CCFT)

« Control 13 (3)
« Mild 32 (3)

« Mod 29 (4)

« Severe 47 (4)

Number of TPs

« WAD Scalene: Active R6, L4;
Latent R9, L10; No R5, L6

« Control Scalene: Active RO, L0O;
Latent R2, L4; No R18, L16

« WAD SCM: Active R1, L6; Latent
R12,L9; No R7, L5

« Control SCM: Active R0, LO; Latent
R4, L5; No R6, L15

1 case control

2 case control, 1
single case study

Overall GRADE

Very low—due to risk or bias,
precision, consistency, directness

Very low—-due to risk of bias

Very low—due to risk or bias,
precision, consistency and directness

Very low—due to risk or bias,
precision, consistency and directness

Very low-due to risk of bias

Very low—due to risk or bias,
precision, consistency

Very low—due to risk or bias

(Continued)
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Table 8. (Continued)

Outcome Studies Findings Grade Overall GRADE
Percentage (SD) change in
activation (EMG) unless stated

Myofascial pain and trigger points: all Bismil 2005 Prevalence: 48% 2 case control, 1 Very low—due to risk or bias,
muscles-Chronic WAD(n = 121) (WADII) cohort reporting bias, directness
Ettlin 2008 Prevalence:
« WAD: Scaleneus medius 63.8%,
SCM 51.1%
« Control: Scaleneus medius 12.5%,
SCM 12.5%
Castaldo 2014 Number of TPs (SCM)
(WADII & III) « WAD: Active L 21, R 22; Latent L
13,R 15

« Control (MNP): Active L 13, R 13;
Latent L6,R9

Myofascial pain: Trapezius (mid/low) Bismil 2005 Prevalence: 48% 1 cohort Very low—due to risk or bias,
Chronic WADII (n = 25) precision, reporting bias, directness

Myofascial pain and trigger points: SCM- | Ettlin 2008 Prevalence 3 case control Very low—due to risk or bias,
Chronic and sub-acute WAD (n = 116) « WAD: 51.1% precision (?), reporting bias,
« Control: 12.5% directness

Fernandez-de-las- Number of TPs

Perez 2012 « WAD: Active R1, L6; Latent R12,
L9; No R7,L5
« Control: Active RO, L0; Latent R4,
L5;NoR6,L15

Castaldo 2014 Number of TPs
« WAD: Active L 21, R 22; Latent L
13,R 15
« Control (MNP): Active L13, R 13;
Latent MTPL6,R 9

Myofascial pain and trigger points: Ettlin 2008 Prevalence 2 case control Very low—due to risk or bias,
Scalene- « WAD: 63.8% precision, directness
Chronic WAD and sub-acute (n = 67) « Control: 12.5%
Fernandez-de-las- | Number of TPs
Perez 2012 « WAD: Active R 6, L4; Latent R 9,
L10; No R 5, L6

« Control: Active R0, L0; Latent R2,
L4;NoR 18,L16

SCM: sternocleidomastoid, CCFT: craniocervical flexion test, MTP: myofascial trigger points, MNP: mechanical neck pain

https://doi.org/10.1371/journal.pone.0194235.t008

are more prevalent in sub-acute WADII [41] whereas in chronic WAD there is a higher preva-
lence of active trigger points [37]. It should however be noted that the sample of chronic WAD
comprised both WADII and III, so perhaps severity could partly explain the differences seen.
Likewise, age may account for some of the differences given the sub-acute sample was 28.7
years [41] compared 41.6 years in the chronic WAD group [37].

Discussion
Summary of evidence

This is the first methodologically rigorous systematic review investigating thoracic dysfunction
in whiplash associated disorders. From a comprehensive search, 38 studies were included and
evaluated as part of the review. Many studies were at risk of bias, primarily due to poor report-
ing with most studies published prior to the introduction of the STROBE reporting guidelines

PLOS ONE | https://doi.org/10.1371/journal.pone.0194235 March 23,2018 28/35


https://doi.org/10.1371/journal.pone.0194235.t008
https://doi.org/10.1371/journal.pone.0194235

@° PLOS | ONE

Thoracic dysfunction in WAD

for observational studies. Notwithstanding the low quality of the evidence, there is unequivocal
evidence of thoracic dysfunction in WAD.

Pain. Although there is a high prevalence of acute and chronic pain experienced in the
thoracic spine region following injury, distinguishing the interplay of pain mechanisms is
however challenging. Whilst we know peripheral and central sensitisation begin immediately
following injury [64], it is plausible that damage to thoracic musculoskeletal tissues contributes
to the relatively high prevalence of pain reported in the acute/sub-acute stages from peripheral
nociceptor stimuli [11, 14, 17, 43, 52]. Relatively few studies in this review reported perceived
pain levels e.g. VAS, making it difficult to consider an association between injury severity and
tissue damage. Although reviewed in detail by Van Oosterwijck et al, [64] the current review
found just one study reporting thoracic pain specifically associated with central sensitisation,
with allodynia reported in 71% of individuals with CWADI/II [33], arguably contributing to
the lack of consistency with findings for chronic WAD where differing pain mechanisms may
co-exist. Likewise distinguishing local from referred pain is challenging where injury in the
cervical spine may refer pain caudally to the upper and mid thoracic region [65]. Unlike the
thoracic spine, reported chest pain prevalence was relatively low, perhaps more closely associ-
ated with severe injuries, including fractures, which were excluded from this review. Future
studies should, in addition to using the QTF Classification, include self-reported pain severity
for each anatomical region.

Thoracic posture and mobility. With limited very low quality evidence and relative to
the cervical spine, there is a paucity of research investigating thoracic posture and mobility in
WAD [44, 45, 48, 61]. This may be explained with priority being given to areas with most
severe pain, with the cervical spine and associated tissues being most vulnerable to stress and
damage compared to the relatively stable and stiff thoracic spine [21], arguably enhanced with
the mandatory use of seatbelts offering additional stability. However, considering the effect of
a forceful injury on posterior structures, and neck stiffness being a hallmark of chronic WAD
further research is required, specifically to investigate thoracic posture, mobility and muscle
stiffness in WAD, all of which may offer new directions for research into management of
WAD.

Thoracic outlet syndrome. Although this review suggests a relatively high prevalence of
thoracic outlet syndrome, the quality of evidence is very low and derived from relatively older
studies, including two studies from the same group of authors [35, 36]. Whilst the mechanism
of injury and resultant strain on the scalene triangle in WAD would, in theory, place the tho-
racic outlet at risk of injury, this does needs to be investigated further. Likewise as a ‘syn-
drome’, this does not provide primary evidence of a primary structural dysfunction; it merely
provides evidence of a dysfunction which, in turn, could be neurogenic, myogenic, vasculo-
genic in nature. Perhaps, in the absence of evidence of thoracic outlet syndrome in acute
WAD, this condition is secondary to the consequences of whiplash, altered posture, changes in
muscle behaviour efc. [66]. Future studies should use robust observational study designs and
include valid assessment techniques to diagnose thoracic outlet syndrome.

Brachial plexus. There is considerable evidence of brachial plexus dysfunction in both
acute/sub-acute and chronic WAD from research investigating the brachial plexus provoca-
tion test. Although coming from a relatively small group of researchers, the evidence supports
further investigation. Future research could usefully consider the relationship of brachial
plexus dysfunction to other musculoskeletal changes in the cervical and thoracic spine follow-
ing a whiplash injury, but also approaches to managing this; a notable gap within the whiplash
management evidence [9, 10, 66]. Although inclusion of the brachial plexus in this review may
at first appear tenuous, with contributions from the level of T1 and its relationship to the tho-
racic outlet, its inclusion provides good evidence to further explore this anatomically and
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functionally challenging cervico-thoracic-supraclavicular region; a transitional zone between
the stable/stiff thoracic spine and relatively mobile cervical spine.

Muscle activation. There is unequivocal evidence of altered function of muscles following
whiplash injury [66], however this evidence is largely limited to cervical muscles, with this
review identifying just three muscles with insertions to the thoracic region, sternocleidomas-
toid [12, 49, 56]; serratus anterior [45]; middle and lower fibres of trapezius [45, 54]. Although
it is difficult to derive meaningful conclusions with so few muscles investigated and the quality
of the evidence, the observed positive relationship between sternocleidomastoid activation and
pain severity, and evidence across all stages post injury [12, 49, 56] supports the need for fur-
ther research into altered activation of cervico-thoracic and thoracic muscles, ideally involving
functional spinal movements; something that is now feasible with advances in technology,
including high density EMG.

Myofascial pain and trigger points. This review has identified that myofascial trigger
points are highly prevalent in WAD (16, 37, 40], although again from very low quality evidence
and limited to a small number of muscles; middle/lower trapezius [16], scaleneus medius [40,
41] and sternocleidomastoid [37, 40, 41]. Nonetheless all muscles have similar prevalence lev-
els of trigger points, with a higher prevalence of latent trigger points in sub-acute WAD [41]
and active trigger points in chronic WAD [37]. With evidence of trigger points across all mus-
cles and across the stages and severity of presentations, research is now required to explore
other muscles in the thoracic region and better understand the development of pain, and per-
sistent pain seen in chronic WAD, perhaps with longitudinal studies. Notwithstanding the
quality, evidence was found of myofascial-entheseal dysfunction [16], a relatively new clinical
entity and arguably similar to insertional tendinopathies. With rapid advances in our under-
standing of injury induced tendinopathies in the lower limb, this does offer new insights to
possible muscle pathologies which may contribute to persistent pain and disability seen in
WAD.

This review provides unequivocal evidence of thoracic dysfunction in WAD, albeit from
evidence of low/very low quality. The findings do support a more extensive clinical evaluation
of patients following a whiplash injury and the need for more methodologically robust obser-
vational studies to further characterise thoracic dysfunction in WAD across stages of the con-
dition and levels of severity. Knowledge and understanding of thoracic dysfunction, where
anatomical and biomechanical relationships with the cervical spine exist, offers novel direc-
tions for research into management of this disabling condition.

Research into WAD management has been, and continues to be primarily focused on man-
aging cervical spine dysfunction, with interventions such as manual therapy, exercise efc. tar-
geting the cervical spine [66], and targeting the psychological impact of a whiplash injury [66].
With inconclusive evidence of the therapeutic value of the above [67] it is perhaps time to con-
sider new directions for research.

Whilst exercise as part of multimodal packages of care is recommended in the management
of acute and chronic WAD [66, 68], the range of approaches available are considerable e.g.
graded functional exercise, postural exercises, and strengthening and motor control exercises
etc.[66]. The authors are not however aware of any recommendations or research specifically
supporting the inclusion of thoracic spine exercises, although these could reasonably be incor-
porated within functional exercise programmes. With at best short term modest improve-
ments in current exercise interventions [9, 10] and some evidence of some therapeutic value of
thoracic spine manipulation in WAD [69] further research to investigate interventions target-
ing the thoracic spine and related dysfunction is justified.

It has not until recent years that the thoracic spine, coined the ‘Cinderella’ of the spine [21],
has started to receive more research interest. This has been attributed partly to the relatively
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lower prevalence of symptoms than the cervical and lumbar spine more generally, but also due
to the lack of affordable, non-invasive and valid measurement tools to evaluate motion in this
anatomically complex and relatively stiff spinal region [21]. With the development of new
measurement approaches for thoracic posture and mobility [63, 70, 71] we now have tools to
support research of thoracic posture and mobility in the thoracic spine region in painful neck
disorders.

Strengths and limitations of this review

This review is rigorous and original, with a design and focus on the thoracic spine region
using a pre-defined rigorous and published protocol with subject and methodological experts
contributing to the evaluation. The key limitation of the review is lack of high quality evidence
and compounding this was that few authors responded to requests for additional information
or data.

Conclusions

This first and rigorous systematic review found considerable evidence of thoracic pain and
dysfunction in patients at all stages following whiplash injury. Notwithstanding the low/very
low level of evidence, our findings do support a more extensive clinical evaluation of patients
presenting with WAD. Key findings include 1) a high prevalence of thoracic spine pain, with
the highest levels of pain immediately following injury and in more severe presentations 2) evi-
dence of muscle dysfunction (delayed onset or heightened levels of activity) in a limited num-
ber of muscles 3) evidence of thoracic outlet syndrome and brachial plexus involvement 4)
inconclusive/limited evidence of postural changes and effect on thoracic spinal mobility. Addi-
tional high quality research is required to further characterise dysfunction across other struc-
tures in the thoracic region, including but not limited to the thoracic spine (mobility and
posture) and thoracic muscles (stiffness, activation patterns). In turn this may inform the
design of clinical trials targeting such dysfunction.
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