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Abstract:

Introduction: Morphometric changes to cervical musculature in whiplash associated
disorder have been reported in several studies with varying results. However, the
evidence is not clear because only a limited number of cohorts have been studied
and one cohort has been reported in multiple publications. The aim of this study was
to assess the evidence for cervical muscle morphometric changes on magnetic

resonance (MR) images after whiplash using a systematic review with meta-analysis.
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Materials and Methods: PubMed, MEDLINE and Cochrane Library were searched
without language restriction using combinations of the MeSH terms "muscles”,
"whiplash injuries”, and "magnetic resonance imaging". Studies of acute and chronic
whiplash were included if they compared whiplash and control cervical spine muscle
morphometry measurements from MR images. The search identified 380 studies.
After screening, eight studies describing five cohorts (one acute, three chronic, one
both acute and chronic) met the inclusion criteria. Participant characteristics and
outcome measures were extracted using a standard extraction format. Quality of
eligible studies was assessed using the Newcastle-Ottawa Scale. Muscle cross-
sectional area (CSA) and fat infiltrate (MFI) for acute and chronic whiplash cohorts
were compared using mean difference and 95% confidence intervals. Meta-analysis
models were created when data from more than two eligible cohorts was available,
using inverse-variance random-effects models (RevMan5 version 5.3.5).

Results: Quality assessment was uniformly good but only two studies blinded the
assessor. Analysis of the acute cohorts revealed no consensus with respect to CSA.
MFI was not measured in the acute cohorts. Analysis of the chronic cohorts revealed
CSA is probably increased in some muscles after whiplash but there is insufficient
evidence to confirm whether MFI is also increased. Because the available data were
limited, meta-analyses of only multifidus were performed. In chronic whiplash
multifidus CSA was significantly increased at C5 (Z=3.51, p<0.01) and C6 (Z=2.66,
p<0.01); and MFI was significantly increased at C7 only (Z=2.52, p<0.01) but the
heterogeneity was unacceptably high (12=83%).

Conclusions: The strength of the evidence for cervical muscle morphometric

changes on MR images after whiplash is inconsistent for CSA and MFI. Future study
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designs should be standardised with quantification of three-dimensional muscle

morphometry.
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Whiplash injuries, magnetic resonance imaging, cervical spine, muscle, muscle fat

infiltrate, cross-sectional area
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INTRODUCTION

Neck pain and disability from whiplash following motor vehicle trauma (MVT) is one
of the most common debilitating injuries in the developed world [1, 2]. The reported
incidence of whiplash associated disorders (WAD) after MVT is at least 300 per
100,000 in western countries with a consistent rising trend [3-6]. In the United States
(US) alone, it is estimated that 3 million new cases of whiplash are reported every
year [7]. Whilst the majority of cases recover, up to 50% develop chronic symptoms
for which the efficacy of rehabilitation is variable [2, 8]. Whiplash imposes a
significant economic burden on health-care systems with estimated annual costs
totalling more than $29 billion spent on injuries and litigation in the US and €1.6

billion in the United Kingdom [9-11].

There has been continued debate about whether WAD is attributable to a defined
pathoanatomical entity or to psychological or cultural factors [12-15]. It has been
suggested that compensation seeking is associated with complaints of persistent
pain after MVT and that some patients amplify their symptoms for financial gain [16].
The introduction of a no-fault insurance system in Canada which removed payments
for pain and suffering resulted in a 43 percent reduction in claims by men and 15
percent for women [17]. In addition, a similar analysis in Australia found that
outcome scores improved significantly when no-fault insurance was introduced [18].
However, more recent studies have proposed that adverse pain outcomes following
MVT are not unique to litigious individuals and in fact are common among non-
litigious individuals who are not engaged in compensation seeking [19-21]. Although

no single pathognomonic entity has been identified in the cervical spine following
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whiplash, advances in imaging technologies have led to reports of structural
changes affecting the ligaments and muscles of the neck [22-24]. The evidence for
signs of ligamentous damage on magnetic resonance (MR) imaging has been
investigated in a systematic review with meta-analysis [25]. The results suggested
that no significant differences exist between whiplash and control subjects for either
alar or transverse ligaments. The evidence for changes in muscle morphology on

MR images is not clear.

The MR measures that have been used to quantify the morphology of the cervical
spine musculature after whiplash include cross-sectional area and muscle fat
infiltrate [26-32]. An increase in cross-sectional area is thought to be due to an
increase in injury-induced muscle fat infiltrate, making muscle fat infiltrate a
potentially more robust marker for WAD than cross-sectional area [33, 34]. However,
the cross-sectional area data is conflicting [28-32] and there is very little muscle fat
infiltrate data [26, 27, 29, 30] at this point in time. Further, the cohorts are small but
by combining them it is possible to ascertain whether the evidence supports the use
of muscle fat infiltrate and/or cross-sectional area as a marker for WAD. If sensitive,

these markers could potentially enable more precise rehabilitation strategies.

There has been one recent systematic review of muscle morphologic changes in
chronic neck pain patients including WAD [35]. The authors concluded that there is
some evidence for morphological changes in deep and higher cervical level muscles
in chronic WAD with larger cross-sectional area measurements because of

increased fatty infiltrate. In contrast, they concluded that idiopathic neck pain patients



Whiplash cervical muscle MR morphometry 6

have decreased cross-sectional area in most muscles because of disuse atrophy.
However, this review had several limitations. First, rather than dissecting and
comparing the actual study data, the review simply summarized the overall message
from each of the studies. Second, both controlled and uncontrolled studies were
included thereby allowing non-normalised results to be incorporated. Third, both MR
and ultrasound imaging modalities were included. Finally, five studies by Elliott et al.
[27-29, 34, 36] which reported data from the same cohort were presented as discrete
studies thereby inflating their influence on the overall review. Therefore, the results
of this review may not provide a clear picture of whether MR measurements of

cervical muscle morphology are different in WAD compared to controls.

Therefore, the aim of this systematic review and meta-analysis was to rigorously
assess the evidence for the presence of MR morphological changes (cross-sectional
area and muscle fat infiltrate) in muscle after whiplash, and whether they represent a
consistent marker which discriminates between WAD and control participants. The
ability to be able to confidently identify WAD will have significant impact on diagnosis
and the recognition of effective and non-effective management strategies. The study
guestion was: in MR muscle measurement studies of acute and chronic WAD, does
a systematic review and meta-analysis demonstrate evidence for increased cross-
sectional area and/or muscle fat infiltrate in the cervical spine compared to non-WAD

controls?
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MATERIALS AND METHODS

The review protocol was specified in advance and registered on [Text hidden to
ensure anonymity]. The review was conducted and reported according to the

PRISMA statement [37].

Search Strategy and Study Selection

The PubMed (1974—-December 2016), MEDLINE (1946— December 2016) and
Cochrane Library (to December 2016) databases were searched without language
restriction. Additional studies were identified through hand searching and reference
lists. Our search term criteria consisted of MeSH headings linked by the Boolean
term “AND” (("Muscles"[MeSH]) AND "Whiplash Injuries"[MeSH]) AND "Magnetic

Resonance Imaging"[MeSH] (Appendix 1).

Studies of acute and chronic WAD were included if they compared WAD and control
cervical spine muscle morphometry measurements from MR images. Exclusion
criteria included: animal studies, participants <18 years, whiplash not caused by
MVT and, patients with non-traumatic neck pain in the control cohort (Figure 1). The

primary outcome of interest was measurement(s) of muscle morphometry.

Two authors [Text hidden to ensure anonymity] independently screened studies by
title and abstract and selected studies that met the inclusion criteria. If the abstract
was unavailable or further investigation was required, a full text examination was

undertaken to ensure the study met the inclusion criteria. Data extraction was
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undertaken by two authors [Text hidden to ensure anonymity] independently using a
standard extraction format adapted from the Cochrane Haematological Malignancies
Group [38]. This form facilitated systematic data extraction for accurate comparison
between reviewers. Instruction and examples of data extraction forms can be found
within the Cochrane Collaboration website [39]. Participant characteristics and
outcome measures were recorded. All discrepancies in study selection and data
extraction were resolved by discussion between three authors [Text hidden to ensure
anonymity]. [Text hidden to ensure anonymity] all had previous experience

conducting reviews and all negotiations were equitable.

Assessment of Study Quality

Two authors [Text hidden to ensure anonymity] independently assessed the quality
of the included studies using the Newcastle-Ottawa scale (NOS) [40]. This scale was
developed for quality assessment of non-randomised studies to be used in a
systematic review. The NOS assigns up to a maximum of nine points for the least
risk of bias in three domains: 1) selection of study groups (four points); 2)
comparability of groups (two points); and 3) ascertainment of exposure and
outcomes (three points). Inconsistency of scoring between reviewers was resolved
by consensus. Quality assessment was undertaken to identify any studies for
exclusion due to unacceptable bias. Unacceptable bias was defined as a zero score

in any of the three domains.

Data Extraction and Analysis

Data Extraction
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Data were reported separately for acute (<3 months since MVT) and chronic (>3
months since MVT) cohorts. These timeframes were chosen as they reflect current
guidelines for the management of WAD [41]. Where there was insufficient data in the

studies to enable extraction, the study authors were contacted to provide raw data.

Cross-sectional area and muscle fat infiltrate data for each muscle or muscle group
were extracted for each cohort. Where left and right sided muscle data were
provided the average was calculated. All cross-sectional area data were presented
as millimetres squared for comparison. All muscle fat infiltrate data were presented
as fat:muscle ratio except Elliott et al. [34] who reported estimated marginal means
in mm? for cross-sectional area with and without fat, adjusted for BMI. We therefore
calculated the muscle fat infiltrate by subtracting the mean muscle cross-sectional
area (rmCSA) from the mean total cross-sectional area (rCSA) and recorded the
resultant mean differences between the WAD and control muscle fat infiltrate with
calculated 95% confidence intervals (Cl) of the differences. A detailed explanation

with formulae is shown in Appendix 2.

Cross-sectional area and muscle fat infiltrate data from Karlsson et al. [30] were
transformed prior to extraction because mean and standard deviation (SD) for mild
and severe WAD groups were presented separately. We therefore combined the
mean and SD for the overall WAD group in order to calculate the mean differences
(WAD minus control) and 95%CI of the differences. The formulae used are shown in

Appendix 2.
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Data Analysis

Differences between WAD and control data were calculated and presented as mean
differences (WAD minus control) and 95%CI of the differences. The direction of the
differences in WAD compared to control for cross-sectional area and muscle fat
infiltrate were expressed as an increase, decrease or no change. These were based
on the 95%Cl i.e. if the 95%CI was positive and did not cross zero the difference
was reported as an increase and vice versa; whereas if it crossed zero it was

reported as no difference.

Meta-analysis models were created for multifidus in chronic WAD only because this
was the only data to be reported in more than two cohorts. The eligible multifidus
data was cross-sectional area at C4 to C6 levels and muscle fat infiltrate at C4 to C7
levels. Where the measurements were made between levels (e.g. C3/4) the inferior
level was used i.e. C3/4 = C4 (Matsumoto et al. [31]) to correspond to
measurements made at the most superior aspect of each vertebral level [27].
Studies were combined using inverse-variance random-effects models [42] with
RevMan5 version 5.3.5 (Copenhagen: The Nordic Cochrane Centre, The Cochrane
Collaboration, 2012). Both cross-sectional area and muscle fat infiltrate results were
expressed as mean differences (MD) with 95% CI. Heterogeneity was analysed
using a Chi? test with N-1 degrees of freedom (N = number of studies; alpha of 0.05)
and also an I test which quantifies heterogeneity in terms of percentage. I? values of
25%, 50% and 75% were considered to represent low, medium and high levels of

heterogeneity [43]. Forest plots provided a visual representation of the model.
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RESULTS

Study Selection

The search identified 380 studies. After screening, eight reports of five cohorts were
included in the review [26-32, 34] (Figure 1; Appendix 3). One author was contacted
for clarification of results and methods [31] and two authors for raw data [27, 29, 30],
all but one author responded. The four studies published by Elliott et al. [27-29, 34]
reported different muscles and morphometric parameters from the same cohort.
Therefore, while the data was extracted from all four studies, the quality assessment

and demographic reporting was derived from just one [27].

Assessment of Study Quality

All studies addressed the selection of WAD and controls adequately (Appendix 4).
Exposure was established using appropriate methods such as accident and police
reports, structured interviews or questionnaires. Comparability of WADs to controls
included one to two matching factors (Appendix 4). There were some weaknesses.
Only Ulbrich et al. [32] and Karlsson et al. [30] blinded their assessors of muscle
morphometry. Matsumoto et al. [31] lost approximately 80% of their cohort over the
ten-year follow-up period. However, this was investigated, and a selection bias was

not demonstrated.

Study and Participant Characteristics

A comparison of raw data sets for 176 patients and 168 controls was undertaken. Six

studies [26-30, 34] described chronic WAD, one study [32] described acute WAD
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and one study described both acute and chronic WAD [31] (Table 1). Five studies
reported cross-sectional area from four cohorts [28, 32] and five studies reported
muscle fat infiltrate from three cohorts [26, 27, 29, 30, 34]. The WAD cohort size
ranged from 5 to 79 and controls from 5 to 60 (Table 2). The majority of subjects
were middle-aged with the exception of the Matsumoto et al. cohort [31] who was
older because they were assessed 10 years post-MVT. Elliott et al. [27, 28][29, 34]

included female subjects only.

Acute WAD
The two studies assessing acute WAD patients reported cross-sectional area only

[31, 32] (Table 1).

Ulbrich et al. [32] used axial Short Tau Inversion Recovery/Turbo Inversion Recovery
Magnitude (STIR/TIRM) MR images to measure cross-sectional area of
sternocleidomastoid and posterior muscle groups at C2, C4 and C5 levels (Table 1,
Appendix 5). The images permitted measurement of groups of muscles only except
for sternocleidomastoid. Their cohort (38 WAD; 38 controls) included equal numbers
of males and females (Table 2). There were no differences between WAD and

controls (Table 3).

Matsumoto et al. [31] used axial T2-weighted MR images to measure four individual
muscles (multifidus, semispinalis cervicis, semispinalis capitis and splenius capitis)
at C3/4, C4/5 and C5/6 levels (Table 1, Appendix 5). Their cohort (23 WAD; 60

controls) included both males and females (Table 2). Their data demonstrated an
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increase in WAD cross-sectional area compared to control in multifidus at all levels

and semispinalis cervicis at C3/4 (Table 3).

Chronic WAD

Four chronic WAD cohorts have been studied. In one cohort cross-sectional area
only was reported in four posterior muscles [31]. In the second cohort, which was the
largest, both cross-sectional area and muscle fat infiltrate in 10 anterior and posterior
muscles were studied and published in four different studies [27-29, 34]. In a third,
muscle fat infiltrate only was reported in two muscles from a very small cohort [26].
In the most recent cohort both cross-sectional area and muscle fat infiltrate were

reported for multifidus exclusively [30].

Matsumoto et al. [31] rescanned their acute WAD and control groups after 10 years.
T2-weighted MR sequences were used to measure the same four individual muscles
(multifidus, semispinalis cervicis, semispinalis capitis and splenius capitis) at C3/4,
C4/5 and C5/6 levels (Table 1, Appendix 5). Their cohort (23 WAD; 60 controls)
included both males and females (Table 2). Their data demonstrated an increase in
WAD cross-sectional area for multifidus at all levels, and semispinalis cervicis and

capitis at C3/4 only (Table 4).

Elliott et al. [27-29, 34] used an axial T1-weighted spin echo sequence to measure
cross-sectional area and muscle fat infiltrate of the multifidus, semispinalis cervicis,
semispinalis capitis and splenius capitis, trapezius, rectus capitis posterior minor,
rectus capitis posterior major, longus colli, longus capitis and sternocleidomastoid at

various levels between CO and C7 (Table 1, Appendix 5). Their cohort included
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females only and the maximum size was 79 WAD and 34 controls (Table 2). The
data extraction revealed an increase in cross-sectional area in the multifidus and
longus colli/capitis at all levels, semispinalis capitis at C3 and C4, and splenius
capitis at C3. However, cross-sectional area was decreased in semispinalis capitis at
C6, semispinalis cervicis at C3, C5 and C6, and upper trapezius at C7. Muscle fat
infiltrate was reported in two ways: two papers reported fat:muscle ratio [27, 29]) and
one reported area [34]. Fat:muscle ratio measurements indicated a relative increase
in fat content in all muscles, except sternocleidomastoid, at all levels (Table 5).
Overall, this pattern was also seen in the extracted data when the fat content was
expressed as an area and controlled for BMI apart from semispinalis cervicis at all

levels, and the semispinalis and splenius capitis muscles at the C5-6 level [34].

Abbott et al. [26] used multi-echo gradient-echo MR to measure muscle fat infiltrate
in multifidus and semispinalis cervicis combined, using a calculation of average fat
content from axial slices at the C3, C4, C5, C6 and C7 levels (Table 1, Appendix 5).
They reported the results for muscle fat infiltrate in an age and sex matched cohort
of 5 WAD and 5 control participants. The data extracted revealed a minimal increase

in WAD muscle fat infiltrate at C5 only (Table 5).

Karlsson et al. [30] used a gradient-echo sequence to measure cross-sectional area
and muscle fat infiltrate of the multifidus at the C4, C5, C6 and C7 levels (Table 1, 4
& 5, Appendix 5). Their cohort consisted of 31 WAD and 31 control age and sex
matched participants. They used manual segmentation to calculate both cross-

sectional area and muscle fat infiltrate, with muscle fat infiltrate represented by a fat
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fraction measured from fat- and water-separated images. When the data for WAD
and control groups were extracted, there was no increase in cross-sectional area or

muscle fat infiltrate in the WAD cohort (Table 4).

Multifidus Meta-analysis Models

Multifidus cross-sectional area was significantly increased at C5 and C6 (Z=3.51,
p=0.0004; Z=2.66, p=0.008, respectively) but not C4 (Z=1.47, p=0.14).
Heterogeneity was acceptable at C5 and C6 (1°= 40% and 26%, respectively) but not
at C4 (12= 72%) (Figure 2). Multifidus muscle fat infiltrate was only significantly
increased at C7 (Z=2.52, p=0.01) but the heterogeneity between studies was

unacceptably high (1°= 83%) (Figure 3).
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DISCUSSION

The aim of this review and meta-analysis was to assess the strength of the evidence
for changes in cervical MR muscle morphometry in patients with WAD compared to
control. The results suggest that, although cross-sectional area is probably increased
in some muscles after whiplash, the evidence for an increase in muscle fat infiltrate is
not consistently reported even though there appears to be an effect at C7. This is an
important finding for radiologists, rehabilitation professionals, health policy makers,

insurers and patients.

This is the first systematic review with meta-analysis to examine the evidence for
cervical muscle morphometric changes based on MR images after whiplash injury in
both acute and chronic cohorts. The strength of this review is that it has for the first
time consolidated and compared sets of raw data in both acute and chronic cohorts
for 176 patients and 168 controls. By extracting the raw data, we have been able to
report mean differences between WAD and controls to determine whether there is
any consistency between cohorts. In some cases, the data extraction was quite
complex and would not have been easily accessible to the reader. A statistical meta-
analysis with forest plots was also performed on the extracted multifidus data.

Therefore, this review is the most rigorous and comprehensive to date.

A recently published systematic review of muscle morphological changes of chronic
neck pain of idiopathic and traumatic origin arrived at different conclusions than those
found in this analysis [35]. They suggested that the evidence overall supported an

increased cross-sectional area in the deep and higher cervical muscles which the
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authors attributed to an increase in muscle fat infiltrate. However, their conclusions
were dependent on accepting the study findings as opposed to analysing the actual
data. Further, consideration of the dominance of one cohort reported in multiple
papers was not made. They also allowed any imaging modality, so both MR and
ultrasound imaging studies were included. Our review and analysis utilised objective
data extraction techniques and statistical modelling where sufficient data was
available, and therefore the results are arguably more robust. The results of this

review are also specific to whiplash and therefore more directly applicable.

Study Quality

All eligible studies were rated highly but only Ulbrich et al. [32] and Karlsson et al.
[30] controlled for detection bias by blinding the assessor. Although this is reflected in
the score, the influence of this factor is potentially underestimated in the Newcastle-
Ottawa scoring system. In studies which involve manual muscle morphometry
estimations, blinding is essential since the researcher is required to make subjective
decisions about the boundaries of the muscle on each MR slice. There is therefore
significant potential for detection bias where the researcher knows which group the

participant belongs to.

Cross-sectional Area

An increase in muscle cross-sectional area after whiplash may indicate either
inflammation or swelling in the acute phase or muscle fat infiltration in the chronic
phase. A decrease in cross-sectional area may indicate atrophy. Atrophy has been

reported in multifidus in both acute and chronic lumbar spine pain [44, 45]. In the
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cervical spine increases, decreases and no change in cross-sectional area have all
been reported in both acute and chronic WAD cohorts [28][29, 31, 32, 34, 46]. Our
analysis of the two acute whiplash studies [31, 32] revealed that there may be an
increase in multifidus cross-sectional area but only Matsumoto et al. [31] measured
this muscle in isolation thus this data needs corroboration. It is worth noting that
Matsumoto et al. [31] did not discuss this finding in their paper preferring instead to
emphasise the increased multifidus cross-sectional area apparent 10 years post-

injury.

The results of our analysis suggest that there is good evidence for increased cross-
sectional area in multifidus at C5 and C6 levels, but not C4, in chronic WAD. This
finding is perplexing because there is no apparent reason for higher cervical spine
levels to be spared from injury. On examination of the forest plots it is clear that the
data from Karlsson et al. [30] drove the effect down generally, but particularly at C4.
There were differences between these three WAD cohorts but they do not seem to
explain the inconsistency in the results. Karlsson et al. [30] included both WAD Il and
[l while Elliott et al. [27] included only WAD II. Therefore, morphological changes
might be expected to be greater in the group with positive neurological signs (WAD
[11) but this was not the case [47]. Only 50% of the Matsumoto et al. [31] cohort
reported head, neck or shoulder pain at 10 year follow-up. This indicates that half of
the cohort were WAD 0 and yet our extracted data shows increased multifidus cross-
sectional area at all levels in their whiplash group compared to controls (Table 4).
This suggests that the presence of symptoms may not be relevant, although this
does not comply with other published data which reports that muscle fat infiltrate is

associated with the NDI score [48, 49]. However, it is important to note that
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Matsumoto et al. [31] were only able to follow up 17% WAD and 26% control

participants from their original cohort.

On examination of the other muscle data there is a lack of consistency. Of the two
cohorts in whom semispinalis cervicis cross-sectional area was studied there are
conflicting results [27, 31]. In contrast these two cohorts largely demonstrate no
change in cross-sectional area for the semispinalis and splenius capitis muscles. The
deep flexors (longus capitis/colli) were measured in the Elliott et al. cohort only [29].
That data suggests that cross-sectional area is consistently increased in these
muscles to a similar magnitude and variance as those seen in multifidus in the same
cohort. In a longitudinal study of acute whiplash patients at 48 hours, 3 months and 6
months, post-injury Ulbrich et al. [46] found no changes in the deep extensor muscle
cross-sectional area. However, they grouped the muscles for measurement and
therefore potentially lost the sensitivity required to evaluate individual muscles such

as multifidus.

One hypothesis for explaining this apparent selectivity between muscles might be
that propensity to injury is related to the fascicle length. The multifidus and longus
capits/colli fascicle lengths (1.7-2.6 and 3.8 cm, respectively) are much shorter than
semispinalis capitis and splenius (6.8 and 9.5 cm, respectively) [50, 51]. Therefore,
they may be subject to a higher risk of overstretch injury [52]. This overstretching
theory is enhanced by the fact that multifidus fascicles attach to the posterior aspect

of the facet capsules [51, 53]. These deep attachments would therefore tether the
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caudal end and reduce the dynamic fascicle length. This may be why multifidus is

most consistently reported to be altered after whiplash.

Muscle Fat Infiltrate

Our results do not support the contention that increased muscle fat infiltrate in the
cervical muscles can yet be considered a robust marker for chronic whiplash. Muscle
fat infiltrate has been proposed as the likely cause for increased cross-sectional area
in the cervical muscles after whiplash [29]. Theoretically, this makes sense since
increased muscle fat infiltrate has been reported in other muscle groups following
injury or disuse [54-56]. The mechanism for fatty infiltration after trauma is not known.
However, it may involve fibro/adipogenic progenitor cells undergoing differentiation
into adipocytes and fibrocytes after a muscle fails to regenerate following injury [57].
In this review, the evidence for an increase in muscle fat infiltrate after whiplash was
almost exclusively limited to one cohort. Although the Elliott et al. [27-29, 34] cohort
was the largest and most comprehensive in terms of muscles measured, our data
extraction from the other two studies [26, 30] did not support their results. The data
from Abbott et al. [26] demonstrated a very small increase at C5 only whilst the
Karlsson et al. [30] data did not show any difference. Meta-analysis of the data for
muscle fat infiltrate in multifidus revealed that there was no significant effect in the
whiplash patients compared to control, except at C7. However, at C7, the high

degree of heterogeneity between the studies invalidated this finding.

The inconsistency in the muscle fat infiltrate data may be driven by the measurement

method rather than the marker. First, it has been shown that single image slices do
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not represent 3D muscle measurements [58]. In all the included studies, muscle size
and intra-muscular fat were quantified using cross-sectional area at selected
vertebral levels. This may explain the discrepancies in the data which suggest
differences in cross-sectional area and muscle fat infiltrate at some levels but not
others. It is probable that, in these 2D methods, the data may have suffered from
errors associated with partial volume effects and the alignment of the axial slice
relative to the cervical vertebrae [59]. Advances in MR imaging techniques offer the
possibility of obtaining accurate 3D measures of muscle morphometry with rapid
acquisition times [33, 60, 61]. It is therefore clear that volumetric studies are required
before the utility of muscle fat infiltrate as a reliable marker for chronic whiplash can

be verified or refuted.

Another confounding factor with the use of muscle fat infiltrate as a marker for injury
is that it increases with age [62, 63]. Increases in adipose tissue within skeletal
muscle occur secondary to the denervation of muscle that accompanies aging [64].
In the Karlsson et al. [30] study the authors concluded that muscle fat infiltrate was
significantly greater in severe WAD (Neck Disability Index >40%) compared to mild
WAD and controls. However, this was a post hoc analysis which resulted in groups
which were no longer balanced for age and possibly sex. The severe WAD group
was older than both the controls and mild group. Therefore, the findings were
confounded by a lack of equity with respect to age of approximately six years. An age
effect on spinal muscle morphology has been established [63] but there is no precise
data with respect to the cervical musculature. Therefore, age must be controlled in

any further investigations of muscle fat infiltrate as a marker for whiplash.
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The effect of sex on muscle morphometry has not been thoroughly studied. Elliott et
al. [27] included only females while all other studies included both sexes [26, 30, 32].
Only Ulbrich et al. [32] analysed their data by sex. They found that the cross-
sectional area in female WADs was greater than controls whereas in males the
cross-sectional area for WADs was smaller. It is possible that female muscle may
respond differently to injury and this needs further investigation given that females
are reported to have a higher incidence of persistent pain following whiplash [27].
Body mass index (BMI) and body fat composition may be related to cross-sectional
area and muscle fat infiltrate but the evidence is limited [27, 32, 65, 66]. However,
until the relationship is clear, they should also be considered as potential

confounding factors.

Study Limitations

This review should be considered in the light of its limitations. First, the number of
eligible studies was very limited. We only included studies which compared WAD to
controls and used MR to acquire the image data. The participant numbers in
whiplash studies are typically small which probably reflects the difficulty of recruiting
and the cost of MR imaging. Second, statistical meta-analysis was only possible for
multifidus in the chronic cohort because the data for other muscles was not available.
Further, we included data from Abbott et al. [26] in the meta-analysis even though
their multifidus measurements incorporated semispinalis cervicis. Meta-analysis is an
important method for obtaining robust evidence in this area. However, for this to
happen, future studies need to be more homogenous with a control group matched
for age, sex and BMI. Third, although a single cohort dominates the whiplash

literature, our method mitigated this potential for bias by basing our analysis on
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cohorts rather than reports. Fourth, there was considerable heterogeneity between
the studies making the comparison of actual values problematic. Differences included
time since MVT, WAD classification, MR sequences, patient age and sex, cervical
spine level and muscles measured as well as the software used for morphometric
analysis. We have therefore attempted to summarise the data ‘effect’ using the
confidence intervals of the differences. Fifth, we compared whiplash to non-injured
controls but there are two longitudinal studies which have examined the predictive
power of muscle fat infiltrate with respect to recovery according to NDI score cut
points [48, 49]. These studies reported early evidence for muscle fat infiltrate as a
sensitive and specific metric for recovery after whiplash but were not within our
review criteria and so were not included. Finally, the Newcastle-Ottawa scale has
been criticised for its poor inter-observer reliability for some domains and vague
decision rules [67]. However, we used two independent assessors and resolved any

differences by consensus. The results are similar to those reported elsewhere [35].

Future Research

There are several important considerations for future studies which arise from this
review. First, to develop useful comparative longitudinal data, meaningful and robust
techniques which detect real changes in muscle morphology are required.
Technological advances in MR have, in the past, made comparison difficult [31] but
as measurement methods improve, particularly 3D imaging sequences,
measurement should be more amenable to longitudinal comparison. Therefore,
controlled longitudinal designs are required to establish whether cross-sectional area
or muscle fat infiltrate are robust markers for WAD, and MR sequences should

enable volumetric quantification of contractile muscle tissue compared to fat (muscle
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fat infiltrate). Further, it is suggested that measurement of individual muscles should
be undertaken because not all studies use the same groupings and intermuscular fat
may potentially confound the MR measurements. Assessors should always be
blinded because of the risk of detection bias. Finally, future studies should be more
consistent with reporting and controlling for time since MVT, mechanism of MVT,
WAD classification, optimized MR sequences, age and sex, cervical spine level and

muscles measured, as well as the methods used for morphometric analysis.

CONCLUSIONS

In conclusion, this review and meta-analysis suggests that current reports of
morphological changes in muscle after whiplash, using two-dimensional MR data, are
not sufficiently consistent to support their use as a marker for chronic whiplash. Our
data suggests that cross-sectional area may be increased in multifidus in chronic
WAD, but there is insufficient evidence to confirm whether muscle fat infiltrate is also
increased. It is possible that volumetric measurement of muscle fat infiltrate will
clarify this issue. The most challenging feature of meta-analyses in this area is lack of
data and study homogeneity. If we are to rely on MR muscle morphometry as a
marker for whiplash it is crucial that it is robust in order to avoid incorrect diagnosis
and false evidence in support of litigation and ineffective deployment of health
resources. We recommend that adequately controlled designs and the inclusion of a
standardized minimum dataset should be employed to facilitate meta-analysis in the

future
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Figure Legends

Figure 1

Flow diagram indicating search strategy

Figure 2

Forest plot of the mean differences in cross-sectional area (mm?) of the multifidus
muscle between whiplash associated disorder (WAD) and control by cervical spine
level. Forest plot shows the mean difference and 95%CI for the studies included in
the meta-analysis. For each study in the forest plot, the area of the square is
proportional to study weight and the horizontal bar represents the 95% confidence

interval. The center of the black diamond represents the overall estimate, and the
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width or lateral points of the diamond indicate overall confidence intervals. The line of
no effect is shown at 0. Z-score: the standardized expression of a value in terms of
its relative position in the full distribution of values. The mean difference and 95%ClI
produced by RevMan5 version 5.3.5 (Copenhagen: The Nordic Cochrane Centre,
The Cochrane Collaboration, 2012) are slightly different to those represented in
Table 5.

SD = standard deviation; Cl = confidence interval

Figure 3

Forest plot of the mean differences in muscle fat infiltrate (fat:muscle ratio) of the
multifidus muscle between whiplash associated disorder (WAD) and control by
cervical spine level. Forest plot shows the mean difference and 95%CI for the studies
included in the meta-analysis. For each study in the forest plot, the area of the
square is proportional to study weight and the horizontal bar represents the 95%
confidence interval. The center of the black diamond represents the overall estimate,
and the width or lateral points of the diamond indicate overall confidence intervals.
The line of no effect is shown at 0. Z-score: the standardized expression of a value in
terms of its relative position in the full distribution of values. The mean difference and
95%CI produced by RevMan5 version 5.3.5 (Copenhagen: The Nordic Cochrane
Centre, The Cochrane Collaboration, 2012) are slightly different to those represented
in Table 6.

Note. Abbott et al. [26] included both multifidus and semispinalis cervicis in their
measurement of muscle fat infiltrate.

SD = standard deviation; Cl = confidence interval
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Table 1

Comparison of measurement methods and MR protocols between included studies.

Study Outcomes Muscles Cervical Measurement Time between MR scanner MR MR slice
measured levels® software MVT and MR sequence thickness
scan
Elliott et al. CSA Mult, SemiSCerv, co-C7 MRIcro Chronic > 3 Australia: T1-W SE 4 mm
[28]* SemiSCap, SpCap, months < 3 SONATA
Trap, RCPm, RCPM years Siemens 1.5T
USA: Horizon
LX General
Elliott et al. CSA & MFI LCollia, LCap, SCM C2/3, C5/6 Electric1.5T
[29]* & C0/1
Elliott et al. MFI Mult, SemiSCerv, co-C7
[27]* SemiSCap, SpCap,

Trap, RCPm, RCPM

Elliottetal. ~ rCSA™& Mult, SemiSCerv, C2/3 &
[34]* rmCSA SemiSCap, SpCap, C5/6
LCollie, LCap, SCM
RCPm, RCPM c1/c2
Matsumoto CSA Mult, SemiSCerv, C3-C6 Image J (v1.42) Acute < 2 Signa Excite T2-W SE 4 mm
et al. [31] SemiSCap, SpCap weeks HD General and GE
Chronic = 10 Electric 15T
years
Ulbrich etal. CSA Deep extensorst C2&C5 Philips PACS Acute < 48hrs  SONATA T1-W 3 mm
[32] with SECTRA Siemens 1.5 T STIR/TIRM

Total extensorst
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SCM! ca
Abbottetal. MFI Mult & SemiSCervT C3-C7 MATLAB Chronic > 3 Not reported 3D 3 mm
[26] months < 3 multiecho
years GE
Karlsson et CSA & MFI Mult C4-C7 Analyze (VII) Chronic > 6 Phillips Ingenia 3D 0.75 mm
al. [30] months < 3 30T multiecho
years GE

Note: All CSA and MFI measurements were made manually by tracing around the muscles/muscle groups of interest using the software identified in the table.
Pixel intensity was used to calculate MFI.

RCPM - rectus capitis posterior major; RCPm — rectus capitis posterior minor; SemiSCap - semispinalis capitis; Trap - trapezius; LColli - longus colli; LCap -
capitis; SpCap - splenius capitis; SemiSCerv - semispinalis cervicis; Mult - multifidus; SCM - sternocleidomastoid; IS — interspinales cervicis; ObCaplnf -
obliquus capitis inferior; PACS - Picture Archiving and Communication System software; MR — Magnetic Resonance; MFI — Muscle Fat Infiltrate; CSA —
Cross-Sectional Area; 3D — three dimensional; SE — Spin Echo; GE — Gradient Echo; STIR/TIRM — Short Tl Inversion Recovery/ Turbo Inversion Recovery
Magnitude; T1-W=T1-weighted; T2-W=T2-weighted

*same cohort studied in Elliott et al. [27-29, 34]

#= refer to Appendix 5 for specific location of axial slice measurement sites

a= Longus colli and longus capitis were measured together at C2/3 and C5/6. Longus capitis only was measured at CO/1 in Elliott et al. [29] but not in Elliott et
al. [34]

T = ObCaplnf, RCPM at the C2 level; Mult, SemiSCerv, IS, spinalis at the C5 level

*= all extensor muscles at the C2 and C5 levels

I = SCM was a standalone measure [32]

T= Multifidus and semispinalis cervicis were measured together
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**|n Elliott et al. [34] CSA is characterised as relative CSA (rCSA) in order to account for errors due to slice angle; rmCSA represents the relative neck muscle

CSA with fat removed
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Cohort demographics
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Cohort Subject N (Female) Age (years) BMI (kg/m?) WAD gradef® NDI" score

Mean [SD] Mean [SD] Mean [SD]

WAD Control WAD Control WAD Control

Elliott et al. [27]* 79 (79) 34 (34) 29.7 [7.7] 27.0 [5.6] 25.1[5.7] 23.0 [4.4] Il 45.5[15.9]
Matsumoto et al. [31] 23 (10) 60 (24) 51.8[14.3] 47.8 [12.3] 23.1[3.2] 22.4[3.2] Not reported Not reported
Ulbrich et al. [32] 38 (19) 38 (19) 35.2 35.1 23.2 23.0 lorll Not reported
Abbott et al. [26] 5@13) 5@1) 30.6 [90] 35.0 [8.9] 29.6 [4.6] 25.8 [5.0] Not reported 41.2 [13.6]
Karlsson et al. [30] 31 (17) 31(17) 41.5[10.9] 41.5[10.6] 25.6 [3.8] 24.4 [3.2] Ilor il 35.8 [14.1]

*same cohort studied in Elliott et al. [28, 29, 34], so Elliott et al. [27] selected for the reporting of cohort demographics

T = Quebec Taskforce Classification

9 = only applicable to WAD subjects

NDI = Neck Disability Index
BMI = Body Mass Index

SD = Standard Deviation

WAD = Whiplash Associated Disorder
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Mean difference (95% confidence interval of the mean difference) in cross-sectional area (mm?) for WAD minus control for all

studies of acute whiplash injury (<3 months since motor vehicle trauma).

Spinal Level C2 c3 ca C5 C6
Matsumoto et al. [31]
Multifidus 56 (29 - 83) 46 (9 - 84) 49 (12 - 86)
Semispinalis cervicis 62 (25 - 98) 18 (-12- 47) 4 (-40 - 49)
Semispinalis capitis 26 (-55 - 108) 30 (-42 - 102) 15 (-44 - 74)
Splenius capitis -1 (-70 - 67) 4 (-69 - 78) 7 (-61 - 76)
Ulbrich et al. [32]
Deep extensors 1.0(-3-5) -3(6-1)
Total extensors 0(-13-13) 4 (-15 - 23)
Sternocleidomastoid -0.2 (-4 - 4)
Key: Increase in WAD compared to control Decrease in WAD compared to control No difference in WAD compared to control

WAD - whiplash associated disorder
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Mean difference (95% confidence interval of the mean difference) in cross-sectional area (mm?) for WAD minus control for all

studies of chronic whiplash injury (>3 months since motor vehicle trauma).

Spinal Level  Occ | a 2 . c3 ca . C5 c7
Matsumoto et al. [31]
Mult 31 (3 - 59) 42 (3 - 81) 54 (15 - 94)
SemiSCerv 51 (23 - 78) 30 (-2 - 62) 25 (-22 - 72)
SemiSCap 124 (30 - 218) 45 (-27 - 117) 37 (-21 - 95)
SpCap -10 (-90 - 70) 21 (-55 - 97) 0.5 (-76 - 77)
Elliott et al. [28]
Mult 10 (3 - 17) 31 (22 - 41) 42 (28 - 55) 23 (7 - 39) 23 (9 - 37)
SemiSCerv -16 (-27 - -4) -8 (-19 - 3) -22 (-34 - -10) 21 (-33 - -9) 2(-9-13)
SemiSCap 42 (22 - 61) 18 (3 - 34) -9(-23-6) -17 (-28 - -6) 1(-8-10)
SpCap 27 (12 - 41) 15 (-0.2 - 30) 0.8 (-15 - 13) -8 (-21-4) 5(-7 - 17)
Trap 6(-3-16) -2 (-26 - 23) -63 (-185 - 59) -109 (-288 - 71)  -173 (-330 - -16)
RCPm 4(-9-17)
RCPM 8 (-7 - 24)
Elliott et al. [29]
LCap/Colli 18 (6 - 29)* 37 (28 - 45) 28 (18 - 38)
SCM 26 (-25 - 77) 2 (-38 - 42)
Karlsson et al. [30]
Mult -15 (-48 - 19) 9 (-25 - 43) 10 (-33 - 52) 19 (-30 - 67)

Key: Increase in WAD compared to control

Decrease in WAD compared to control

No difference in WAD compared to control
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WAD - whiplash associated disorder; RCPM - rectus capitis posterior major; RCPm — rectus capitis posterior minor; SemiSCap - semispinalis capitis; Trap -
trapezius; LColli - longus colli; LCap - capitis; SpCap - splenius capitis; SemiSCerv - semispinalis cervicis; Mult - multifidus; SCM - sternocleidomastoid; IS —

interspinales cervicis; ObCaplnf - obliquus capitis inferior

*Longus capitis only at this level
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Table 5

Mean difference (95% confidence interval of the mean difference) in muscle fat infiltratet (expressed as fat:muscle ratio or mm?) for

WAD minus control for all studies of chronic whiplash injury (>3 months since motor vehicle trauma).

Spinal Level  Occ a 2 = o G _C6 _a
Elliott et al. [27]
Mult
SemiSCerv

SemiSCap
SpCap
Trap

RCPm
RCPM

Elliott et al. [29]

LCap/Colli_ [1006004=008)"] 000 (006-011)

SCM 0.02 (-0.01 - 0.05) 0.01 (-0.03 - 0.05)
Elliott et al. [34] — MFI differences expressed in mm?2

SemiSCerv -6.1(-18.1 - 5.9) 4.1(-7.9-16.1)
SemiSCap 2.7(-9.3-14.7)
SpCap 7.8(-4.2-19.8)
RCPm
RCPM
LCap/Coll  140(20-260)
SCM 10.4 (-1.6 - 22.4) 8.4 (-3.6 - 20.4)
Abbott et al [26]
Mult & 0.09 (0 - 0.18) 0.08 (0 - 0.16) _ 0.06 (-0.02 - 0.15)  0.07 (-0.04 - 0.2)
SemiSCenv'

Karlsson et al. [30]
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Mult 0.01 (-0.04 -0.06)  0.003 (-0.03 - 0.04)  0.02 (-0.02 - 0.05) 0.04 (-0.01 - 0.09)

Key: Increase in WAD compared to control Decrease in WAD compared to control No difference in WAD compared to control

WAD - whiplash associated disorder; RCPM - rectus capitis posterior major; RCPm — rectus capitis posterior minor; SemiSCap - semispinalis capitis; Trap -
trapezius; LColli - longus colli; LCap - capitis; SpCap - splenius capitis; SemiSCerv - semispinalis cervicis; Mult - multifidus; SCM - sternocleidomastoid; IS —

interspinales cervicis; ObCaplnf - obliquus capitis inferior

TMuscle fat infiltration was measured in three different ways but the data reported represents the differences within each study. Elliott et al. [27] [29] measured
the fat:muscle ratio and Elliott et al. [34] measured the area of fat in the muscle in mm?; Karlsson et al. [30] measured fat fraction (fat/[fat and water]); *Longus

capitis only at this level; 1= Multifidus and semispinalis cervicis were measured together
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—
c
o
i Records identified through Additional records identified
& database searching through other sources
E (n = 408) n=1)
=
l l
Records after duplicates removed
(n=380)
£
c
“
Records screened Records excluded
\_, (n=380) (n =346)

M !

Full-text articles assessed for

Full-text articles excluded,

eligibility > with reasons
(n=34) (n=26)
* Does not compare WAD to
l control {n=18)

®  Does not quantify muscle

Studies included in systematic morphometry (n = 6)
) review (n=8) *  Non-traumatic neck pain
= Elliott et al. [27-29, 34] in control group (n=1)
= *  Matsumoto et al. [31] * Age<l8yearsold (n=1)
E + Ulbrich etal. [32]
T=: *  Abbott etal. [26]
£ = Karlsson et al. [30]
-
c4
WAD Control Mean Difference Mean Difference
Study Mean SD Total Mean SD Total Weight [V, Random, 95% CI IV, Random, 95% CI
Elliott - 2008 100 25 79 63 22 34 443% 31.00(21.78,40.22) =
Karlsson- 2016 252 67 31 267 64 31 264% -15.00(-47.62,1762) —_——1
Matsumoto - 2012 249 61 23 217 56 60 293%  32.00(3.32,60.68) —_—
Total (95% CI) 133 125 100.0% 19.16 [-6.10,44.42] g
Heterogeneity: Tau® = 352.56; Chi*= 7.16, df= 2 (P = 0.03); F= 72% L7 + - 00
Testfor overall effect 2=1.49 (P =0.14) Increased in Control Increased in WAD
c5
Wi Control Mean Difference Mean Difference
Stu Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Elliott - 2008 127 34 79 8 3 34 571% 42.00(29.16,54.84) ——
Karlsson- 2016 277 72 31 268 62 31 227% 9.00[-24.45 42.45) e
Matsumoto - 2012 306 73 23 265 82 60 201% 41.00[4.66,77.34) ———
Total (95% CI) 133 125 100.0% 34.30 [15.34,53.27) B
Heterogeneity: Tau*= 120.87, Chi*= 3.29, df= 2 (P = 0.19), F= 39% 3_1 o0 -éﬂ 550 1005
Testfor overall effect Z= 3.55 (P = 0.0004) Increased in Control Increased in WAD
Cé
WAD Control Mean Difference Mean Difference
Study Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Elliott - 2008 140 37 79 117 48 34 590% 23.00(4.92, 41.08) ——
Karlsson - 2016 308 91 31 298 76 31 192% 10.00[31.74,51.74] —
Matsumoto - 2012 338 80 23 284 81 60 21.8% 54.00(15.41,92.59)
Total (95% CI) 133 125 100.0% 27.27 [7.21,47.33) e
Heterogeneity: Tau*= 92.51; Chi*= 2.69, df= 2 (P = 0.26), F= 26% i1 00 -.};0 5:0 100:
Testfor overall effect Z= 2.66 (P = 0.008) Increased in Control Increased in WAD
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c4
WAD Control Mean Difference Mean Difference
s Mean SO Total Mean SO Total W, a5l 1V, Random, 95% CI
‘Abbott- 2015 0244 0056 5 0167 0051 5 208%  008(001,014) —
Ellitt- 2006 0338 0063 79 0213 004 34 371% 013011014 -
Karisson- 2016 0198 0418 31 0189 0071 31 331% 001 004,008 ——
Total (95% C1) 15 70 1000%  0.07[0.01,045) ———
Heterageneity: Tau® = 0.00; Chi*= 19,62, df= 2 (P < 0.0001); = 0% o7 a1 01 02
Test for overall effect 2= 1.82 (P = 0.07) Increased in Control Increased in WAD
cs
WAD Control Mean Difference Mean Difference
stugy Mean SO Total Mean SO Total Weight IV, Random, 95% Ci W, 9% C1
‘Abbott- 2015 0234 0048 5 0157 0048 5 202%  003[002,014) e
Emos- 2006 0307 0056 79 0207 0037 34 368%  010[008,012) -
Karlsson- 2016 0146 0064 31 0143 008 31 340% 0004003004
Total (95% C1) 15 70 1000%  006[0.01,043)
Heterogenedy. Tau = 0.00; Chi*= 22,50, df= 2 (P < 0.0001), = 81% o7 [) XS]

Test for overall effect Z=1.75 (P = 0.08)

c6

Increased in Control Increased in WAD

WAD Control Mean Difference Mean Difference
Study or Subgroup _Mean __ SD Total Mean  SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Abbott- 2015 0234 0071 5 017 0045 5 257% 006001014 T
Elliott- 2006 0298 0058 79 0198 0033 3¢ 389% 10.08,0.12) -
Karlsson - 2016 0158 0086 31 0141 0053 31 354%  002}002008 -
Total (95% C1) 15 70 100.0%  0.06(:0.00,0.12) e
Heterogeneity. Taw?= 0.00; Ch*= 17.35, df= 2 (P = 0.0002); F= 89% = = = )
Teabroissact 2= (S35 =003 Increased n Control Increased in WAD
c7
WAD Control Mean Difference
Mean  SD Total Mean SD Total v, 5% a IV, Random, 85% C1
Abbott- 2015 0266 008 5 0199 006 5 230% 007(002,015 -
Emott - 2006 031 0066 79 0191 003 34 418%  0120010,0.14 -
Karlsson - 2018 0216 0092 31 0177 0088 31 352%  0.0410.01,008 -
Total (95% C1) 15 70 100.0%  0.08(0.02,0.14) e
Heterogenedy. Tau®= 0.00; Chi*= 11.41, df = 2 (P = 0,003); F= 82% 0] 4 o o3
Test for overall effect Z= 252 (P =0.01) Increasedin Control IncreasedinWAD




