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Abstract

Here we present a secondary analysis from a parent database of 97 acutely injured partici-
pants enrolled in a prospective inception cohort study of whiplash recovery after motor vehi-
cle collision (MVC). The purpose was to investigate the deep and superficial neck extensor
muscles with peri-traumatic computed tomography (CT) and longitudinal measures of mag-
netic resonance imaging (MRI) in participants with varying levels of whiplash-related disabil-
ity. Thirty-six underwent standard care imaging of the cervical spine with CT at a level-1
trauma designated emergency department. All 36 participants were assessed with MRI of
the cervical spine at <1-week, 2-weeks, 3-, and 12-months post-injury and classified into
three groups using initial pain severity and percentage scores on the Neck Disability Index
(recovered (NDI of 0—8%), mild (NDI of 10—28%), or severe (NDI > 30%)) at 3-months post
MVC. CT muscle attenuation values were significantly correlated to muscle fat infiltration
(MFI1) on MRI at one-week post MVC. There was no significant difference in muscle attenua-
tion across groups at the time of enrollment. A trend of lower muscle attenuation in the deep
compared to the superficial extensors was observed in the severe group. MFI values in the
deep muscles on MRI were significantly higher in the severe group when compared to the
mild group at 1-year post MVC. This study provides further evidence that the magnitude of
1) deep MFI appears unique to those at risk of and eventually transitioning to chronic WAD
and that 2) pre- or peri-traumatic muscular health, determined by CT muscle attenuation,
may be contribute to our understanding of long-term recovery.
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Introduction

Neck pain arising from a motor vehicle collision (MVC) can significantly influence quality of
life for nearly half of those exposed to and injured from such an event. [1] The term whiplash
arises from the osteokinematic observations of rapid multi-planar acceleration/deceleration of
the head and neck, [2] whereby a spectrum of tissue loading has been reported in cadavers,
animal species, and simulation. [3] These range from no apparent damage to strains beyond
physiological limits in the facet joints, [4, 5] partial ruptures of the facet capsule, [6] or damage
involving ligaments, [7] arteries, [8] and the intervertebral disc. [9]

The subsequent multifactorial clinical presentations, which are commonly referred to as
whiplash-associated disorders (WAD), [10] include, but are not limited to, neck-related dis-
ability, [11] sensorimotor disturbances, [12] distress, [13] and neck muscle degeneration and
weakness. [14-17] The personal, public, and socioeconomic burdens of WAD are complex
[18] with inconsistent scientific explanations [19] and a lack of strong evidence to mitigate the
persistent pain, disability, and loss of function for the millions affected worldwide. [20]

Those injured and experiencing persistent pain, disability, and loss of function may benefit
if findings from advanced diagnostic imaging studies were identified, related to the clinical
signs and symptoms, and able to inform a plan of care. However, no consistent relationship
between MVC-related pathology and the clinical course has been observed with conventional
imaging, leading to increased scepticism around the value of imaging findings. [21-23] How-
ever, one consistent magnetic resonance imaging (MRI) finding in whiplash appears interest-
ing; that of neck muscle fat infiltration (MFI), which i) has shown to be present in those with
chronic whiplash in both the deep and superficial neck muscles, [16, 24, 25] ii) appears to be
partisan to those with traumatic neck disorders, [26, 27] iii) is expressed to a larger magnitude
in those transitioning to chronic WAD-related disability, [14, 28] and iv) has been reported
across three different countries with different insurance schemas (Sweden, [15] Australia, [14]
and the United States [28, 29]).

Non-invasive quantification of muscle fat can be achieved with a number of imaging
modalities, such as computed tomography (CT) [30] and MRI. [31, 32] Water and fat MRI,
derived from multi-echo acquisitions (e.g. Dixon), provide for a robust measure [33] of track-
ing longitudinal changes to paraspinal muscle composition characterized by muscle fat. [34,
35] While such changes are interesting and show potential prognostic value, [28] it is difficult
to determine if these muscle changes are the cause or result of pain onset following injury. In
particular, does trauma to the head/neck (e.g. whiplash) cause such changes? Do other con-
founders like age, [36-39] sex, [39] body composition, [38, 40] physical activity levels, [41]
pain duration, [42, 43] or do co-occurring, [44, 45] or pre-collision overall health, [46] influ-
ence muscle composition?

Furthermore, while MRI measures of MFI have shown to be related to the severity of whip-
lash, referral for MR imaging in the acute stage is not considered to be ‘usually appropriate’
per available guidelines of suspected spine trauma unless there is neurological involvement or
overt ligamentous injury is suspected. [47-49] In the absence of overt cervical trauma or neu-
rological deficits, CT is the preferred initial imaging modality given the primary concern for
fracture. CT can also be used to evaluate the composition of muscle, but whether or not stan-
dard-of-care CT measures of muscle fat (determined by lower radiation attenuation) are also
related to MRI findings of neck MFI and the clinical course of whiplash is currently unknown.
The primary aim of this prospective study was to determine if peri-traumatic neck muscle
attenuation values from standard emergent care CT scans were correlated with higher expres-
sions of muscle fat on MRI within one-week post-MVC (primary aim 1a) and if these CT mea-
sures were related to severity-group differences one-year after whiplash injury (primary aim
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1b). A secondary aim was to determine if the expressions of fat were different across the multi-
layered deep and superficial muscles traversing the cervical region and if they related to the
heterogeneity of WAD recovery. A tertiary aim was to assess differences in MFI (as measured
by MRI) between those that recovered versus those that did not over a one-year time period
(for the deep neck extensors, superficial neck muscles), and to see if MFI at one-year post-
MVC was related to clinical outcomes of disability and pain intensity.

Materials and methods

This is a secondary analysis of data drawn from a prospective study investigating the neuro-
muscular mechanisms underlying poor recovery following an MVC-related whiplash injury
(ClinicalTrials.gov Identifier: NCT02157038). Ninety-seven participants were recruited, con-
sented, and enrolled via an urban academic emergency medicine department and were eligible
provided they both reported MV C-related neck pain (4 or > on a numeric pain rating scale)
and were within the Quebec Task Force Classification category of WAD Grade II (movement
restriction with no radicular symptoms). [10] Furthermore, participants were eligible for this
study provided they had sufficient probability of injury as predicted by either the Canadian
Cervical Spine Rule (CCR) or National Emergency X-Ray Utilization Study Low Risk Rule
(NEXUS) [50] criteria to warrant a CT scan of their cervical spine. As part of the longitudinal
parent study, all enrolled participants (whether they had a CT scan or not), underwent serial
MRI examination at < 1 week, 2-weeks, 3-months, and 12-months post injury to quantify
MFI in select bodily muscles. All participants completed a suite of questionnaires capturing
neck-related interference, hyperarousal, anxiety, depression, and a performed a motor task to
quantify maximal volitional plantar flexor torques (not reported in this sub-study).

Exclusion criteria were those participants younger than 18 or older than 65 years of age,
one or more previous MVC’s in their lifetime, treatment for neck pain disorders in the past
ten years, any nervous system disorder (e.g. stroke, Parkinson’s), metabolic system disorder
(e.g. diabetes), or those who, by standard emergency medical services’ protocols were deemed
to be at risk for multi-system trauma. The Institutional Review Board of Northwestern Univer-
sity, Feinberg School of Medicine granted approval (STU00090769) and all participants pro-
vided informed written consent.

Clinical outcomes

CT study. Clinically indicated cervical spine CT imaging (SOMATOM Force, Siemens,
Erlangen, Germany)—without contrast—was performed at the emergency medicine depart-
ment. 2.5mm helical images were obtained through the entire cervical spine, ranging from 70-
125 slices, kVp 100, reference mAs 335/300, detector collimation 0.6mm, and CT dose index
volume (CTDIvol) of 22.6L (mGy). Bone, soft-tissues, and the 2D coronal and sagittal recon-
structed images were reviewed and approved by board-certified neuroradiologists with specific
training in spine imaging. Defined regions of interest (ROIs) were manually traced bilaterally
over the following cervical muscles: multifidii, semispinalis cervicis, splenius capitis, and sterno-
cleidomastoids (SCMs) from C3-C7 on the CT scans. This was performed by a board-certified
orthopaedic resident of physical therapy (JF) with clinical specialization in cervical spine disor-
ders and research experience in manual segmentation of paraspinal muscles on CT and MRIL
The deep neck extensor group included the multifidii and semispinalis cervicis (combined for
measurement). The superficial neck group included the splenius capitis and the SCMs.

CT muscle fat analysis. A Hounsfield unit (HU) analysis using predefined HU ranges
demarcating adipose tissue (usually -190 to -30 HU) and muscle tissue (usually -29 HU to
+150 HU) was used to characterize muscle tissue based on radiation attenuation values
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Fig 1. Radiation attenuation map of neck muscles at C5. a) Subject 1 is a 32-year- old female with a body mass index of 25.8 kg m* with poor recovery at
12-months post-MVC. The paraspinal muscles exhibit extensive visible fat within the fascia surrounding skeletal muscle making up 5.1% of total tissue area.
Exclusive of the intermuscular fat, the mean overall radiation attenuation is 53.9 HU. b) Subject 2 is a 50-year-old male with a body mass index 27.5 kg m*
reporting full-recovery at 12-months post-MVC. There is much less visible regions of intermuscular fat infiltration (light blue) comprising 1.2% of total
area, a value on the order of 4 fold lower than Subject 1. Exclusive of the macroscopic fat infiltration, the muscles show an overall mean attenuation of 59.0

HU. Corresponding histograms display the HU ranges and counts for the deep (pink) and superficial (blue) musculature (purple represents the HU overlap
between the deep and superficial muscles).

https:/doi.org/10.1371/journal.pone.0234061.g001

between -190 and +150 HUs). [51] Fig 1a and 1b was created using ROIs drawn manually in
the Matlab programming environment. HU values were recorded from groupings of the
respective deep and superficial muscles. Histograms were created with a bin width of 10, from
-160 HU to +160 HU.

MRI study. All post-MVC MRI data were collected with a 3.0T Prisma scanner (Siemens,
Erlangen, Germany). A localizer scan and a T2-weighted sagittal turbo spin echo sequence was
performed to determine the location of the fat-water scan.

MRI muscle fat analysis. High-resolution 3D fat-water images of the cervical were
acquired using a dual-echo gradient-echo sequence (2-point Dixon, TR = 7.05 ms, TE1 = 2.46
ms, TE2 = 3.69 ms, flip angle = 12°, bandwidth = 510 Hz/pixel, FOV = 190 x 320 mm?, slab
oversampling of 20% with 40 partitions to prevent aliasing in the anterior-posterior direction,
in-plane resolution = 0.7 x 0.7 mm?, slice thickness = 3.0 mm, number of averages = 6, acquisi-
tion time = 4min 5s). A 64-channel head/neck coil was used as a receiver coil to improve sig-
nal-to-noise. This scan covered the cephalad portion of C3 through the caudal portion of the
C7 vertebral end plate.

Muscle water-fat quantification. Defined regions of interest (ROIs) were manually
traced over each of the bilateral cervical muscles from C3-C7 on the water-fat images. [32]
The deep and superficial neck muscle groups were defined in the same fashion as the CT
study (above) (Fig 2).

The MFI (%) from 3D water-fat imaging was created from the mean pixel intensity of fat-

only (Fat) and the mean pixel intensity of water-only (Water) images with the following equa-
tion:

MFI(%) = Fat/(Fat + Water) % 100
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Fig 2. Fat/water MRI of the deep and superficial neck muscles at C5 within one-week of the MVC. a) represents the 32-year-old female with poor
recovery at 12-months post-MVC with corresponding MFI values (%). b) represents the 50-year-old male reporting full-recovery at 12-months post-MVC
with corresponding MFI values (%).

https://doi.org/10.1371/journal.pone.0234061.9002

Subjective (self-reported) clinical outcomes

Self-reported neck-related disability. Self-reported neck-related disability was measured
using the Neck Disability Index (NDI), which has been used extensively to quantify neck dis-
ability. [52] Percentage scores > 30% have been reported to indicate moderate/severe neck-
related disability. [28] Previous literature has shown that recovery occurs for a substantial pro-
portion of patients in the initial 3 months after the MVC, but recovery rates level off and show
little improvement after 3 months. [53]

The numeric pain rating scale (NPRS). Is a self-report unidimensional measure of pain
intensity in which the respondent selects a whole number (0-10 integers) that best reflects the
intensity of their pain. [11] Higher initial pain (> 5.5/10) intensity has been associated with
worse outcomes. [11]

Accordingly, participants were classified as severe based on an initial NPRS score of > 5/10
in tandem with an NDI score of > 30% at 3 months (the other two groups were classified
0-8%, recovered, 10-28%, mild).

Statistical analyses

All analyses were performed using SPSS Version 23.0 statistical software (IBM Corporation,
Armonk, NY). Baseline descriptive statistics were summarized and assessed for potentially
important differences. Pearson correlations were used to establish relationships between CT
and MRI measures of MFI, for both the deep and superficial muscles (primary aim 1a). Peri-
traumatic CTs between the three groups were compared with analysis of covariance
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Table 1. Age, gender, and demographics of subject groups. Data displayed as mean (SD) except gender (%).

Age (years) 34.5 (10.4) 35.6 (12.5) 35.2(12.2)
Gender (n, % Female)** 84.6 100.0 72.7
BMI (Kg/m?) 24.6 (3.9) 23.1(3.8) 25.5 (5.6)
NDI(%) 30.5 (12.6) 38.2 (15.9) 49.5 (13.6)
Pain Intensity (NPRS) 3.9(2.3) 53(2.2) 7.7 (1.7)
NDI (%) 25.8 (16.6) 30.3 (11.6) 47.5 (12.0)
Pain Intensity (NPRS) 3.5(2.1) 5.1(2.2) 7.0 (2.0)
NDI (%) 5.2(4.9) 21.3(9.9) 39.7 (11.6)
Pain Intensity (NPRS) 1.2 (1.1) 3.6 (2.0) 4.2 (3.0)
NDI (%) 8.6 (9.9) 20.0 (6.5) 23.2(16.9)
Pain Intensity (NPRS) 1.6 (2.2) 3.9(2.3) 4.1 (3.8)

BMI: Body Mass Index

NDI: Neck Disability Index

MVC: Motor Vehicle Collision

NRPS: Numeric Pain Rating Scale

t1: time point 1

t2: time point 2

t3: time point 3

t4: time point 4

**86.1% (31/36) of our cohort were Female

https://doi.org/10.1371/journal.pone.0234061.t001

(ANCOVA) for the deep, superficial muscles with age as a covariate (primary aim 1b). For
MRI measures of MFI, changes across time for the deep and the superficial muscles were
assessed using linear mixed modelling. Group, time and group-by-time interactions were
modelled as fixed effects, and MFI was estimated using separate, random-intercept, and slope
linear mixed models. Baseline scores and age were used as covariates in the model. The pri-
mary analysis of interest was the adjusted pairwise comparison of each muscle group at the
one-year follow-up (secondary aim). In the severe group, planned comparisons of the deep
and superficial muscles using MRI at all four time points were performed with paired t-tests
(secondary aim). Lastly, Pearson correlations were used to establish relationships of MRI mea-
sures of MFI at the one-year timepoint versus both the NDI and the NPRS (tertiary aim).

Results and discussion
The demographics of all participants are displayed in Table 1 (with 13/36 (36%) recovered; 12/
36 (33%) mild; 11/36 (31%) severe). Muscle attenuation from emergent care CT (Table 2) and

Table 2. Computed tomography radiation attenuation values for deep and superficial neck muscles in groups at
the time of emergency department visit. Data displayed as Hounsfield Units mean (SD).

Deep 52.5 (7.0) 48.5(7.9) 47.1(7.7)
Superficial 49.2 (6.4) 46.4 (5.7) 47.4(6.7)

https://doi.org/10.1371/journal.pone.0234061.t1002
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Fig 3. Correlations between. a) deep and b) superficial muscle attenuation from emergent care CT and < 1-week MRI measures of MFI.

https://doi.org/10.1371/journal.pone.0234061.9003

the within < 1-week MRI measures of MFI were significantly correlated, for both the deep (R
=-0.67, p < 0.001) and superficial groups (R = -0.34, p = 0.047) (Fig 3a and 3b) (primary aim
la).

The peri-traumatic CT measure of muscle attenuation, based on HUs, in the deep muscles
showed a trend of being worse (lower attenuation) in the severe group compared to the recov-
ered group (mean difference 5.18 HU, 95% CI: 0.23 to 10.58, p = 0.06 (primary aim 1b). How-
ever, there was no group differences for muscle attenuation measured by CT for superficial
neck muscles (p = 0.57) or for the SCMs (p = 0.65). The deep muscles had significantly greater
MFI on MRI at all timepoints compared to the superficial muscles (p < .001) (Table 3) (sec-
ondary aim). There were no significant group by time interactions for the deep or superficial
neck muscles as measured by MRI in this subsample (n of 36) of the larger prospective study
(n of 97). However, there were significant pairwise comparisons for the deep neck muscles
with the severe group exhibiting greater MFI at 1-year compared to the recovered group
(p < 0.05). For the deep muscles, the severe group had larger amounts of MRI-measured MFI
at 1-year post-MVC (p < 001). MFI of the deep muscles on MRI at one year was significantly
correlated with NDI scores (R = 0.43, p = 0.02) and showed a trend for NPRS (R = 0.33,

p = 0.08) (tertiary aim).

Consistent with previous investigations, [14-16, 28] this study provides further evidence
for the presence of neck muscle fat in participants with varying levels of neck-related interfer-
ence following MVC-related whiplash injury. Unique to this study was the observed trend of
reduced attenuation values for the deep neck muscles (suggestive of greater adipose tissue dis-
tribution and less likely to be characteristic of healthy muscle) [54] on clinically warranted CT
scans in the group of participants who later demonstrated a worse outcome at 1-year post-
MVC. The severe group also exhibited significantly greater muscle fat in the deep muscles at
1-year post-MVC with MRI when compared to those reporting milder pain. This contrasted
our findings where no appreciable group differences in the superficial muscle MFI percentages
were identified at any time point on MRI, suggesting composition of the deep cervical muscles
may contribute to overall cervical spine health, and represent a biomarker for susceptibility of
chronic WAD. It is plausible the deep extensors may contain more intermuscular fat than the
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Table 3. Magnetic resonance MFI % in groups across all 4 time points. Data displayed as mean (SD).

Deep 17.5 (4.2) 19.8 (7.5) 21.1(6.5)
Superficial 7.9 (3.8) 10.7 (4.2) 7.6 (4.1)
Deep 17.3 (4.0) 19.5 (7.0) 21.6 (5.9)
Superficial 7.7 (4.2) 9.1(3.2) 7.7 (3.6)
Deep 17.8 (4.7) 19.1 (6.7) 22.1(6.1)
Superficial 8.4 (5.2) 9.8 (3.2) 7.3(3.2)
Deep 17.0 (5.3) 19.9 (7.8) 22.2(6.2)
Superficial 7.0 (3.5) 9.6 (3.4) 10.0 (3.2)

MEFI: Muscle Fat Infiltration
MVC: Motor Vehicle Collision
t1: time point 1

t2: time point 2

t3: time point 3

t4: time point 4

https://doi.org/10.1371/journal.pone.0234061.t003

superficial muscles. Accordingly, the higher MFI in the deep muscles (multifidus and semispi-
nalis cervicis) may be the consequence of poorer muscle quality that is realized when segment-
ing them together. Future work, using higher resolution MRI, should aim to segment the two
deeper muscles in isolation and consider the spatial distribution in tandem with the magnitude
of MFL [55, 56]

Previous work using T1-weighted and fat/water imaging demonstrated greater expressions
of MFI over time, occurring in the deep muscles between 1-2 weeks [28] and in all of the neck
muscles at 1-month post injury. [14] This particular study also identified larger magnitudes of
MFI in the deep muscles on fat/water MRI in those with poor recovery, but this was not fea-
tured in all of the neck muscles. These findings do not definitively answer questions around
cause-and-effect of MFI in whiplash or their influence on recovery. However, the presence of
more inter- and intra-muscular fat in the deeper muscles traversing the cervical spine raises
questions as to whether the biological health (e.g. size and composition) of these muscles con-
tributes to a potential phenotypic expression of chronic WAD and if it translates to long-term
deficits in motor function specific to the neck or in general, the entire body. [16, 29, 57, 58]

Clinical imaging guidelines, such as the American College of Radiology—Appropriateness
Criteria exist and are used to assist providers in making the most appropriate decision with
respect to the performance of imaging tests for a specific clinical condition. The criteria for
determination of whether imaging is indicated in suspected spine trauma, and the recom-
mended modality are based upon the CCR and the NEXUS criteria. In the presence of positive
clinical assessment findings derived from the CCR [59] or the NEXUS, [60] CT is the initial
imaging modality determined to be usually appropriate. Of interest, only 36 of the 97 enrolled
participants (37% of the total cohort) underwent a CT of the cervical spine at the discretion of
the treating emergency medicine clinicians who felt the patient had sufficient probability of
injury (e.g. midline tenderness, excessive pain, limited mobility) as predicted by either the
CCR or NEXUS criteria to warrant imaging. [50] This is not to suggest the remaining 61 par-
ticipants were not injured, rather the decision to forego imaging was the result of the patient’s
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negative status on the CCR or NEXUS, and the exam findings from the treating emergency
medicine clinician.

While CT (due to its rapid image acquisition and near ubiquitous availability twenty-four
hours a day in most emergency medicine departments) is the modality of choice to rule out
traumatic fracture or other destabilizing injury, [49] it can also provide for a measure of mus-
cle and fat [54] and pre-existing degenerative pathologies. [61] In our study, the available
emergent, and clinically warranted, CT scans were used to determine the peri-traumatic com-
position of deep and superficial neck muscles using pre-determined radiation attenuation
ranges for muscle and fat. [51] Interestingly, our results demonstrate a trend for lower HUs
(suggesting less muscle and greater distributions of adipose tissue) in the deeper muscles but
not in the superficial muscles, just hours after the crash. (Fig 1a and 1b) This is consistent with
the longitudinal MRI findings where MFI of the deeper muscles defined group differences at
each time point. And, consistent with the wider whiplash literature, ~31% of the cohort (11/
36) followed a poor recovery trajectory, 33% (12/36) reported milder neck-related disability
and 36% (13/36) recovered spontaneously.

Reductions in muscle attenuation on CT have shown to be a result of i) older age, [62, 63]
ii) obesity, [64, 65] iii) diabetes, [64, 65] iv) cancer, [66, 67] v) degenerative conditions of the
spine [68] or peripheral joints. [51, 69] Each of these conditions is associated with reduced
attenuation on the order of 3-6 HU, [51] which fits our group mean difference of 5.18 HU
with the severe group having lower radiation attenuation of the deep muscles on acute CT. Of
note, the Hounsfield attenuation coefficient ranges typically reported in the literature tend to
agree that adipose tissue lies between -190 and -30 HU, 54, 70] and that muscle is typically
from 0 to somewhere between +100 HU or more. This leaves a gap from -29 to 0 HU that may
be considered a ‘transition area’ between muscle and fat, or often considered to be “low attenu-
ation muscle tissue”. [54] Moreover, additional infiltration of adipose tissue within muscle, has
shown to decrease the muscle density value below + 50 HU. [54] While all of our participants
had neck muscle attenuation values that primarily fell within the HU range consistent with
muscle, those with an eventual poor recovery profile presented with lower attenuation values
(< + 50 HU) across a wider range compared to those who considered themselves recovered.
While the precise mechanisms for these findings are unknown, it is plausible that lower CT
muscle attenuation in the aftermath of the MVC may suggest poor pre-collision muscle health
or an acute inflammatory response to injury, either of which could yield prognostic value.
Controlled prospective cohort studies with larger sample sizes are warranted to determine if
peri-traumatic muscle attenuation analyses from standard of care CT scans would add to our
mechanistic understanding of muscle compositional changes and whether such changes
enhance the prognostic profile of whiplash on a patient-by-patient basis.

We can be confident the findings of lower attenuation in the deep neck muscles at the time
of injury are not the result of diabetes, cancer, or previous trauma with neck disorders, as we
were careful to screen each participant for such past medical histories or conditions. The
effects of age on deep or superficial muscle composition are difficult to evaluate precisely as
age-related deconditioning, loss of fat-free muscle mass, reduced strength and endurance
could all influence lower muscle attenuation due to atrophy and increased fat mass. This sub
study was unable to determine any potential age effect as the mean age across all three groups
was similar; Severe (mean age 35.2); recovered (mean age 34.5) and those with milder symp-
toms (mean age of 35.6) (see Table 1). To our knowledge, little is known about CT muscle
attenuation in healthy people across the lifespan or the influence of demographic and anthro-
pometric variables, such as age, sex, body habitus, and ethnicity. [37] Normal age- and sex-
related change in muscle composition needs to be established.
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While the MRI findings of muscle fat have been widely reported across a number of muscu-
loskeletal conditions (spinal pain, [71, 72] acute to chronic whiplash, [73] rotator cuff pathol-
ogy, [74] knee osteoarthritis. [75, 76]) and neuromuscular disorders (e.g. Charcot-Marie
Tooth neuropathy, [77] Duchenne muscular dystrophy, [78] Pompe disease, [79] facioscapulo-
humeral dystrophy, [80] spinal muscular atrophy [81], spinal cord injury [82]), clinical prac-
tice is not amenable to the serial performance of an expensive and often difficult to access MRI
for each and every patient with any of these conditions. This is not to suggest patients receiving
care (or clinical practice) “need(s) more imaging” to answer such clinical questions. On the
contrary, it is plausible that the warranted cervical spine CT exam at the time of the emergency
medicine visit could be used as a measure of pre- or peri-traumatic muscle health to uncover a
potential phenotypic expression of chronic WAD. [61] Future prospective work is required.

Another limitation of our study relates to the accuracy of comparing HUs to MFI % from
fat/water MRI. While muscle attenuation from emergent care CT was negatively correlated to
the within < 1-week MRI measures of MFI, a 1:1 relationship does not exist. It is plausible that
MRI measurement errors due to field inhomogeneity, patient characteristics (body habitus)
and movement artefact, which limit spatial resolution, could explain the disparities. However,
muscle fat infiltration on either CT or MRI continues to emerge as a potential biomarker of
systemic, musculoskeletal, and neuromuscular disorders, being linked to reduced strength,
impaired physical function, risk for fracture, increased pain, and pathology. [51]

The small number of participants that underwent a CT is both a limitation and a positive
finding. It is a limitation in that it can, at its best, only provide a foundation for establishment
of a new diagnostic/prognostic landscape for WAD. Accordingly, future prospective studies
should aim to include a larger number of participants where CT scan is clinically warranted
and can be used to compare muscle attenuation to findings of MFI using advanced MRI. On
the contrary, the low number of participants receiving CT scan in this study reflects good clini-
cal practice whereby existing imaging guidelines (CCR and NEXUS) are used to help guide
informed clinical decisions, avoiding unnecessary exposure to ionizing radiation.

Conclusions

Inter- and intra-muscular fat infiltration is a potential cause of reduced attenuation of muscle
on CT and this has been featured in participants with limited mobility, obesity, diabetes, can-
cer, and degenerative conditions of the spine and peripheral joints. Findings from this prelimi-
nary work suggests that neck muscle attenuation profiles on clinically warranted CT scans in
the peritraumatic stage may be a piece of the clinical picture. Further research is required to
determine if and how such muscle profiles contribute to recovery models in whiplash and
whether they would contribute towards informing management strategies.

Supporting information

S1 Data.
(XLS)

Author Contributions

Conceptualization: James M. Elliott, Andrew C. Smith, Ken A. Weber, II, Mat Haager, Marie
Wasielewski, D. Mark Courtney, Todd B. Parrish.

Data curation: James M. Elliott, Andrew C. Smith, Mark A. Hoggarth, Marie Wasielewski,
Todd B. Parrish.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234061 June 2, 2020 10/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234061.s001
https://doi.org/10.1371/journal.pone.0234061

PLOS ONE

Imaging of muscle fat in whiplash

Formal analysis: James M. Elliott, Andrew C. Smith, Mark A. Hoggarth, Stephanie R. Albin,
Ken A. Weber, II, Mat Haager, Joel Fundaun, Marie Wasielewski, D. Mark Courtney, Todd
B. Parrish.

Funding acquisition: James M. Elliott, Marie Wasielewski, D. Mark Courtney, Todd B.
Parrish.

Investigation: James M. Elliott, Ken A. Weber, II, Joel Fundaun, Marie Wasielewski, Todd B.
Parrish.

Methodology: James M. Elliott, Andrew C. Smith, Mark A. Hoggarth, Stephanie R. Albin, Ken
A. Weber, II, Mat Haager, Joel Fundaun, D. Mark Courtney, Todd B. Parrish.

Project administration: James M. Elliott, Ken A. Weber, 11, Marie Wasielewski, D. Mark
Courtney, Todd B. Parrish.

Resources: James M. Elliott, Mark A. Hoggarth, Stephanie R. Albin, Ken A. Weber, II, Mat
Haager, Marie Wasielewski, D. Mark Courtney, Todd B. Parrish.

Software: Andrew C. Smith, Mark A. Hoggarth, Stephanie R. Albin, Ken A. Weber, II, Mat
Haager, Joel Fundaun, Marie Wasielewski, D. Mark Courtney.

Supervision: James M. Elliott, Joel Fundaun, D. Mark Courtney, Todd B. Parrish.

Writing - original draft: James M. Elliott, Andrew C. Smith, Mark A. Hoggarth, Stephanie R.
Albin, Ken A. Weber, II, Mat Haager, Joel Fundaun, Marie Wasielewski, D. Mark Court-
ney, Todd B. Parrish.

Writing - review & editing: James M. Elliott, Andrew C. Smith, Mark A. Hoggarth, Stephanie
R. Albin, Ken A. Weber, II, Mat Haager, Joel Fundaun, Marie Wasielewski, D. Mark Court-
ney, Todd B. Parrish.

References

1. Carroll LJ, Holm LW, Hogg-Johnson S, et al. Course and prognostic factors for neck pain in whiplash-
associated disorders (WAD): results of the Bone and Joint Decade 2000-2010 Task Force on Neck
Pain and Its Associated Disorders. J Manipulative Physiol Ther 2009 Feb; 32:5S97-S107 https://doi.
org/10.1016/j.jmpt.2008.11.014 PMID: 19251080

2. Gay JR, Abbott K. Common Whiplash Injuries of the Neck. JAMA 1953; 152:1698-1704.

Siegmund GP, Winkelstein BA, lvancic PC, Svensson MY, Vasavada A. The anatomy and biomechan-
ics of acute and chronic whiplash injury. Traffic Inj Prev2009; 10:101-112 https://doi.org/10.1080/
15389580802593269 PMID: 19333822

4, Pearson AM, Ivancic PC, Ito S, Panjabi MM. Facet joint kinematics and injury mechanisms during simu-
lated whiplash. Spine (Phila Pa 1976) 2004; 29:390-397

5. Yoganandan N, Pintar FA, Cusick J. Biomechanical Analyses of Whiplash Injuries Using an Experimen-
tal Mode. Accid Anal Prev2002; 34:663—671. https://doi.org/10.1016/s0001-4575(01)00066-5 PMID:
12214961

6. Winkelstein B, Nightingale R, Richardson W, Myers B. The cervical facet capsule and its role in whip-
lash injury: a biomechanical investigation. Spine 2000 May 15; 25:1238-1246 https://doi.org/10.1097/
00007632-200005150-00007 PMID: 10806500

7. lvancic PC, Pearson AM, Panjabi MM, Ito S. Injury of the anterior longitudinal ligament during whiplash
simulation. Eur Spine J 2004; 13:61-68 https://doi.org/10.1007/s00586-003-0590-3 PMID: 14618382

8. Ivancic PC, Ito S, Tominaga Y, Carlson EJ, Rubin W, Panjabi MM. Effect of rotated head posture on
dynamic vertebral artery elongation during simulated rear impact. Clin Biomech (Bristol, Avon) 2006;
21:213-220

9. Ito 'S, Ivancic PC, Pearson AM, et al. Cervical intervertebral disc injury during simulated frontal impact.
Eur Spine J2005; 14:356-365 https://doi.org/10.1007/s00586-004-0783-4 PMID: 15940480

PLOS ONE | https://doi.org/10.1371/journal.pone.0234061 June 2, 2020 11/15


https://doi.org/10.1016/j.jmpt.2008.11.014
https://doi.org/10.1016/j.jmpt.2008.11.014
http://www.ncbi.nlm.nih.gov/pubmed/19251080
https://doi.org/10.1080/15389580802593269
https://doi.org/10.1080/15389580802593269
http://www.ncbi.nlm.nih.gov/pubmed/19333822
https://doi.org/10.1016/s0001-4575(01)00066-5
http://www.ncbi.nlm.nih.gov/pubmed/12214961
https://doi.org/10.1097/00007632-200005150-00007
https://doi.org/10.1097/00007632-200005150-00007
http://www.ncbi.nlm.nih.gov/pubmed/10806500
https://doi.org/10.1007/s00586-003-0590-3
http://www.ncbi.nlm.nih.gov/pubmed/14618382
https://doi.org/10.1007/s00586-004-0783-4
http://www.ncbi.nlm.nih.gov/pubmed/15940480
https://doi.org/10.1371/journal.pone.0234061

PLOS ONE

Imaging of muscle fat in whiplash

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Spitzer W, Skovron M, Salmi L, Cassidy J, Duranceau J, Suissa S, et al. Scientific Monograph of Que-
bec Task Force on Whiplash Associated Disorders: redefining "Whiplash "and its management. Spine
1995; 20:1-73

Walton DM, Macdermid JC, Giorgianni AA, Mascarenhas JC, West SC, Zammit CA. Risk factors for
persistent problems following acute whiplash injury: update of a systematic review and meta-analysis. J
Orthop Sports Phys Ther2013; 43:31-43 https://doi.org/10.2519/jospt.2013.4507 PMID: 23322093

Treleaven J. Dizziness, Unsteadiness, Visual Disturbances, and Sensorimotor Control in Traumatic
Neck Pain. J Orthop Sports Phys Ther2017; 47:492-502 https://doi.org/10.2519/jospt.2017.7052
PMID: 28622488

Craig A, Tran 'Y, Guest R, et al. Psychological impact of injuries sustained in motor vehicle crashes: sys-
tematic review and meta-analysis. BMJ Open 2016; 6:€011993 https://doi.org/10.1136/bmjopen-2016-
011993 PMID: 27609849

Elliott J, Pedler A, Kenardy J, Galloway G, Jull G, Sterling M. The temporal development of fatty infil-
trates in the neck muscles following whiplash injury: an association with pain and posttraumatic stress.
PL0S One 2011; 6:€21194 https://doi.org/10.1371/journal.pone.0021194 PMID: 21698170

Karlsson A, Leinhard OD, Aslund U, et al. An Investigation of Fat Infiltration of the Multifidus Muscle in
Patients With Severe Neck Symptoms Associated With Chronic Whiplash-Associated Disorder. J
Orthop Sports Phys Ther2016; 46:886—893 https://doi.org/10.2519/jospt.2016.6553 PMID: 27590177

Abbott R, Peolsson A, West J, et al. The qualitative grading of muscle fat infiltration in whiplash using fat
and water magnetic resonance imaging. Spine J2018; 18:717-725 https://doi.org/10.1016/j.spinee.
2017.08.233 PMID: 28887274

Krogh S, Kasch H. Whiplash injury results in sustained impairments of cervical muscle function: A one-
year prospective, controlled study. J Rehabil Med 2018; 50:548-555 https://doi.org/10.2340/
16501977-2348 PMID: 29767228

Jull G. Whiplash Continues Its Challenge. J Orthop Sports Phys Ther2016; 46:815-817 https://doi.org/
10.2519/jospt.2016.0112 PMID: 27690840

Elliott JM, Walton D. How Do We Meet the Challenge of Whiplash? Journal of Orthopaedic & Sports
Physical Therapy 2017; 47

Sterling M, Smeets R, Keijzers G, Warren J, Kenardy J. Physiotherapist-delivered stress inoculation
training integrated with exercise versus physiotherapy exercise alone for acute whiplash-associated
disorder (StressModex): a randomised controlled trial of a combined psychological/physical interven-
tion. BrJ Sports Med 2019;

Nakashima H, Yukawa Y, Suda K, Yamagata M, Ueta T, Kato F. Abnormal findings on magnetic reso-
nance images of the cervical spines in 1211 asymptomatic subjects. Spine (Phila Pa 1976) 2015;
40:392-398

Matsumoto M, Ichihara D, Okada E, et al. Cross-sectional area of the posterior extensor muscles of the
cervical spine in whiplash injury patients versus healthy volunteers—10 year follow-up MR study. Injury
2012; 43:912-916 https://doi.org/10.1016/j.injury.2012.01.017 PMID: 22310029

Matsumoto M, Ichihara D, Okada E, et al. Modic changes of the cervical spine in patients with whiplash
injury: A prospective 11-year follow-up study. Injury 2013; 44:819-824 https://doi.org/10.1016/j.injury.
2012.12.001 PMID: 23273320

Elliott J, Jull G, Noteboom JT, Darnell R, Galloway G, Gibbon WW. Fatty infiltration in the cervical exten-
sor muscles in persistent whiplash-associated disorders: a magnetic resonance imaging analysis.
Spine 2006; 31:E847-855 https://doi.org/10.1097/01.brs.0000240841.07050.34 PMID: 17047533

Pedler A, McMahon K, Galloway G, Durbridge G, Sterling M. Intramuscular fat is present in cervical mul-
tifidus but not soleus in patients with chronic whiplash associated disorders. PLoS One 2018; 13(5):
e0197438. https://doi.org/10.1371/journal.pone.0197438 eCollection 2018. PMID: 29795590

Elliott JM, Pedler AR, Jull GA, Van Wyk L, Galloway GG, O’Leary S. Differential Changes in Muscle
Composition Exist in Traumatic and Non-Traumatic Neck Pain. Spine (Phila Pa 1976) 2014; 39:39-47

Elliott J, Sterling M, Noteboom JT, Darnell R, Galloway G, Jull G. Fatty infiltrate in the cervical extensor
muscles is not a feature of chronic, insidious-onset neck pain. Clin Radiol 2008; 63:681-687 https://doi.
org/10.1016/j.crad.2007.11.011 PMID: 18455560

Elliott JM, Courtney DM, Rademaker A, Pinto D, Sterling MM, Parrish TB. The Rapid and Progressive
Degeneration of the Cervical Multifidus in Whiplash: An MRI Study of Fatty Infiltration. Spine (Phila Pa
1976) 2015; 40:E694—700

Smith AC, Parrish TB, Hoggarth M, et al. Potential associations between chronic whiplash and incom-
plete spinal cord injury. Spinal Cord Ser Cases 2015; 1. pii: 15024.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234061 June 2, 2020 12/15


https://doi.org/10.2519/jospt.2013.4507
http://www.ncbi.nlm.nih.gov/pubmed/23322093
https://doi.org/10.2519/jospt.2017.7052
http://www.ncbi.nlm.nih.gov/pubmed/28622488
https://doi.org/10.1136/bmjopen-2016-011993
https://doi.org/10.1136/bmjopen-2016-011993
http://www.ncbi.nlm.nih.gov/pubmed/27609849
https://doi.org/10.1371/journal.pone.0021194
http://www.ncbi.nlm.nih.gov/pubmed/21698170
https://doi.org/10.2519/jospt.2016.6553
http://www.ncbi.nlm.nih.gov/pubmed/27590177
https://doi.org/10.1016/j.spinee.2017.08.233
https://doi.org/10.1016/j.spinee.2017.08.233
http://www.ncbi.nlm.nih.gov/pubmed/28887274
https://doi.org/10.2340/16501977-2348
https://doi.org/10.2340/16501977-2348
http://www.ncbi.nlm.nih.gov/pubmed/29767228
https://doi.org/10.2519/jospt.2016.0112
https://doi.org/10.2519/jospt.2016.0112
http://www.ncbi.nlm.nih.gov/pubmed/27690840
https://doi.org/10.1016/j.injury.2012.01.017
http://www.ncbi.nlm.nih.gov/pubmed/22310029
https://doi.org/10.1016/j.injury.2012.12.001
https://doi.org/10.1016/j.injury.2012.12.001
http://www.ncbi.nlm.nih.gov/pubmed/23273320
https://doi.org/10.1097/01.brs.0000240841.07050.34
http://www.ncbi.nlm.nih.gov/pubmed/17047533
https://doi.org/10.1371/journal.pone.0197438
http://www.ncbi.nlm.nih.gov/pubmed/29795590
https://doi.org/10.1016/j.crad.2007.11.011
https://doi.org/10.1016/j.crad.2007.11.011
http://www.ncbi.nlm.nih.gov/pubmed/18455560
https://doi.org/10.1371/journal.pone.0234061

PLOS ONE

Imaging of muscle fat in whiplash

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Sebro R. Obesity, Hepatic Steatosis, and Their Impact on Fat Infiltration of the Trunk Musculature
Using Unenhanced Computed Tomography. J Comput Assist Tomogr2017; Mar/Apr; 41(2):298-301.
https://doi.org/10.1097/RCT.0000000000000507 PMID: 28230568

Reeder SB, Hu HH, Sirlin CB. Proton density fat-fraction: a standardized MR-based biomarker of tissue
fat concentration. J Magn Reson Imaging 2012; 36:1011-1014 https://doi.org/10.1002/jmri.23741
PMID: 22777847

Dixon W. Simple proton spectroscopic imaging. Radiology 1984; 153

Yoo YH, Kim HS, Lee YH, et al. Comparison of Multi-Echo Dixon Methods with Volume Interpolated
Breath-Hold Gradient Echo Magnetic Resonance Imaging in Fat-Signal Fraction Quantification of Para-
vertebral Muscle. Korean J Radiol 2015; 16:1086—1095 https://doi.org/10.3348/kjr.2015.16.5.1086
PMID: 26357503

Fortin M, Omidyeganeh M, Battie MC, Ahmad O, Rivaz H. Evaluation of an automated thresholding
algorithm for the quantification of paraspinal muscle composition from MRI images. Biomedical Engi-
neering Onlin2017; 16:61

Smith AC, Parrish TB, Abbott R, et al. Muscle-fat MRI: 1.5 Tesla and 3.0 Tesla versus histology. Muscle
Nerve 2014; 50:170—-176 https://doi.org/10.1002/mus.24255 PMID: 24677256

Crawford R, Volken T, Valentin S, Melloh M, Elliott J. Rate of lumbar paravertebral muscle fat infiltration
versus spinal degeneration in asymptomatic populations: An age- aggregated cross-sectional simula-
tion study. BMC Scoliosis and Spinal Disorders 2016 Aug 5; 11:21-29

Crawford RJ, Elliott JM, Volken T. Change in fatty infiltration of lumbar multifidus, erector spinae, and
psoas muscles in asymptomatic adults of Asian or Caucasian ethnicities. Eur Spine J2017; 26:3059—
3067 https://doi.org/10.1007/s00586-017-5212-6 PMID: 28698963

Valentin S, Licka T, Elliott J. Age and side-related morphometric MRI evaluation of trunk muscles in
people without back pain. Manual therapy 2015; 20:90-95 https://doi.org/10.1016/j.math.2014.07.007
PMID: 25085813

Crawford RJ, Filli L, Elliott JM, et al. Age- and Level-Dependence of Fatty Infiltration in Lumbar Paraver-
tebral Muscles of Healthy Volunteers. AUNR Am J Neuroradiol 2016; 37:742-748 https://doi.org/10.
3174/ajnr.A4596 PMID: 26635285

Fortin M, Videman T, Gibbons LE, Battie MC. Paraspinal muscle morphology and composition: a 15-yr
longitudinal magnetic resonance imaging study. Medicine and science in sports and exercise 2014;
46:893-901 https://doi.org/10.1249/MSS.0000000000000179 PMID: 24091994

Fortin M, Yuan Y, Battie MC. Factors associated with paraspinal muscle asymmetry in size and compo-
sition in a general population sample of men. Physical therapy 2013; 93:1540-1550 https://doi.org/10.
2522/ptj.20130051 PMID: 23813083

Goubert D, De Pauw R, Meeus M, et al. Lumbar muscle structure and function in chronic versus recur-
rent low back pain: a cross-sectional study. Spine J2017; 17:1285-1296 https://doi.org/10.1016/j.
spinee.2017.04.025 PMID: 28456669

Wan Q, Lin C, Li X, Zeng W, Ma C. MRI assessment of paraspinal muscles in patients with acute and
chronic unilateral low back pain. BrJ Radiol2015; 88:20140546 https://doi.org/10.1259/bjr.20140546
PMID: 26105517

Fortin M, Dobrescu O, Courtemanche M, et al. Association Between Paraspinal Muscle Morphology,
Clinical Symptoms and Functional Status in Patients With Degenerative Cervical Myelopathy. Spine
2017; Feb 15; 42(4):232—239 https://doi.org/10.1097/BRS.0000000000001704 PMID: 28207658

Ploumis A, Michailidis N, Christodoulou P, Kalaitzoglou |, Gouvas G, Beris A. Ipsilateral atrophy of para-
spinal and psoas muscle in unilateral back pain patients with monosegmental degenerative disc dis-
ease. BrJ Radiol2011; 84:709-713 https://doi.org/10.1259/bjr/58136533 PMID: 21081573

Osterland TB, Kasch H, Frostholm L, et al. Pre-collision Medical Diagnoses Predict Chronic Neck Pain
Following Acute Whiplash-trauma. Clin J Pain2018; Dec 26. https://doi.org/10.1097/AJP.
0000000000000683

Strudwick K, McPhee M, Bell A, Martin-Khan M, Russell T. Review article: Best practice management
of neck pain in the emergency department (part 6 of the musculoskeletal injuries rapid review series).
Emerg Med Australas 2018;Dec; 30(6):754—772 https://doi.org/10.1111/1742-6723.13131 PMID:
30168261

Expert Panel on Neurological I, Musculoskeletal |, Beckmann NM, et al. ACR Appropriateness Criteria
((R)) Suspected Spine Trauma. J Am Coll Radiol2019; 16:5S264—-S285 https://doi.org/10.1016/j.jacr.
2019.02.002 PMID: 31054754

Daffner RH, Hackney DB. ACR Appropriateness Criteria on suspected spine trauma. J Am Coll Radiol
2007; 4:762-775 https://doi.org/10.1016/j.jacr.2007.08.006 PMID: 17964500

PLOS ONE | https://doi.org/10.1371/journal.pone.0234061 June 2, 2020 13/15


https://doi.org/10.1097/RCT.0000000000000507
http://www.ncbi.nlm.nih.gov/pubmed/28230568
https://doi.org/10.1002/jmri.23741
http://www.ncbi.nlm.nih.gov/pubmed/22777847
https://doi.org/10.3348/kjr.2015.16.5.1086
http://www.ncbi.nlm.nih.gov/pubmed/26357503
https://doi.org/10.1002/mus.24255
http://www.ncbi.nlm.nih.gov/pubmed/24677256
https://doi.org/10.1007/s00586-017-5212-6
http://www.ncbi.nlm.nih.gov/pubmed/28698963
https://doi.org/10.1016/j.math.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25085813
https://doi.org/10.3174/ajnr.A4596
https://doi.org/10.3174/ajnr.A4596
http://www.ncbi.nlm.nih.gov/pubmed/26635285
https://doi.org/10.1249/MSS.0000000000000179
http://www.ncbi.nlm.nih.gov/pubmed/24091994
https://doi.org/10.2522/ptj.20130051
https://doi.org/10.2522/ptj.20130051
http://www.ncbi.nlm.nih.gov/pubmed/23813083
https://doi.org/10.1016/j.spinee.2017.04.025
https://doi.org/10.1016/j.spinee.2017.04.025
http://www.ncbi.nlm.nih.gov/pubmed/28456669
https://doi.org/10.1259/bjr.20140546
http://www.ncbi.nlm.nih.gov/pubmed/26105517
https://doi.org/10.1097/BRS.0000000000001704
http://www.ncbi.nlm.nih.gov/pubmed/28207658
https://doi.org/10.1259/bjr/58136533
http://www.ncbi.nlm.nih.gov/pubmed/21081573
https://doi.org/10.1097/AJP.0000000000000683
https://doi.org/10.1097/AJP.0000000000000683
https://doi.org/10.1111/1742-6723.13131
http://www.ncbi.nlm.nih.gov/pubmed/30168261
https://doi.org/10.1016/j.jacr.2019.02.002
https://doi.org/10.1016/j.jacr.2019.02.002
http://www.ncbi.nlm.nih.gov/pubmed/31054754
https://doi.org/10.1016/j.jacr.2007.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17964500
https://doi.org/10.1371/journal.pone.0234061

PLOS ONE

Imaging of muscle fat in whiplash

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Stiell IG, Clement CM, McKnight RD, et al. The Canadian C-spine rule versus the NEXUS low-risk crite-
ria in patients with trauma. N Engl J Med 2003; 349:2510-2518 https://doi.org/10.1056/
NEJMoa031375 PMID: 14695411

Aubrey J, Esfandiari N, Baracos VE, et al. Measurement of skeletal muscle radiation attenuation and
basis of its biological variation. Acta Physiol (Oxf) 2014; 210:489-497

Vernon H, Mior S. The Neck Disability Index: A study of reliability and validity. J Manipulative Physiol
Ther1991; 14:409-415 PMID: 1834753

Kamper SJ, Rebbeck TJ, Maher CG, McAuley JH, Sterling M. Course and prognostic factors of whip-
lash: a systematic review and meta-analysis. Pain 2008; 138:617—629 https://doi.org/10.1016/j.pain.
2008.02.019 PMID: 18407412

Engelke K, Museyko O, Wang L, Laredo JD. Quantitative analysis of skeletal muscle by computed
tomography imaging-State of the art. J Orthop Translat2018; 15:91-103 https://doi.org/10.1016/j.jot.
2018.10.004 PMID: 30533385

Abbott R, Pedler A, Sterling M, et al. The Geography of Fatty Infiltrates Within the Cervical Multifidus
and Semispinalis Cervicis in Individuals With Chronic Whiplash-Associated Disorders. J Orthop Sports
Phys Ther2015; 45:281-288 https://doi.org/10.2519/jospt.2015.5719 PMID: 25739843

Mhuiris AN, Volken T, Elliott JM, Hoggarth MA, Samartzis D, Crawford R. Reliability of quantifying the
spatial distribution of fatty infiltration in lumbar paravertebral muscles using a new segmentation method
for T1-weighted MRI. BMC Musculoskeletal Disorders 2016; 17:234. https://doi.org/10.1186/s12891-
016-1090-z PMID: 27230072

Schomacher J, Farina D, Lindstroem R, Falla D. Chronic trauma-induced neck pain impairs the neural
control of the deep semispinalis cervicis muscle. Clin Neurophysiol 2012; 123:1403—-1408 https://doi.
org/10.1016/j.clinph.2011.11.033 PMID: 22206690

Peterson G, Nilsson D, Peterson S, et al. Changes in Dorsal Neck Muscle Function in Individuals with
Chronic Whiplash-Associated Disorders: A Real-Time Ultrasound Case-Control Study. Ultrasound Med
Biol2016; 42:1090-1102 https://doi.org/10.1016/j.ultrasmedbio.2015.12.022 PMID: 26921149

Stiell 1IG, Clement CM, Grimshaw J, et al. Implementation of the Canadian C-Spine Rule: prospective
12 centre cluster randomised trial. BMJ2009; 339:b4146 https://doi.org/10.1136/bmj.b4146 PMID:
19875425

Panacek EA, Mower WR, Holmes JF, Hoffman JR. Test performance of the individual NEXUS low-risk
clinical screening criteria for cervical spine injury. Ann Emerg Med2001; 38:22-25 https://doi.org/10.
1067/mem.2001.116499 PMID: 11423807

Elliott JM, Parrish TB, Walton DM, et al. Does Overall Cervical Spine Pathology Relate to the Clinical
Heterogeneity of Chronic Whiplash?. American Journal of Emergency Medicine 2019; Jul 1. pii: S0735-
6757(19)30447-4

Anderson DE, D’Agostino JM, Bruno AG, Demissie S, Kiel DP, Bouxsein ML. Variations of CT-based
trunk muscle attenuation by age, sex, and specific muscle. J Gerontol A Biol Sci Med Sci2013;
68:317-323 https://doi.org/10.1093/gerona/gls 168 PMID: 22904095

Lee SH, Park SW, Kim YB, Nam TK, Lee YS. The fatty degeneration of lumbar paraspinal muscles on
computed tomography scan according to age and disc level. Spine J2017; 17:81-87 https://doi.org/10.
1016/j.spinee.2016.08.001 PMID: 27497888

Lee S, Kuk JL, Davidson LE, et al. Exercise without weight loss is an effective strategy for obesity reduc-
tion in obese individuals with and without type Il diabetes. J Appl Phys 2005; 99:1220-1225.

Goodpaster BH, Kelley DE, Thaete FL, He J, Ross R. Skeletal muscle attenuation determined by com-
puted tomography is associated with skeletal muscle lipid content. J Appl Phys 2000; 89:104—111

Antoun S, Lanoy E, Lacovelli R, et al. Skeletal muscle density predicts prognosis in patients with meta-
static renal cell carcinoma treated with targeted therapies. Cancer 12013; 119:3377-3384.

Martin L, Birdsell L, MacDonald N, et al. Cancer cachexia in the age of obesity: skeletal muscle deple-
tion is a powerful prognostic factor, independent of body mass index. J Clin Oncol2013; 31:1539—
1547. https://doi.org/10.1200/JC0.2012.45.2722 PMID: 23530101

Hicks GE, Simonsick EM, Harris TB, et al. Trunk muscle composition as a predictor of reduced func-
tional capacity in the health, aging and body composition study: the moderating role of back pain. J Ger-
ontol A Biol Sci Med Sci2005; 60:1420—-1424. https://doi.org/10.1093/gerona/60.11.1420 PMID:
16339328

Rasch A, Bystrom AH, Dalen N, Martinez-Carranza N, Berg HE. Persisting muscle atrophy two years
after replacement of the hip. J Bone Joint Surg Am2009; 91:583-588.

Hahn MH, Won YY. Bone Mineral Density and Fatty Degeneration of Thigh Muscles Measured by Com-
puted Tomography in Hip Fracture Patients. J Bone Metab 2016; 23:215-221 https://doi.org/10.11005/
jbm.2016.23.4.215 PMID: 27965943

PLOS ONE | https://doi.org/10.1371/journal.pone.0234061 June 2, 2020 14/15


https://doi.org/10.1056/NEJMoa031375
https://doi.org/10.1056/NEJMoa031375
http://www.ncbi.nlm.nih.gov/pubmed/14695411
http://www.ncbi.nlm.nih.gov/pubmed/1834753
https://doi.org/10.1016/j.pain.2008.02.019
https://doi.org/10.1016/j.pain.2008.02.019
http://www.ncbi.nlm.nih.gov/pubmed/18407412
https://doi.org/10.1016/j.jot.2018.10.004
https://doi.org/10.1016/j.jot.2018.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30533385
https://doi.org/10.2519/jospt.2015.5719
http://www.ncbi.nlm.nih.gov/pubmed/25739843
https://doi.org/10.1186/s12891-016-1090-z
https://doi.org/10.1186/s12891-016-1090-z
http://www.ncbi.nlm.nih.gov/pubmed/27230072
https://doi.org/10.1016/j.clinph.2011.11.033
https://doi.org/10.1016/j.clinph.2011.11.033
http://www.ncbi.nlm.nih.gov/pubmed/22206690
https://doi.org/10.1016/j.ultrasmedbio.2015.12.022
http://www.ncbi.nlm.nih.gov/pubmed/26921149
https://doi.org/10.1136/bmj.b4146
http://www.ncbi.nlm.nih.gov/pubmed/19875425
https://doi.org/10.1067/mem.2001.116499
https://doi.org/10.1067/mem.2001.116499
http://www.ncbi.nlm.nih.gov/pubmed/11423807
https://doi.org/10.1093/gerona/gls168
http://www.ncbi.nlm.nih.gov/pubmed/22904095
https://doi.org/10.1016/j.spinee.2016.08.001
https://doi.org/10.1016/j.spinee.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27497888
https://doi.org/10.1200/JCO.2012.45.2722
http://www.ncbi.nlm.nih.gov/pubmed/23530101
https://doi.org/10.1093/gerona/60.11.1420
http://www.ncbi.nlm.nih.gov/pubmed/16339328
https://doi.org/10.11005/jbm.2016.23.4.215
https://doi.org/10.11005/jbm.2016.23.4.215
http://www.ncbi.nlm.nih.gov/pubmed/27965943
https://doi.org/10.1371/journal.pone.0234061

PLOS ONE

Imaging of muscle fat in whiplash

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Ranger TA, Cicuttini FM, Jensen TS, et al. Are the size and composition of the paraspinal muscles
associated with low back pain? A systematic review. The spine journal2017; 17:1729-1748 https://doi.
org/10.1016/j.spinee.2017.07.002 PMID: 28756299

Teichtahl AJ, Urquhart DM, Wang Y, et al. Fat infiltration of paraspinal muscles is associated with low
back pain, disability, and structural abnormalities in community-based adults. The Spine Journal 2015;
15:1593-1601 https://doi.org/10.1016/j.spinee.2015.03.039 PMID: 25828477

Elliott JM, Hancock MJ, Crawford RJ, Smith AC, Walton DM. Advancing imaging technologies for
patients with spinal pain: with a focus on whiplash injury. The Spine Journal 2018 Aug; 18(8):1489—
1497 https://doi.org/10.1016/j.spinee.2017.06.015 PMID: 28774580

Giambini H, Hatta T, Gorny KR, et al. Intramuscular fat infiltration evaluated by magnetic resonance
imaging predicts the extensibility of the supraspinatus muscle. Muscle & nerve 2018; 57:129-135

Kumar D, Karampinos DC, MacLeod TD, et al. Quadriceps intramuscular fat fraction rather than muscle
size is associated with knee osteoarthritis. Osteoarthritis and cartilage 2014; 22:226—234 https://doi.
org/10.1016/j.joca.2013.12.005 PMID: 24361743

Baum T, Inhuber S, Dieckmeyer M, et al. Association of Quadriceps Muscle Fat With Isometric Strength
Measurements in Healthy Males Using Chemical Shift Encoding-Based Water-Fat Magnetic Reso-
nance Imaging. J Comput Assist Tomogr2016; 40:447-451 https://doi.org/10.1097/RCT.
0000000000000374 PMID: 26953765

Morrow JM, Sinclair CD, Fischmann A, et al. MRI biomarker assessment of neuromuscular disease pro-
gression: a prospective observational cohort study. Lancet neurol2016; 15:65-77 https://doi.org/10.
1016/S1474-4422(15)00242-2 PMID: 26549782

Willcocks RJ, Rooney WD, Triplett WT, et al. Multicenter prospective longitudinal study of magnetic res-
onance biomarkers in a large duchenne muscular dystrophy cohort. Ann Neurol2016; 79:535-547
https://doi.org/10.1002/ana.24599 PMID: 26891991

Lollert A, Stihl C, Hotker AM, et al. Quantification of intramuscular fat in patients with late-onset Pompe
disease by conventional magnetic resonance imaging for the long-term follow-up of enzyme replace-
ment therapy. PLoS ONE [Electronic Resource]2018; 13:e0190784

Fatehi F, Salort-Campana E, Le Troter A, Bendahan D, Attarian S. Muscle MRI of facioscapulohumeral
dystrophy (FSHD): A growing demand and a promising approach. Rev Neurol (Paris) 2016; 172:566—
571

Bonati U, Holiga S, Hellbach N, et al. Longitudinal characterization of biomarkers for spinal muscular
atrophy. Annals of clinical and translational neurology 2017; 4:292-304 https://doi.org/10.1002/acn3.
406 PMID: 28491897

Smith AC, Weber KA, Parrish TB, et al. Ambulatory function in motor incomplete spinal cord injury: a
magnetic resonance imaging study of spinal cord edema and lower extremity muscle morphometry. Spi-
nal Cord2017; 55:672—678 https://doi.org/10.1038/sc.2017.18 PMID: 28244504

PLOS ONE | https://doi.org/10.1371/journal.pone.0234061 June 2, 2020 15/15


https://doi.org/10.1016/j.spinee.2017.07.002
https://doi.org/10.1016/j.spinee.2017.07.002
http://www.ncbi.nlm.nih.gov/pubmed/28756299
https://doi.org/10.1016/j.spinee.2015.03.039
http://www.ncbi.nlm.nih.gov/pubmed/25828477
https://doi.org/10.1016/j.spinee.2017.06.015
http://www.ncbi.nlm.nih.gov/pubmed/28774580
https://doi.org/10.1016/j.joca.2013.12.005
https://doi.org/10.1016/j.joca.2013.12.005
http://www.ncbi.nlm.nih.gov/pubmed/24361743
https://doi.org/10.1097/RCT.0000000000000374
https://doi.org/10.1097/RCT.0000000000000374
http://www.ncbi.nlm.nih.gov/pubmed/26953765
https://doi.org/10.1016/S1474-4422(15)00242-2
https://doi.org/10.1016/S1474-4422(15)00242-2
http://www.ncbi.nlm.nih.gov/pubmed/26549782
https://doi.org/10.1002/ana.24599
http://www.ncbi.nlm.nih.gov/pubmed/26891991
https://doi.org/10.1002/acn3.406
https://doi.org/10.1002/acn3.406
http://www.ncbi.nlm.nih.gov/pubmed/28491897
https://doi.org/10.1038/sc.2017.18
http://www.ncbi.nlm.nih.gov/pubmed/28244504
https://doi.org/10.1371/journal.pone.0234061

