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Abstract

INTRODUCTION—This preliminary study determined if magnetic resonance imaging (MRI)
markers of cervical muscle degeneration [elevated muscle fatty infiltration (MFI), cross-sectional
area (CSA), and reduced relative muscle CSA (rmCSA)] could be modified with exercise in
patients with chronic whiplash.

METHODS—Five women with chronic whiplash undertook 10 weeks of neck exercise. MRI
measures of the cervical multifidus (posterior) and longus capitus/colli (anterior) muscles, neck
muscle strength, and self-reported neck disability, were recorded at baseline and at the completion
of the exercise program.

RESULTS—Ouverall significant increases in CSA and rmCSA were observed for both muscles
but significant reductions in MFI were only evident in the cervical multifidus muscle. These
changes coincided with increased muscle strength and reduced neck disability.

CONCLUSIONS—MRI markers of muscle morphology in individuals with chronic whiplash

appear to be modifiable with exercise.
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INTRODUCTION

Persistent pain-related disability associated with chronic whiplash constitutes a sizeable
financial and economic cost for society, and conservative management of these patients
remains a challenge.1~3 One of the major challenges in the management of whiplash-
associated disorders (WAD) has been the lack of identifiable patho-anatomical features of
the condition that could potentially direct management. However, recent magnetic resonance
imaging (MRI) studies have identified distinctive MRI markers of cervical muscle
degeneration that appear unique to patients who are transitioning to persistent WAD.4

Using conventional T1-weighted MRI,>~7 muscle degeneration has been identified both in
patients who transition to, and those already with, persistent moderate to severe symptoms
associated with WAD. In particular, levels of cervical muscle fatty infiltration (MFI) have
been found to be elevated (MFI index of > 0.24) in those with poor functional recovery.>
Elevated MFI levels have been shown to develop between 1land 3 months following
whiplash injury with minimal variability beyond 3 months.® The significance of such
findings is that elevated levels of MFI are not present in those who report full-recovery,
healthy individuals, or in those with chronic idiopathic neck pain,* suggesting traumatic
factors play a role. In addition, larger cross sectional areas (CSA) of the deep posterior
(cervical multifidus) and anterior (deep cervical flexors) muscles were observed in patients
with WAD in comparison to healthy controls.”:8 Larger CSA recordings may represent
muscle pseudohypertrophy in chronic WAD due to the higher fat content of the muscles
expanding the musculofascial borders. This has been supported by further evaluation of the
existing data,”:8 whereby a measure of relative muscle CSA (rmCSA) was developed to
adjust for the influence of MFI on CSA in patients with WAD. In 93% of muscles
examined, the rmCSA was found to be the same or significantly smaller in patients with
WAD compared to asymptomatic controls.®

These morphological muscle changes in individuals with chronic WAD may signal a
reduction in the contractile elements that could diminish their capacity to generate and/or
sustain force.1911 Reports of reduced strength2:13 and endurance# in the neck muscles in
this population supports this theory. While it is acknowledged that other factors may
influence measurements of muscle performance (e.g. fear of movement!2.15 and/or reduced
activity),16 the coexistence of muscle degeneration and reduced muscle performance
(strength/endurance) provide some insight into the potential biological issues in patients
with WAD. The cervical vertebral column is heavily dependent on the active support of
muscles for physical support.1” In particular, the deep sleeve of muscles that envelope the
cervical spine is considered to play a vital role in segmental cervical motion819 particularly
in controlling buckling and unwanted rotary intersegmental motion associated with
contraction of large multi-segmental muscles during daily tasks.20 Interestingly, our
previous work has indicated the greatest levels of MFI in chronic whiplash are evident in
this deep sleeve of muscles both posterior (cervical multifidus)*®8 and anterior (longus
capitis/colli)’ to the cervical column. Potentially positive benefits may be attained if these
distinct morphological changes in these neck muscles could be reversed with targeted
exercise.
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There is evidence that exercise can change the morphology of healthy muscles,2! but there
have been no investigations of morphological changes in the WAD population in response to
exercise. The primary purpose of this pilot study was to gain some initial evidence of
whether morphological changes in cervical muscles could be modified with exercise in
patients with WAD. Based on our previous work we focused this pilot investigation on the
cervical multifidii and longus capitis/colli muscles shown to be the most severely affected in
this patient group.*6-8 We hypothesized that exercise targeted to maximize muscle
hypertrophy?2:23 would reduce the characteristic signal intensity associated with higher
levels of MFI and increase the rmCSA in these muscles in individuals with persistent WAD.
Secondarily we hypothesized that changes in muscle morphology in response to exercise
would be associated with increases in cervical muscle strength and reductions in neck pain-
related disability.

METHODS

Experimental Design

A pilot study was designed to assess the effect of progressive resisted exercise on cervical
muscle morphology as measured with MRI at 3 time intervals (pre-training, mid-training at
6 weeks, and post-training at 10 weeks) in 5 patients with persistent WAD.

Participants

Five women volunteers participated in the study with a mean age (SD) of 30.8 (6.2) years
and a mean symptom duration of 21.3 (9.5) months. Participants were included if they
reported a history of persistent neck pain and disability as a result of a motor vehicle
collision consistent with a WAD Grade Il (neck pain, reduced range of cervical spine
motion, and point tenderness in the neck region on physical examination).24 Considering the
heterogeneity of WAD, a screening MRI scan was performed on each participant to ensure
they had the necessary MFI value of =0.24, as this has been reported to discriminate
between chronic WAD and insidious onset neck pain.

Potential subjects with WAD Grade Il were not considered if they had any features
precluding them from an MRI examination, had evidence of MFI values that were below a
0.24 cut-off, or had formally trained their neck or shoulder girdle muscles within the last 6
months. A specialist musculoskeletal physiotherapist (SOL) with advanced clinical skills in
the assessment of patients with chronic WAD performed all clinical screening.

Ethical approval for the study was granted by the Institutional Medical Research Ethics
Committee and was conducted in accordance with the Declaration of Helsinki. All
participants received verbal and written information about the study and signed an informed
consent form.

Measurements

MRI Measures of Muscle Morphology—Magnetic resonance images were obtained
using a Siemens 1.5T Sonata MRI system (Erlangen, Germany) with a conventional T1-
weighted spin-echo pulse sequence of 24 slices, 4 millimeters (mm) slice thickness, 200 mm
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field of view read, 448 millisecond (ms) repetition time, 14 ms echo time, 256*256 matrix
size, in plane resolution of 0.9 mm x 0.9 mm, and 8.42 second (s) acquisition time. These
image parameters were chosen to acquire images with reasonable tissue contrast of fat and
muscle. Sagittal and axial slices of the cervical spine were obtained from the mid-point of
the cerebellum through the segmental level of the first thoracic vertebra to ensure capture of
the entire extensor and flexor musculature. 4-6-8 Similar to our previous protocols,®’
measures of the cervical multifidus were recorded bilaterally at each vertebral level between
C3 and C7 (5 slices), and bilateral measures of longus capitis/colli at the CO, C2, C5, and C7
(4 slices) vertebral levels with measurements for the left and right sides averaged. For the
purposes of this study an average of the measurements (MFI, CSA, rmCSA) recorded at
each slice were used for analysis. Scout images were utilized from the T2-weighted sagittal
slices to ensure location and measurement accuracy. Careful attention was taken to position
the subject on the table consistently at each MRI session. This, in tandem with the sagittal
scout images and time-dependent co-registration of all images, ensured that each muscle/fat
measure was taken from the same anatomical location for each MRI session. Measures were
made by a rater experienced in these measures (JE) using MRIcro software.?> The rater was
blind to which of the 3 time-points were being analyzed to minimize the potential for bias.

MFI Measurement—A measure of fat in muscle, which has been previously reported in
detail #:6:8.26 was created from the pixel intensity profile with MRIcro software. The MFI
measure, based on the contrasting pixel intensities of fat and soft-aqueous skeletal muscle on
T1-weighted imaging (bright and dark, respectively), permits a simple quantitative
comparison of the relative amounts of intramuscular fat between individuals.#6:8:26 The
measure quantifies the average pixel intensity profiles of individually traced muscles as a
ratio of that of an average pixel intensity profile from a standardized region of intermuscular
fat at the C2 level, thus allowing comparisons between individuals. This measure, based on
the contrasting pixel intensities of fat and muscle on T1-weighted imaging (bright and dark,
respectively), allowed for the simple process of quantifying intramuscular fat relative to a
recognized area of intermuscular fat. The MFI measures are highly reliable (intra- and inter-
rater).2’

CSA and rmCSA Measurement—CSA measurements utilized the identical imaging
protocol as described for the MFI measurement. Analysis consisted of manually tracing
user-defined regions of interest over each of the cervical multifidus and longus capitis/colli
muscles bilaterally on each slice of the axial T1-weighted images. Histograms were created
from the summated user-defined region of interest, displaying each particular image pixel
intensity profile. The CSA of muscles were calculated by the number of pixels under each
individual region of interest in the -x and -y axes (mm * mm = mm2) with MRIcro software,
which has been shown to be a highly reliable (intra- and inter-rater) measure.8 The rmCSA
was then calculated using the equation: rmCSA = CSA*(1-MFI), where the characteristic
bright signal from fat on T1-weighted imaging was removed from the CSA measure.

Neck Disability Index (NDI)—The NDI contains 10 items: 7 related to activities of daily
living, 2 related to pain, and 1 related to concentration.28 Each item is scored from 0 to 5,
and the total score is expressed as a percentage (total possible score, 100%), with higher
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scores corresponding to greater disability. The NDI has shown responsiveness in the ability
to detect change in chronic neck pain disorders.29

Cervical Muscle Strength—Dynamometry measurements of strength of the flexor and
extensor neck muscles were recorded at the cervico-thoracic (CT) junction using an
established dynamometry protocol3° to evaluate change in the force-producing capacity of
the cervical muscles. Participants performed three maximal voluntary contraction (MVC)
trials with a rest period of 1 minute between trials and 5 minutes rest between testing of the
flexor and extensor muscle groups. During each trial, standardized verbal and visual
feedback were provided. The peak torque value of the 3 trials was recorded as the MVC
measurement for analysis.

Participants undertook a supervised progressive resistance exercise program for 10 weeks in
accordance with guidelines for muscle hypertrophy.22:23 Although the program was
standardized across the 5 participants, there was the potential for modification if an
individual, based on symptom response, required such modification, and this decision was
left to the discretion of both the treating physiotherapist and the patient. A 10-week program
was chosen to maximize the potential for observing any morphological changes in the
exercised cervical spine muscles. The same experienced physiotherapist (LVVW) supervised
the entire program for all participants. Participants were permitted to continue any current
medications and their usual level of other physical activity for the duration of the study.

Participants attended 2 supervised sessions a week (total of 20 sessions lasting 30-60
minutes per session) at the university physiotherapy clinic. Exercise at the clinic was
performed with a dynamometer. This dynamometer, which has been described in detail
elsewhere,30 permitted specific isometric and isotonic exercise to be targeted at the cranio-
cervical (CC) (upper neck) and CT (lower neck) flexor and extensor muscles at a set
intensity level (percentage of MVC). In this manner exercise was performed in 4 different
directions (CC flexion, CC extension, CT flexion, CT extension) either in an isometric or
isotonic mode. During isometric exercise the axes of the dynamometer were locked, and
participants were provided continual visual feedback of their muscle torque effort to ensure
accurate performance of exercise intensity. For isotonic exercise the axes of the device were
unlocked to permit exercise to be performed through range against a resistance provided by
a calibrated weight (providing a resistance corresponding to the allocated %MV C) that
counteracts the resistance lever of the dynamometer.

The progression of the exercise program is shown in Table 1. All 4 exercises were
performed in all exercises sessions (CC flexion, CC extension, CT flexion, CT extension)
with all following the same progression (1-3 sets, 50-70%MVC) for the first 5 weeks. From
weeks 6 to 10, CC flexion and extension exercise remained isometric and was progressed to
80% MVC, but CT flexion and extension exercise was performed in an isotonic mode
(isometric ceased) and progressed from 60-80% MVC. Exercise was progressed from
isometric to isotonic to expose the cervical musculature with a different functional stimulus.
To account for gains in strength over the duration of the exercise program, the reference
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MVC measurements against which exercise intensity was calculated were repeated at weeks
4 and 8. In addition to the supervised training sessions, patients also performed home
exercises on non-training days. These exercises mimicked the dynamometry exercises (i.e.
CC and CT flexion/extension) but were only performed against the resistance of gravity to
ensure consistent, but non-fatiguing stimulation of the targeted cervical muscles.

The supervising physiotherapist recorded attendance at the 20 exercise sessions at the
university clinic. There was no attempt to monitor compliance in the home exercises, as
supervised exercises were considered to be the key exercises to induce morphological
changes in the neck muscles.

Volunteers were screened for eligibility prior to undertaking baseline MRI, cervical muscle
strength, and NDI, measurements. Participants then commenced their 10 week supervised
progressive resistance exercise program. MRI measures of MFI and CSA/rmCSA were
repeated at 6 weeks following the commencement of the program (mid-training
morphological measures) and again at the completion of training (post-training measures).
The cervical strength and NDI measures were also repeated following the completion of the
exercise program at 10 weeks.

Statistical Analysis

RESULTS

Separate repeated measures analyses of variance were performed to evaluate the effect of
time on each outcome measure (MFI, CSA, rmCSA, muscle strength). Effect sizes were
calculated using partial eta squared (n?2). Effect sizes of 0.1 — 0.3 were interpreted as a
modest effect, 0.3-0.5 a moderate effect, and > 0.5 a strong effect.31 A priori pairwise
comparisons with Bonferroni corrections were used to compare changes in outcome across
each time point (baseline, 6 weeks, 10 weeks) For all analyses the significance level was P <
0.05, and where applicable, P values adjusted for multiple comparisons are reported. All
analyses were performed using IBM SPSS 21.0 statistical software (IBM, USA).

Each participant attended all 20 supervised sessions with the exception of 1 participant who
attended 19 of 20 sessions.

Significant reductions in MFI (P < 0.01, n2 = 0.9), and increases in CSA (P < 0.001, 12 =
0.91) and rmCSA (P < 0.001, n2 = 0.94), were observed in the cervical multifidus muscles
in response to the exercise program. As shown in Table 2 and Figure 1, these significant
changes were only evident at 10-weeks [MFI (P < 0.03), CSA (P < 0.01), rmCSA (P <
0.01)] and not at the 6 week time point [MFI (P = 0.14), CSA (P =0.18), rmCSA (P >
0.05)].

Overall significant increases in CSA (P < 0.001, n2 = 0.86) and rmCSA (P < 0.001, n2 =
0.87) were observed for the longus capitis/colli muscle but not for the MFI (P = 0.28, 2 =
0.28) measure in response to the exercise program. These significant effects were only
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evident at 10-weeks [CSA (P < 0.01), rmCSA (P < 0.01)] and not at 6-weeks [CSA (P =
0.26), rmCSA (P = 0.18)] as shown in Table 2 and Figure 2.

In tandem with the morphological changes in these muscles were significant increases in
both extensor [10 weeks (P = 0.006)] and flexor [10 weeks (P = 0.04)] muscle strength
(Figure 3) and significant reductions in self-reported levels of neck disability [median NDI
scores/100 points; baseline = 38 %, post-exercise (10 weeks) = 20 %, P = 0.04].

DISCUSSION

The hypotheses of this study were upheld, providing preliminary evidence that
morphological changes (CSA and MFI) in the neck muscles of patients with WAD can be
altered with exercise. Significant reductions in MFI coinciding with increases in CSA and
rmCSA were evident in cervical multifidus muscle, especially following completion of the
10-week exercise program. However, results were not consistent across both muscle groups
examined. Despite significant increases in CSA and rmCSA of the longus capitis/colli after
10 weeks of training, reductions in MFI for this muscle group were not observed. This may
reflect the lower levels of MFI in the longus capitis/colli muscle at baseline compared to that
recorded for the cervical multifidus muscle. The lower level of MFI in longus capitis/colli
compared to cervical multifidus muscle is consistent with our previously reported studies in
patients with chronic WAD.#%.7 The discrepant findings of MFI in these different muscle
groups is not well understood at this stage, though they could reflect factors related to
differences in fiber types, 18:32 denervation, inflammatory response to trauma, and/or disuse-
induced atrophy.33-37 The changes in MFI and rmCSA are not linear, and this may be due to
common disturbances in the local magnetic field (Bg inhomogeneity and/or magnetic
susceptibility of adjacent tissues e.g. muscle and bone), which can influence signal
intensities in MRI.38:39 Alternatively, it may be due to differences in muscle morphology
such as fiber typing or internal structure complexity. In T1-weighted images, intermuscular
fat is clearly identified, but smaller proportions of homogeneous intramuscular fat cannot be
defined accurately?® and may even be invisible.#! Irrespective, these findings, particularly
those for the cervical multifidus, indicate modification of the relative proportion of muscle
constituents (fat vs. muscle components) towards that previously reported in healthy
individuals.® Future mechanistic work, where controlled experimental lesions to peripheral
tissues in an animal model would help resolve questions related to the differential expression
of muscle atrophy and associated fat infiltration.

The reductions in MFI and increases in rmCSA observed in the cervical multifidus muscle
in response to exercise in this study suggest that the 2 measures may be related, however the
exact nature of this inverse relationship is largely unknown. It would be reasonable to
suggest that the observed increase in rmCSA is probably due to training parameters that
aimed specifically to produce muscle hypertrophy.22:23 However, the mechanisms
underlying the observed reductions in MFI are not as clear. Potentially, the visible MR
signal of muscle fat on conventional T1-weighted sequences may be reduced artificially (i.e.
‘squashed’) to accommaodate the muscle fiber hypertrophy. However, the coinciding
increase in total CSA of the muscles in response to exercise (Table 2, Figures 1 and 2)
suggests that the fat content of the muscle may not need to be ‘squashed’ within a confined
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fascial space. While increased rmCSA may have reduced the relative proportion of fat signal
(ie. reduced MFI), the actual CSA of fat may have remained similar, accommodated by the
concurrent increase in total CSA. Alternatively, the reduction in MFI may signal some other
process of fat metabolism in skeletal muscle following exercise.*2 At this stage these
propositions are merely speculative and represent an area of mechanistic study in our
laboratories with both animal*3 and human models.

The capacity to modify these changes in the muscles of these patients is of potential value.
Muscles account for approximately 80% of the physical support of the cervical vertebral
column.1” In particular, our previous studies have shown the most severe muscle changes in
chronic whiplash occur in the deep cervical muscle layers.*6-8 These muscles envelope and
physically support the cervical column.18-2044 They also have direct insertions onto pain-
sensitive cervical structures such as the capsules of cervical facet joints#>46 which have
been implicated as a likely source of persistent symptoms in whiplash.#6-48 We contend that
potentially reversing the muscle changes, or at least restoring more normal proportions of fat
and contractile tissue in these cervical muscles may be of potential benefit for improving
functional rates of recovery. While the observed muscle changes in this study coincided with
increased strength (Figure 3) and reduced neck disability, the small sample size precludes
any robust inferences to be drawn between reversal of muscle changes and clinical outcome.
However, it is interesting to note that the increase in extensor muscle strength (101%
increase) is more substantial than that attained by the flexor muscles (55% increase). While
this coincides with the more consistent morphological changes observed in the extensor
muscles compared to the flexors, it might also suggest greater relative weakness of the
extensors at baseline; the extensor:flexor strength ratio increased from 1.35 at baseline to
1.76 at 10 weeks, which is more consistent with that previously reported in healthy women
(1.84)30 using the same dynamometer. Potentially the large changes in strength could also
reflect improved neural drive to the muscles?! that may at least in part be due to a reduced
fear of movement due to training. However, changes in muscle strength also seemed to be
associated with the physical changes in the muscles (rmCSA, CSA), since neither strength
nor physical changes improved significantly at 6 weeks, but both concurrently improved
significantly at 10 weeks. Clarification of this relationship is an area for further study.

This study has several limitations; the largest is the small sample size (n = 5), limited to
women participants only. Due to the costs of MRI, it was designed as a pilot study. The
large effect sizes give increased confidence for the effect of exercise on these unique muscle
changes in individuals with WAD. Thus these findings provide justification for a larger
investigation of the mechanisms for effect of exercise on morphological changes in this
specific patient group and its relevance to clinical outcome. There are also some limitations
related to the MRI measurements utilized in this study. In the main, MRI has advanced, and
there is a call for using known and clinically available techniques in the quantification of
tissue fat [e.g. 3-dimensional chemical shift water-fat imaging (Dixon) and Proton-Density
Fat Fraction].*! While there is evidence that T1-weighted MRI is a robust measure of
muscle fat when compared to gold-standard histology,*® emerging evidence demonstrates
water-fat imaging may provide an accurate and more time-efficient measure.43:50
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It is also acknowledged that 2-dimensional CSA measurements on MRI are inherently
limited, as 2-dimensional images are more sensitive to the evolving radio frequency slice
profiles when compared to 3-dimensional images. Accordingly, the reported measures of
muscle size in this study and others®51:52 may have partial volumes. Going forward, a 3-
dimensional volume with image registration may produce a more accurate metric for
measuring muscle volume changes over time. In this instance, however, we propose that the
2-dimensional registered measure of muscle size provides a relevant and easily accessible
radiological marker of the viable contractile elements of the muscle. The diagnostic and
prognostic value of serial muscular imaging with MRI in patients with persistent whiplash
has yet to be determined.

In conclusion, this study provides preliminary evidence that the distinctive MRI markers of
muscle degeneration known to be a unique feature of patients with persistent WAD can be
modified with exercise and justifies further larger scale investigation.
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Figure 2.

Group mean total cross sectional area (CSA) (entire column) and relative muscle CSA
(rmCSA) (shaded portion of column) of the longus capitus/colli muscle at 0, 6, and 10
weeks of exercise recorded in millimeters (mm)2. 95% confidence interval error bars are
shown for the rmCSA. * significant difference in CSA to baseline. T significant difference in
rmCSA to baseline.
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Group mean maximal strength (error bars, SD) of the cervical flexor and extensor muscles at
0, 6, and 10 weeks of exercise. * significant difference in strength to baseline.
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Table 1

Exercise parameters over the duration of the 10-week program. Parameters were identical for cranio-cervical
(CC) and cervico-thoracic (CT) exercises in the first 5 weeks, with the CT exercises performed in an isotonic
contraction mode over the last 5 weeks. For all muscle groups the exercise load [e.g. 50% maximal voluntary
contraction (MVC)] was based specifically on the MV C performance of that muscle group (e.g. CC Flexors),
and this was re-evaluted at weeks 4 and 8 for each muscle group.

Exercise Parameters (Sets x Repetitions at Load — Contraction Mode)

Week CC Flexion and Extension CT Flexion and Extension

1 1 x 10 at 50%MVC - Isometric
2 x 10 at 50%MVC - Isometric
3x 10 at 50%MVC - Isometric
3 x 10 at 60%MVC - Isometric

2
3
4
5 3 x 10 at 70%MVC - Isometric
6 3x 10 at 80%MVC - Isometric 3 x 10 at 60%MVC - Isotonic
7 3x 10 at 80%MVC - Isometric 3 x 10 at 70%MVC - Isotonic
8 3 x 10 at 80%MVC - Isometric 3 x 10 at 80%MVC - Isotonic
9 3x 10 at 80%MVC - Isometric 3 x 10 at 80%MVC - Isotonic

10 3 x 10 at 80%MVC - Isometric 3 x 10 at 80%MVC - Isotonic
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