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A B S T R A C T

The purpose of this study was to investigate differences in passive muscular stiffness between the superficial multifidus
(SM) and deep multifidus (DM), and to compare their passive and active stiffness in individuals with low back pain
(LBP) and asymptomatic individuals. Fifteen LBP individuals and 15 asymptomatic individuals were recruited. Passive
stiffness of the SM and DM was measured bilaterally using shear wave elastography (SWE) with participants lying
prone. Active stiffness was measured for the SM during trunk extension, and the contraction ratio was calculated. DM
displayed higher passive muscular stiffness than SM in both the asymptomatic and LBP groups (14.41 ± 2.62 and
15.40 ± 2.77 kPa respectively; p < 0.001). Individuals with LBP exhibited higher passive muscular stiffness of SM
(LBP: 10.15 ± 4.21, asymptomatic: 6.84 ± 1.69 kPa; p < 0.005) and a lower contraction ratio (LBP: 1.54 ± 0.47,
asymptomatic: 2.65 ± 1.36 kPa; p < 0.003) compared to the asymptomatic group. The findings support a differ-
entiation in passive muscular stiffness between SM and DM and provide evidence for an alteration in muscular stiffness
at rest in individuals with LBP. The lower increase of muscular stiffness with contraction observed for those with LBP
may reflect a deficit in activation of the multifidus.

1. Introduction

Research in the field of electromyography (EMG) has supported
differences in function between the superficial (SM) and deep fibers of
the multifidus (DM) and in addition, impaired function of this muscle in
people with low back pain (LBP) (MacDonald et al., 2006). EMG re-
search has supported first, differences in function between the super-
ficial (SM) and deep fibers of the multifidus (DM) and second, impaired
function of this muscle in people with LBP (Danneels et al., 2002;
Moseley et al., 2002; MacDonald et al., 2009). It has been theorized that
both, the differences in function between multifidus fibers and the
functional impairment observed in people with LBP, may be related to
the muscle structure, but research in this vein is inconclusive
(Porterfield and DeRosa, 1998; Cagnie et al., 2015). However, in-
vestigating the mechanical properties of muscle, such as muscular
stiffness, may offer a better understanding of variation within the
multifidus fibers and the relationship between muscle structure and
normal/altered function (Brandenburg et al., 2014; Roberts, 2016).

Shear wave elastography (SWE) provides a non-invasive quantita-
tive measure of muscular stiffness (measured in shear elastic modulus)

at rest (passive) and during a contraction (active), which has shown to
be positively related to the level of muscular activity and muscle force
(Nordez and Hug, 2010; Brandenburg et al., 2014; Yoshitake et al.,
2014; Ateş et al., 2015). SWE has previously been used to investigate
the stiffness of the lumbar multifidus of asymptomatic individuals at
rest and during contraction with good to excellent reliability (intra class
correlation coefficients (ICC) values of between 0.77 and 0.94) (Moreau
et al., 2016; Creze et al., 2017; Koppenhaver et al., 2018). However, no
study has investigated whether or not differences in muscular stiffness
exist between the SM and DM. Furthermore, only two studies have
investigated passive muscular stiffness of multifidus in people with LBP,
but the results are conflicting (Chan et al., 2012; Masaki et al., 2017).

In this study, we investigate (1) whether differences in muscular
stiffness at rest exist between the SM and DM in asymptomatic and LBP
individuals and (2) if differences in muscular stiffness at rest and with
contraction exist in individuals with LBP compared to asymptomatic
individuals. This study stands to provide novel insights into the normal
mechanical properties of the multifidus muscle and how this is modified
in individuals with LBP.
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2. Methods

2.1. Participants

Fifteen individuals with LBP and 15 asymptomatic were recruited from
staff and student communities at the University of Birmingham. All parti-
cipants were eligible for this study if they were aged between 20 and
55 years, with 55 chosen as the maximum age to reduce the effect of age-
related adipose infiltration within the muscle (Marcus et al., 2010). The LBP
group included participants who had reported continuous LBP for more
than 3 months or non-continuous pain for greater than 6 months with pain
on at least half of the days (Krismer and Van Tulder, 2007). The asymp-
tomatic group included participants without history of LBP. Exclusion cri-
teria for both groups included neurological or respiratory disorders, preg-
nancy or previous spinal surgery. Individuals with LBP must not have been
receiving treatment from a health care professional at the time of recruit-
ment. Additional exclusion criteria for the LBP group included no known
underlying pathology such as spinal stenosis, vertebral fracture, disc her-
niation, radicular low back pain with neurological deficit suggesting nerve
root compression and/or ankylosing spondylitis (Krismer and Van Tulder,
2007). Ethical approval was granted by the University of Birmingham ethics
committee (ERN_17-0782) and the procedures were conducted in agree-
ment with the Declaration of Helsinki. Informed written consent was ob-
tained from all participants.

2.2. Questionnaires

Participants with LBP completed the Numerical Rating Scale (NRS) to
assess their pain intensity on the day of the measurement session and were
also asked to rate their usual level of pain during the previous week.
Additionally, the Oswestry Disability Index (ODI) and Tampa Scale for
Kinesiophobia (TSK) were used to assess perceived disability and fear-
avoidance behavior respectively (Vlaeyen et al., 1995; Fairbank and
Pynsent, 2000).

2.3. Procedure

Stiffness of the SM and DM was measured bilaterally using an ultra-
sound imaging device with SWE (LOGIQ S8 GE Healthcare, Chicago USA)
and a 9-linear array probe. All measurements were performed by the same
experienced examiner trained in SWE measures. Participants were posi-
tioned in prone with a rolled towel placed under their abdomen to minimize
the lumbar lordosis (Stokes et al., 2007). The ultrasound probe was placed
2 cm lateral to the level of the third lumbar spinous process (L3), which
corresponds with the space between transverse process of L3 and L4; con-
firmed by the ultrasound image. The probe was placed on the skin with
minimal pressure across all participants (Cortez et al., 2016). As muscle
tissue is anisotropic, the ultrasound B-mode was used to identify the parallel
orientation to the muscle fibers of SM; so the probe was positioned rotated
towards the midline approximately 10° and also tilted approximately 10°
from the sagittal plane (Cortez et al., 2016). Once the orientation of the
muscle fibers was identified, the outline of the probe was marked on the
participant’s skin to ensure consistency in placement across measures. For
the DM, it was not possible to identify the orientation of the fibers. The
multifidus muscle was divided in two equal region of interest (ROI), which
were located under the thoracolumbar fascia (TLF) (without including it) for
the SM, and just below this position and above the articular processes of the
vertebrae for the DM (Fig. 1). As the ROIs were defined to include the larger
SM and DM area possible, these were different across participants.

To measure passive muscular stiffness of the SM and DM, partici-
pants remained five minutes lying down on the plinth before starting
the acquisition to ensure that the muscle was at rest (Creze et al., 2017).
The probe was placed on the area marked previously and was kept
motionless for five seconds to obtain a well-defined elastography frame
(Koo et al., 2013). Then, two acquisitions on each side allowed re-
cording of nine continuous elastograms for SM and DM. Active

muscular stiffness measures of the SM were acquired during an iso-
metric trunk extension akin to Ito test (1996), (∼15° of trunk exten-
sion). The examiner visually monitored that participants did not drop
the trunk extension position during the performance of the task (Ito
et al., 1996). The SWE acquisition commenced when the participant
reached a steady trunk extension position, and nine elastrograms were
acquired twice on each side with a 10-s rest between repetitions.

2.4. Image processing

After the SWE acquisition, an area was circled over the ROI for all
saved elastograms. The few elastograms with artefacts caused by an
attenuation effect were eliminated for the analysis to avoid under- or
over-estimation of shear elastic values (MacDonald et al., 2016). Shear
elastic modulus (μ) within each ROI were automatically calculated by
the SWE software following the formula μ = ρv2, where ρ is the density
of the muscle tissue (assumed to be 1000 kg/m3) and v is the shear
wave propagation velocity (Gennisson et al., 2013). The mean of the
two acquisitions was calculated to obtain representative values for each
measure (Masaki et al., 2017). To quantify the increase of shear elastic
modulus with contraction, the contraction ratio (Botanlioglu et al.,
2013) was calculated for the SM by dividing shear modulus at rest from
the mean of shear modulus with contraction (absolute values).

2.5. Statistical analysis

Descriptive statistics were used to analyze demographic data with
inferential analysis including parametric and non-parametric tests used
to compare groups. The Shapiro-Wilk normality test did not reveal
significant deviation from normality for the measures of passive mus-
cular stiffness and contraction ratio and paired-samples t-tests revealed
no differences between sides for all measures, so the mean of the right
and the left side was calculated for further analysis.

A two-way repeated measures analysis of variance (ANOVA) (with
group as the between-subject independent variable and muscle fibers as
within-subject factor) was performed to investigate if differences in
shear elastic modulus at rest (passive muscular stiffness) of the SM and
DM existed within and between groups. Pairwise comparisons with
Bonferroni adjustment were used to determine significant differences.
Independent samples t-tests were performed to compare the contraction
ratio of the SM between groups. The intra-rater reliability of the SWE
acquisitions (mean of 9 elastograms, right side asymptomatic group)
was examined using two-way mixed-effects model [ICC (3.1)].

3. Results

3.1. Population characteristics

The characteristics of both groups are presented in Table 1. Both
groups were comparable in age, gender, and BMI, with no significant
differences seen between groups. The LBP group showed low disability
and pain, with an average reported pain level at the time of data col-
lection of 2.27 ± 1.62 out of 10.

3.2. Muscular stiffness

Figs. 2 and 3 show representative elastograms to determine passive
muscular stiffness of the SM and DM, and active muscular stiffness of the
SM for an asymptomatic individual and an individual with LBP. There was a
significant difference between the shear elastic modulus at rest of the SM
and DM as determined by the repeated measures ANOVA with Greenhouse-
Geisser correction (F (1,29) = 65.05, p < 0.001). Post hoc comparisons
revealed that shear elastic modulus at rest were higher in the DM than the
SM in both groups (p < 0.001) (Table 2, Fig. 4). Moreover, shear elastic
modulus of the SM at rest were greater for the LBP group relative to the
asymptomatic group (p = 0.005). However, no significant differences in
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shear elastic modulus of the DM were found between groups (p = 0.181).
An independent samples t-test revealed a lower contraction ratio of the SM
for the LBP group compared to the asymptomatic controls (1.54 ± 0.47
and 2.65 ± 1.36, p < 0.003) (Fig. 5). The ICC values (95% confidence
interval) were 0.92 (0.79–0.97) and 0.90 (0.72–0.97) for shear elastic
modulus at rest of the SM and DM respectively; and 0.81 (0.51–0.94) for
shear elastic modulus of the SM with contraction.

4. Discussion

This is the first study to investigate whether differences in passive

muscular stiffness exist between the DM and SM both in asymptomatic
participants and in people with LBP. The findings illustrate a difference
in muscular stiffness between the SM and DM, supporting the existence
of differences between the deep and superficial fibers of the multifidus
(MacDonald et al., 2009; Moseley et al., 2002). In addition, individuals
with LBP exhibited increased muscular stiffness of the SM at rest, and a
reduced ability to stiffen this muscle with isometric trunk extension
compared to asymptomatic individuals.

4.1. Passive muscular stiffness of SM and DM

Shear elastic modulus values at rest differed between the fibers of
the multifidus, with the DM displaying greater shear elastic modulus
values. Previous studies have evaluated stiffness of the multifidus but
without differentiation between the DM and the SM or they have only
examined the SM (Chan et al., 2012; Moreau et al., 2016; Masaki et al.,
2017). In line with the current findings, higher shear elastic values at
rest have been observed for the deep posterior cervical muscles relative
to the superficial muscles using SWE (Dieterich et al., 2017).

In vitro animal studies have showed that type I fibers are stiffer than
type II (Goubel and Marini, 1987; Petit et al., 1990); and therefore, the
current findings may reflect differences in fiber type distribution be-
tween SM and DM. Histological research is inconclusive due to sample
bias; but functional MRI have revealed differences in the relaxation
time between SM and DM, suggesting that the DM has a higher per-
centage of type I fibers compared to the SM (Dickx et al., 2010; Cagnie

Fig. 1. Representative elastograms re-
corded from an asymptomatic participant
for the SM (A) and DM (B). The layers of
tissue are marked from superficial to deep;
Subcutaneous tissue (1), TLF and erector
spinae aponeurosis (2), multifidus muscle
(3) and transverse process of L4 (4). The
white dashed line represents the junction
between the multifidus and the vertebral
processes. Blue colours signify lower mus-
cular stiffness values measured in shear
wave velocity (m/s) and red colours signify
higher muscular stiffness values. (For in-
terpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)

Table 1
Baseline characteristics of the participants, measured prior to the start of data
collection.

Characteristic LBP
Mean ± SD

Asymptomatic
Mean ± SD

P value

Age (years) 29.4 ± 10.80 26.71 ± 5.40 p= 0.90
Gender (% male) 46.70 53.30 p= 0.715
BMI (kg/m2) 25.29 ± 3.18 24.01 ± 3.42 p= 0.54
NRS current pain (0–10) 2.27 ± 1.62
NRS usual pain (0–10) 2.93 ± 1.98
ODI (%) 12.7 ± 6.35
TSK 34.4 ± 3.13

LBP –Low Back Pain, BMI – Body Mass Index, NRS – Numeric Rating Scale for
pain, ODI – Oswestry Disability Index, TSK – Tampa Scale for Kinesiophobia.

Fig. 2. Representative elastograms recorded from an asymptomatic participant; passive muscular stiffness of the SM (A), passive muscular stiffness of the DM (B) and
active muscular stiffness of the SM (C).
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et al., 2015). Type I fibers are more fatigue resistant than type I; and so,
ideally suited to hold low load tonic activity contributing to the pos-
tural control (Porterfield and DeRosa, 1998). Thus, together with pre-
vious research, the current findings lend support to the existence of a
structural differences between the SM and DM; which may have a
functional implication in which the DM may provide spinal support
(MacDonald et al., 2006).

4.2. Differences in multifidus stiffness in individuals with LBP

Greater shear elastic modulus values of the SM at rest were found
for the LBP group when compared to asymptomatic participants.
Masaki et al. (2017) previously reported significantly greater shear
elastic modulus of multifidus at rest (measured at the level of L4) in
individuals with LBP; however, Chan et al. (2012) did not observe
group differences even if multifidus was examined at the same spinal
level. In both studies, the ROI covered both the SM and DM and
therefore, any potential differences between groups for SM muscular

stiffness may have been concealed by the DM values. Furthermore,
Chan et al. (2012) utilized strain elastography, which is more operator
dependent, potentially influencing their results (Brandenburg et al.,
2014).

The differences in shear elastic modulus between LBP and asymp-
tomatic individuals may reflect differences in muscle composition since
passive stiffness is not only attributed to the contractile tissue within
the muscle (Gillies and Lieber, 2011). Interestingly, Brown et al. (2011)
induced lumbar disc degeneration in rabbits and found that, though the
individual paravertebral muscle fibers became stiffer, the fiber bundles
(composed of both muscle fibers and connective tissue) displayed a
greater increase in stiffness. Thus, the increase of connective tissue due
to a fibrotic proliferation may increase the shear elastic modulus values
in LBP individuals (Brown et al., 2018), explaining the current findings
and those reported by Masaki et al. (2017).

By contrast, the opposite findings reported by Chan et al. (2012)
may be explained because of the higher adipose tissue infiltration found
in their LBP group, which may have decreased the shear elastic

Fig. 3. Representative elastograms recorded from an LBP participant; passive muscular stiffness of the SM (A), passive muscular stiffness of the DM (B) and active
muscular stiffness of the SM (C).

Table 2
Values for muscular stiffness measurements and comparison of passive muscular stiffness of Superficial Multifidus (SM) and Deep Multifidus (DM) within and
between groups.

Passive muscular stiffness SM Shear elastic
modulus (kPa)

Passive muscular stiffness DM Shear elastic
modulus (kPa)

Post hoc comparisons between muscle
fibers

LBP 10.15 ± 4.21 14.41 ± 2.62 p < 0.001*, 95% CIs [1.797, 6.732]
Asymptomatic 6.84 ± 1.69 15.40 ± 2.77 p < 0.001*, 95% CIs [6.797, 11.670]
Post hoc comparisons between groups p= 0.005*, 95% CIs [1175, 5.906] p= 0.181, 95% CIs [−0.728, 5.906]

LBP, low back pain; kPa, kilopascals; CIs, confidence intervals.

Fig. 4. Shear elastic modulus at rest (passive muscular stiffness) of the Superficial Multifidus (SM) and Deep Multifidus (DM) for LBP and asymptomatic groups.
*P < 0.05.

C. Murillo, et al. Journal of Electromyography and Kinesiology 47 (2019) 19–24

22



modulus values and concealed the between group differences (Rosskopf
et al., 2015). It has been found that the fat infiltration within multifidus
may be caused by aging rather than by presence of pain (Lee et al.,
2017). This may explain the higher adipose tissue infiltration reported
by Chan et al. (2012) in the LBP group, which was older than the
control group. In the same manner, the current findings of higher
muscular stiffness may be result of a low level of adipose tissue in-
filtration in our LBP group, which was relatively young. In addition,
though all participants had LBP for longer than 6 months, nearly all of
them had non-continuous LBP and, therefore, may also exhibit a low
amount of adipose tissue infiltration (Goubert et al., 2017).

4.3. Differences in contraction ratio

The participants with LBP presented a significantly lower contrac-
tion ratio; reflective of a smaller increase of muscular stiffness with
contraction. The contraction ratio has previously been used to compare
the increase of muscular stiffness with contraction between different
conditions (pain/no pain) or between different muscles/muscle layers
(Botanlioglu et al., 2013; Dieterich et al., 2017). As a normalized
measurement for each participant, where muscular stiffness at rest
differs between conditions, the contraction ratio allows for a more ac-
curate estimation of differences in stiffness with contraction and force
generation (Botanlioglu et al., 2013; Dieterich et al., 2017). Similar to
the current findings, lower normalized active muscular stiffness was
found in the deeper posterior neck muscles during isometric neck ex-
tension in individuals with neck pain (Dieterich et al., 2018).

As previous research has shown a positive linear relationship be-
tween shear elastic modulus, contraction and the level of muscular
activity and muscle force, the current results may be compared in some
extent to findings from EMG studies that investigated the activation of
the SM during isometric contractions (Nordez and Hug, 2010; Yoshitake
et al., 2014; Ateş et al., 2015). In agreement with the current findings,
reduced activation of the multifidus has been observed during trunk
extension in a prone position in individuals with acute and experi-
mental LBP (Danneels et al., 2002; Dickx et al., 2008). It is speculated
that this deficit in contraction found in individuals with LBP (reflected
by a lower increase of muscular stiffness), may be explained in part by
the proliferation of collagen content/connective tissue hypothesized
above based on the finding of higher muscular stiffness at rest. These
changes within the muscle would result in a decrease in the amount of
contractile tissue and subsequently reduced ability to perform an effi-
cient contraction (Goubert et al., 2017).

4.4. Methodological considerations

A limitation of SWE is the large inter-individual variability. Given
that the SWE acquisitions were performed at a specific vertebral level
and at a standardized distance from the spinous process, intra-muscular
variations and regional differences likely explain a small extent of the
variability with in the current data (Cortez et al., 2016; Stokes et al.,
2007). The higher variability in shear modulus of the SM at rest in the
LBP group likely reflects the large variability of individual neuromus-
cular adaptations due to LBP and/or an increase of the amount of non-
contractile tissue (Hodges et al., 2013; Brown et al., 2018). Although
elastograms with artefacts were removed from the analysis, the at-
tenuation effect of the ultrasound push beam can be greater in the deep
lumbar region due to the TLF, and might have generated artificial areas
of very low/high stiffness, altering the muscular stiffness measurement
and concealing the detection of significant differences between groups
for the DM (MacDonald et al., 2016). Also, the assessment of the
muscular stiffness of the DM with contraction was not included in the
present study due to the poor-quality signal observed during the pilot
sessions. Previous studies have reported poor quality signal during the
evaluation of the deep abdominal muscles during contractions
(MacDonald et al., 2016). Also, as trunk position was controlled vi-
sually as Ito et al. (1996) originally described, we cannot exclude small
differences in trunk angle between groups, which could have affected
measurements with contraction. Additionally, as LBP participants were
not under treatment, the levels of pain and disability were fairly low;
and so, different results may be obtained for individuals with more
severe symptoms.

In conclusion, the present study provides new insights into the
mechanical properties of the lumbar muscles. Specifically, the study
demonstrates a difference in muscular stiffness between the DM and
SM, with a greater shear elastic modulus values observed for the DM in
both asymptomatic and LBP individuals. Greater shear elastic modulus
values at rest of the SM was found in individuals with LBP. Finally, a
deficit in the contraction of the SM during an isometric trunk extension
task was observed for those with LBP, reflected by a lower increase of
muscular stiffness with contraction.

Declaration of Competing Interest

This research did not receive any specific grant. The authors declare
no conflict of interest.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jelekin.2019.05.004.

References

Ateş, F., Hug, F., Bouillard, K., Jubeau, M., Frappart, T., Couade, M., Bercoff, J., Nordez,
A., 2015. Muscle shear elastic modulus is linearly related to muscle torque over the
entire range of isometric contraction intensity. J. Electromyogr. Kinesiol. 25 (4),
703–708.

Botanlioglu, H., Kantarci, F., Kaynak, G., Unal, Y., Ertan, S., Aydingoz, O., Erginer, R.,
Unlu, M.C., Mihmanli, I., Babacan, M., 2013. Shear wave elastography properties of
vastus lateralis and vastus medialis obliquus muscles in normal subjects and female
patients with patellofemoral pain syndrome. Skeletal Radiol. 42 (5), 659–666.

Brandenburg, J.E., Eby, S.F., Song, P., Zhao, H., Brault, J.S., Chen, S., An, K.-N., 2014.
Ultrasound elastography: the new frontier in direct measurement of muscle stiffness.
Arch. Phys. Med. Rehabil. 95 (11), 2207–2219.

Brown, E., Yoshitake, Y., Shinohara, M., Ueda, J., 2018. Automatic analysis of ultrasound
shear-wave elastography in skeletal muscle without non-contractile tissue con-
tamination. Int. J. Intell. Robot. Appl. 2 (2), 209–225.

Brown, S.H., Gregory, D.E., Carr, A.J., Ward, S.R., Masuda, K., Lieber, R.L., 2011.
Adaptations to the multifidus muscle in response to experimentally induced inter-
vertebral disc degeneration. Spine J. Meeting Abst. LWW.

Cagnie, B., Dhooge, F., Schumacher, C., De Meulemeester, K., Petrovic, M., Van
Oosterwijck, J., Danneels, L., 2015. Fiber typing of the erector spinae and multifidus
muscles in healthy controls and back pain patients: a systematic literature review. J.

Fig. 5. Contraction ratio of the superficial multifidus (SM) for LBP and
asymptomatic groups.

C. Murillo, et al. Journal of Electromyography and Kinesiology 47 (2019) 19–24

23

https://doi.org/10.1016/j.jelekin.2019.05.004
https://doi.org/10.1016/j.jelekin.2019.05.004
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0005
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0005
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0005
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0005
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0010
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0010
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0010
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0010
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0015
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0015
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0015
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0020
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0020
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0020
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0025
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0025
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0025
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0030
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0030
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0030


Manipulative Physiol. Ther. 38 (9), 653–663.
Chan, S.-T., Fung, P.-K., Ng, N.-Y., Ngan, T.-L., Chong, M.-Y., Tang, C.-N., He, J.-F., Zheng,

Y.-P., 2012. Dynamic changes of elasticity, cross-sectional area, and fat infiltration of
multifidus at different postures in men with chronic low back pain. Spine J. 12 (5),
381–388.

Cortez, C.D., Hermitte, L., Ramain, A., Mesmann, C., Lefort, T., Pialat, J., 2016.
Ultrasound shear wave velocity in skeletal muscle: a reproducibility study. Diagn.
Intervent. Imaging 97 (1), 71–79.

Creze, M., Nyangoh Timoh, K., Gagey, O., Rocher, L., Bellin, M.F., Soubeyrand, M., 2017.
Feasibility assessment of shear wave elastography to lumbar back muscles: a radio-
anatomic study. Clin. Anat.

Danneels, L., Coorevits, P., Cools, A., Vanderstraeten, G., Cambier, D., Witvrouw, E., De
Cuyper, H., 2002. Differences in electromyographic activity in the multifidus muscle
and the iliocostalis lumborum between healthy subjects and patients with sub-acute
and chronic low back pain. Eur. Spine J. 11 (1), 13–19.

Dickx, N., Cagnie, B., Achten, E., Vandemaele, P., Parlevliet, T., Danneels, L., 2008.
Changes in lumbar muscle activity because of induced muscle pain evaluated by
muscle functional magnetic resonance imaging. Spine 33 (26), E983–E989.

Dickx, N., Cagnie, B., Achten, E., Vandemaele, P., Parlevliet, T., Danneels, L., 2010.
Differentiation between deep and superficial fibers of the lumbar multifidus by
magnetic resonance imaging. Eur. Spine J. 19 (1), 122–128.

Dieterich, A., Yavuz, U., Nordez, A., Falla, D., Petzke, F., 2018. Neck muscle stiffness is
objectively not increased in chronic neck pain. In: XXII Congress of the International
Society of Electrophysiology and Kinesiology, Dublin.

Dieterich, A.V., Andrade, R.J., Le Sant, G., Falla, D., Petzke, F., Hug, F., Nordez, A., 2017.
Shear wave elastography reveals different degrees of passive and active stiffness of
the neck extensor muscles. Eur. J. Appl. Physiol. 117 (1), 171–178.

Fairbank, J.C., Pynsent, P.B., 2000. The Oswestry disability index. Spine 25 (22),
2940–2953.

Gennisson, J.-L., Deffieux, T., Fink, M., Tanter, M., 2013. Ultrasound elastography:
principles and techniques. Diagn. Intervent. Imaging 94 (5), 487–495.

Gillies, A.R., Lieber, R.L., 2011. Structure and function of the skeletal muscle extracellular
matrix. Muscle Nerve 44 (3), 318–331.

Goubel, F., Marini, J., 1987. Fibre type transition and stiffness modification of soleus
muscle of trained rats. Pflügers Archiv. 410 (3), 321–325.

Goubert, D., De Pauw, R., Meeus, M., Willems, T., Cagnie, B., Schouppe, S., Van
Oosterwijck, J., Dhondt, E., Danneels, L., 2017. Lumbar muscle structure and func-
tion in chronic versus recurrent low back pain: a cross-sectional study. Spine J. 17
(9), 1285–1296.

Hodges, P., Coppieters, M., MacDonald, D., Cholewicki, J., 2013. New insight into motor
adaptation to pain revealed by a combination of modelling and empirical approaches.
Eur. J. Pain 17 (8), 1138–1146.

Ito, T., Shirado, O., Suzuki, H., Takahashi, M., Kaneda, K., Strax, T.E., 1996. Lumbar trunk
muscle endurance testing: an inexpensive alternative to a machine for evaluation.
Arch. Phys. Med. Rehabil. 77 (1), 75–79.

Koo, T.K., Guo, J.-Y., Cohen, J.H., Parker, K.J., 2013. Relationship between shear elastic
modulus and passive muscle force: an ex-vivo study. J. Biomech. 46 (12), 2053–2059.

Koppenhaver, S., Kniss, J., Lilley, D., Oates, M., Fernández-de-las-Peñas, C., Maher, R.,
Croy, T., Shinohara, M., 2018. Reliability of ultrasound shear-wave elastography in
assessing low back musculature elasticity in asymptomatic individuals. J.
Electromyogr. Kinesiol. 39, 49–57.

Krismer, M., Van Tulder, M., 2007. Low back pain (non-specific), Best practice & research
clinical rheumatology 21(1), 77–91.

Lee, S.H., Park, S.W., Kim, Y.B., Nam, T.K., Lee, Y.S.J.T.S.J. 2017. The fatty degeneration
of lumbar paraspinal muscles on computed tomography scan according to age and
disc level, 17(1), 81–87.

MacDonald, D., Moseley, G.L., Hodges, P.W., 2009. Why do some patients keep hurting
their back? Evidence of ongoing back muscle dysfunction during remission from
recurrent back pain. PAIN® 142 (3), 183–188.

MacDonald, D., Wan, A., McPhee, M., Tucker, K., Hug, F., 2016. Reliability of abdominal
muscle stiffness measured using elastography during trunk rehabilitation exercises.
Ultrasound Med. Biol. 42 (4), 1018–1025.

MacDonald, D.A., Moseley, G.L., Hodges, P.W., 2006. The lumbar multifidus: does the
evidence support clinical beliefs? Manual Therapy 11 (4), 254–263.

Marcus, R.L., Addison, O., Kidde, J.P., Dibble, L.E., Lastayo, P.C., 2010. Skeletal muscle
fat infiltration: impact of age, inactivity, and exercise. J. Nutr. Health Aging 14 (5),
362–366.

Masaki, M., Aoyama, T., Murakami, T., Yanase, K., Ji, X., Tateuchi, H., Ichihashi, N.,
2017. Association of low back pain with muscle stiffness and muscle mass of the
lumbar back muscles, and sagittal spinal alignment in young and middle-aged
medical workers. Clin. Biomech. 49, 128–133.

Moreau, B., Vergari, C., Gad, H., Sandoz, B., Skalli, W., Laporte, S., 2016. Non-invasive
assessment of human multifidus muscle stiffness using ultrasound shear wave elas-
tography: a feasibility study. Proc. Inst. Mech. Eng. [H] 230 (8), 809–814.

Moseley, G.L., Hodges, P.W., Gandevia, S.C., 2002. Deep and superficial fibers of the
lumbar multifidus muscle are differentially active during voluntary arm movements.
Spine 27 (2), E29–E36.

Nordez, A., Hug, F., 2010. Muscle shear elastic modulus measured using supersonic shear
imaging is highly related to muscle activity level. J. Appl. Physiol. 108 (5),
1389–1394.

Petit, J., Filippi, G., Emonet-Denand, F., Hunt, C., Laporte, Y., 1990. Changes in muscle

stiffness produced by motor units of different types in peroneus longus muscle of cat.
J. Neurophysiol. 63 (1), 190–197.

Porterfield, J., DeRosa, C., 1998. Lumbopelvic Musculature: Structural and Functional
Considerations, Mechanical Low Back Pain: Perspectives in Functional Anatomy,
second ed. WB Saunders, Philadelphia, PA, pp. 53–120.

Roberts, T.J., 2016. Contribution of elastic tissues to the mechanics and energetics of
muscle function during movement. J. Exp. Biol. 219 (2), 266–275.

Rosskopf, A.B., Ehrmann, C., Buck, F.M., Gerber, C., Flück, M., Pfirrmann, C.W.J.R., 2015.
Quantitative shear-wave US elastography of the supraspinatus muscle: reliability of
the method and relation to tendon integrity and muscle quality, 278(2), 465–474.

Stokes, M., Hides, J., Elliott, J., Kiesel, K., Hodges, P., 2007. Rehabilitative ultrasound
imaging of the posterior paraspinal muscles. J. Orthop. Sports Phys. Ther. 37 (10),
581–595.

Vlaeyen, J.W., Kole-Snijders, A.M., Rotteveel, A.M., Ruesink, R., Heuts, P.H., 1995. The
role of fear of movement/(re) injury in pain disability. J. Occup. Rehabil. 5 (4),
235–252.

Yoshitake, Y., Takai, Y., Kanehisa, H., Shinohara, M., 2014. Muscle shear modulus
measured with ultrasound shear-wave elastography across a wide range of contrac-
tion intensity. Muscle Nerve 50 (1), 103–113.

Carlos Murillo is a physiotherapist who obtained his MRes in Spinal Pain from the
University of Birmingham (United Kingdom) in 2018. He conducted his MRes thesis
within the Centre of Precision Rehabilitation for Spinal Pain (CPR Spine); which was
focused on investigating the alteration in muscular stiffness and activity of the lumbar
muscles in people with low back pain. He is currently carrying out his PhD at Ghent
University (Belgium) within a FWO funded research project.

Deborah Falla is Chair in Rehabilitation Science and Physiotherapy at the University of
Birmingham, UK and is the Director of the Centre of Precision Rehabilitation for Spinal
Pain (CPR Spine). Her research utilises state of the art electrophysiological measures to
evaluate the control of human movement and how it is affected or adapted in response to
various states (e.g. injury, fatigue, training, and pain). Her research aims to optimise the
management of musculoskeletal disorders with a particular interest in spinal pain. She
has published over 190 papers in international, peer-reviewed journals, and more than
300 conference papers/abstracts including over 30 invited/keynote lectures. Professor
Falla has received several recognitions and awards for her work including the German
Pain Research Prize, the George J. Davies - James A. Gould Excellence in Clinical Inquiry
Award and the Delsys Prize for Electromyography Innovation. Professor Falla is an author
of three books including the latest entitled “Management of neck pain disorders: a re-
search informed approach” (Elsevier). Professor Falla acts as an Associate Editor for
Musculoskeletal Science & Practice, the Journal of Electromyography and Kinesiology
and IEEE Transactions on Neural Systems and Rehabilitation Engineering. She was
President of the International Society of Electrophysiology and Kinesiology (ISEK) be-
tween 2016-2018.

Alison Rushton is Reader in Musculoskeletal Rehabilitation Sciences, at the University of
Birmingham, UK. She is Deputy Director/Research Co-Lead of the Centre of Precision
Rehabilitation for Spinal Pain and Programme Lead for the MRes Spinal Pain. Alison has a
strong research profile, with > 100 publications in high impact journals including BMJ,
Spine and BJSM. Her research is driven by patients and key issues in musculoskeletal
clinical practice with a focus to spinal pain and dysfunction; personalising interventions
to the individual patient, and developing evidence informed decision-making frameworks
to inform safe/efficacious interventions. Alison is Chair of the Standards Committee of the
International Federation of Orthopaedic Manipulative Physical therapy. And sits on the
Editorial Board of BMC Musculoskeletal, Plos One and Musculoskeletal Science and
Practice journals. Alison’s contribution to musculoskeletal rehabilitation research has
been recognised through the award of fellowships from the UK Chartered Society of
Physiotherapy and the UK Musculoskeletal Association of Chartered Physiotherapists.

Andy Sanderson is a PhD student at the University of Birmingham’s Centre of Precision
Rehabilitation for Spinal Pain (CPR Spine). His research combines his prior anatomical
training with cutting edge neurophysiological and kinematic techniques to assess muscle
activity in the lumbar paraspinal musculature. In his PhD thesis, Andy is combining high-
density electromyography and motion analysis to quantify changes in muscle activity
movement caused by low back pain, with the aim to inform rehabilitation practice.

Nicola Heneghan is a Lecturer/Researcher in Musculoskeletal Rehabilitation Sciences in
the Centre of Precision Rehabilitation for Spinal Pain (CPR Spine), University of
Birmingham, UK. Nicola’s research investigates thoracic spine pain and dysfunction in
different patient populations as well as collaborative research in patients with low back
and neck pain, and following spinal surgery or trauma. She has published over 50 papers
in international, peer-reviewed journals, and more than 75 conference papers/abstracts
including invited/keynote lectures. She has supported > 120 physiotherapists to suc-
cessful completion of postgraduate degrees (MSc, MRes and PhD) and currently super-
vises students across all programmes. External to her academic commitments she is
currently the Chair of the MACP, the UK Member Organisation for IFOMPT, sits on the
Internal Advisory Board for Musculoskeletal Science & Practice and is an Associate Editor
for the BMC Journal ‘Systematic Reviews’.

C. Murillo, et al. Journal of Electromyography and Kinesiology 47 (2019) 19–24

24

http://refhub.elsevier.com/S1050-6411(19)30062-8/h0030
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0035
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0035
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0035
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0035
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0040
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0040
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0040
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0045
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0045
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0045
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0050
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0050
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0050
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0050
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0055
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0055
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0055
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0060
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0060
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0060
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0070
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0070
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0070
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0075
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0075
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0080
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0080
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0085
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0085
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0090
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0090
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0095
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0095
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0095
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0095
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0100
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0100
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0100
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0105
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0105
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0105
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0110
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0110
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0115
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0115
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0115
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0115
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0130
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0130
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0130
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0135
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0135
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0135
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0140
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0140
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0145
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0145
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0145
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0150
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0150
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0150
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0150
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0155
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0155
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0155
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0160
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0160
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0160
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0165
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0165
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0165
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0170
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0170
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0170
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0175
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0175
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0175
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0180
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0180
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0190
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0190
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0190
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0195
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0195
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0195
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0200
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0200
http://refhub.elsevier.com/S1050-6411(19)30062-8/h0200

	Shear wave elastography investigation of multifidus stiffness in individuals with low back pain
	Introduction
	Methods
	Participants
	Questionnaires
	Procedure
	Image processing
	Statistical analysis

	Results
	Population characteristics
	Muscular stiffness

	Discussion
	Passive muscular stiffness of SM and DM
	Differences in multifidus stiffness in individuals with LBP
	Differences in contraction ratio
	Methodological considerations

	mk:H1_16
	Supplementary material
	References




