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Abstract: Identifying the objective stiffness of the neck muscles facilitates the early and specific
diagnosis of neck pain and targeted therapy. However, individual variation in the muscle shear
modulus obscures differences between healthy and diseased individuals. Normalization may improve
the comparability between individuals. The shear modulus at different functional tasks served as a
reference for normalizing the neck muscles’ shear modulus of 38 women, 20 with chronic neck pain
and 18 asymptomatic. Reference tasks were maximal voluntary contraction, relaxed sitting, prone head
lift, balancing 1 kg on the head, and neck extension at 48 N. The effects of normalization on within-group
variation and between-group differences were compared. Normalization with maximal voluntary
contraction was discarded due to imaging problems. Normalization with relaxed sitting, prone head
lift, balancing 1 kg, and neck extension at 48 N reduced within-group variation, by 23.2%, 26.8%, 11.6%,
and 33.6%, respectively. All four normalization approaches reduced the p-values when testing
for between-group differences. For the pain group, normalization with relaxed sitting and head lift
indicated less normalized muscle stiffness, while normalization with balancing 1 kg and extension at
48 N indicated higher stiffness. The contradictory results are explainable by non-significant group
differences in the reference tasks. Normalization of the muscle shear modulus is effective to reduce
within-group variation, but a trustworthy normalization approach for group comparisons has yet to
be identified.

Keywords: elasticity imaging techniques; muscle; neck pain; data processing

1. Introduction

Neck pain is among the most common causes of disability [1]. Although periods of
acute pain are typically short [2], rates of recurrence and chronicity are high [3]. Perceived
muscle tension increases the risk of developing neck pain [4] and contributes to pain
symptoms [5,6]. Thus, objective measures of neck muscle elasticity may aid early diagnosis,
identification of myofascial pain components, and targeted therapy. The objective elasticity
or stiffness of the neck muscles can be examined using ultrasound shear wave elastography
(SWE), which non-invasively, via shear wave speed, measures the muscle shear modulus
in superficial and deep-lying muscles [7] during passive and active muscle states [8].
Thus, passive tissue properties and functional muscle performance can be evaluated [9–11].
However, a muscle’s typical shear modulus differs between individuals. Apart from
pathology and active muscle tension, it is influenced by the individual’s constitution, age,
and gender [12–14]. The individual variation of a muscle’s shear modulus impedes the
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comparability of measurements, the definition of typical stiffness, and, therewith, the
detection of differences or deficiencies. Furthermore, measurements of the muscle shear
modulus should not be compared between the systems of different SWE manufacturers [15].

Normalization, i.e., the expression of a measurement as a percentage of an individual
reference value, may be used to improve the comparability of measurements between
individuals [16]. Normalization aims to reduce measurement variation that arises from
factors that are not targeted in an investigation [17,18]. For example, electromyography
measurements of muscle activation must be normalized to enable comparisons between
individuals, muscles, measurement occasions, and different studies. In electromyography,
the most broadly used and recommended reference for normalization is from a maximal
voluntary isometric contraction (MVIC) [19]. In individuals with pain, the exertion of
maximal force may not be feasible [17,20]. Alternatively, tasks with submaximal effort
have been advocated as a reference for normalization [21]. As far as we are aware, mea-
surements of the muscle shear modulus have been normalized only in two studies in
which the muscle shear modulus during relaxation has been used as the reference [7,22].
We hypothesized that normalization of the muscle shear modulus reduces within-group
variation and facilitates the detection of a between-group difference.

In a recent study on the stiffness of the neck muscles of women with chronic neck pain
and asymptomatic women, we found high within-group variation and an insignificant trend
of lower neck muscle stiffness in the pain group [23]. Using these existing data, the here
presented work aimed to evaluate different normalization approaches by comparing within-
group variance and between-group difference between raw (non-normalized) measures
and different normalization approaches.

2. Materials and Methods
2.1. Material

Data were captured in an already published cross-sectional case-control study in-
cluding 38 women (median age 50.5 years, IQR 9 years) [23]. Participants were recruited
at a university pain clinic. There, the study took place in a laboratory. Twenty women
with chronic neck pain >6 months and a score >10/50 on the Neck Disability Index (neck
pain group), and 18 age-matched asymptomatic women without a history of recurrent
lower back or neck pain (control group) performed multiple tasks, during which the shear
modulus of the neck extensor muscles was measured using ultrasound SWE (Acuson S3000;
Siemens, Erlangen, Germany) (Figures 1 and 2). Exclusion criteria for both groups included
systemic pathologies and medications that may influence muscle tone or performance,
pregnancy, and BMI > 30 kg/m2 (image quality). Prior to data collection, information on
the expected group difference had not been available; the sample size was chosen in agree-
ment with other relevant studies [24,25]. The study tasks of graded isometric neck extension
and MVIC while sitting in a dynamometry-equipped measurement unit (MultiCervical
Unit (MCU), BTE Technologies, CO, USA) (Figure 1C) served to observe the increase of
neck muscle stiffness with force; a standardized deskwork task under time pressure meant
to mimic stressful office work; in prone the resting state and head lift were recorded to
monitor the individual ability to relax, or to lift the weight of the head; the task of balanc-
ing sandbags of 1 kg on the head was inspired by a clinically used exercise and deemed
easy to standardize. All tasks were repeated three times. Muscle stiffness measured over
all scanned neck muscles, including the trapezius, splenius capitis, semispinalis capitis,
semispinalis cervicis, and multifidus muscles (Figure 1A) was recorded in longitudinal
transducer orientation approximately 1 cm lateral to the spinous processes, centered at C4
(Figure 1B), at 9 MHz with a 9L4 linear transducer with 4 cm footprint. The thyroid preset
and the maximal range of shear wave speed (10 m/s) was set. Gain (14–20 dB), dynamic
range (45–65 dB), and image depth of 3.5–4.5 cm were adjusted for good visualization. The
shear modulus was computer-extracted over the complete elastogram (all visible neck ex-
tensor muscles) and also in muscle-specific regions using a custom MATLAB program [23].
Stiffness measurements were averaged over the three task repetitions. The visual check of
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data quality demonstrated artifacts [26,27] in 28% of the elastograms of MVIC, and shear
wave velocities exceeding 9.98 m/s, suggesting measurement saturation [26], in 30% of
the MVIC trials (Figure 2). MVIC data were excluded. Measurements of the resting state
demonstrated insufficient reliability, ICC3,3 = 0.138, and were excluded [23]. Data from nine
tasks with active muscle performance remained in the analysis (Table A1 in Appendix A).
The insufficient data quality of MVIC and resting state prevented their use as references
for normalization.
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Figure 1. Example images of a control subject: (A) neck extensor muscles in ultrasound B-mode;
elastogram of the neck muscles during (B) relaxed sitting (low stiffness in blue) and (C) isometric
neck extension at 12 N (high stiffness in red). (B) includes a photograph with the transducer location
(red) framed with adhesive foam to facilitate repeatability; (C) shows setup of the graded force task.
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Due to potential variation in force sharing between muscles of similar function [23,28],
the robustness of the measures, and the complexity of comparisons, this report is limited
to the shear modulus of the neck muscle group, as measured over the entire elastogram,
without specifying muscle regions.

2.2. Normalization

The individual shear modulus during four tasks of submaximal force requirements
served as the reference value for normalization (Figure 3). Each measurement of the neck
muscles’ shear modulus of an individual was normalized with each of the four individual
reference values, i.e., 180 (20 participants with neck pain*9 tasks) and 162 (18 pain-free
participants*9 tasks) measurements were transformed into a percentage of each of the four
alternative reference values.

Diagnostics 2022, 12, 1791 5 of 9 
 

 

 

Figure 3. Neck muscle shear modulus of the four tasks that have been used as a reference for nor-

malization. Note that median stiffness in the pain group tended to be higher, similar, or lower com-

pared to the control group (not significant). 

2.3. Statistical Analysis 

The mean of the raw and the normalized stiffness measures of each participant was 

computed, i.e., nine measurements of different activities were averaged per participant 

for comparing groups. The Shapiro–Wilk test indicated skewed data distribution in the 

raw measures of the neck pain group (p = 0.001) and with normalization to head lift in both 

groups (both p < 0.001). To enable the comparison of all measures, within-group variation 

was described using the ratio of the interquartile range (IQR) divided by the median as a 

non-parametric coefficient. The change of variation with each normalization approach 

was expressed as a percentage of the variation of the raw measures. Between-group dif-

ference was examined using the non-parametric Mann–Whitney test, and the parametric 

independent t-test for the measures with normal distribution. For the additional exami-

nation of single tasks, the Shapiro–Wilk test indicated skewed data distributions. The be-

tween-group difference of each task was examined using the Mann–Whitney test. Statis-

tics were computed with the α-level at 0.05 (SPSS v.26, IBM, Ehningen, Germany). 

3. Results 

All four normalization approaches reduced within-group variation of the measures 

of neck muscle stiffness that had been averaged over tasks (Table 1). All four normaliza-

tion approaches led to smaller p-values, suggesting improved detection of a between-

group difference (Table 1). Notably, normalization with relaxed sitting and head lift repli-

cated the finding of less neck muscle stiffness in the pain group, while normalization with 

extension at 48 N and balancing 1 kg indicated higher normalized stiffness in the pain group 

(Table 1). Muscle stiffness in the pain group compared to the control group during the 

head lift task was significantly lower when normalized to extension at 48 N, and signifi-

cantly higher during the extension at 48 N task when normalized to head lift, both p = 0.017 

(Table A1 in Appendix A). 

Figure 3. Neck muscle shear modulus of the four tasks that have been used as a reference for
normalization. Note that median stiffness in the pain group tended to be higher, similar, or lower
compared to the control group (not significant).

The reference tasks were chosen because they were common all-day activities of func-
tional relevance: (a) relaxed sitting (instruction to sit relaxed in the MCU unit; participants
were meant to reproduce their usual behavior) and (b) prone head lift. Alternatively, the
tasks were deemed easy to standardize: (c) balancing 1 kg on the head and (d) isometric
neck extension at 48 N (which was the highest resistance in the graded force setup of the
first task). Notably, the performance between groups tended to differ in a task-dependent
manner. Median stiffness in the pain group compared to the control group was higher
during tasks (a) and (b), quasi-equal in (c), and lower in (d) (Figure 3).

2.3. Statistical Analysis

The mean of the raw and the normalized stiffness measures of each participant was
computed, i.e., nine measurements of different activities were averaged per participant
for comparing groups. The Shapiro–Wilk test indicated skewed data distribution in the
raw measures of the neck pain group (p = 0.001) and with normalization to head lift in
both groups (both p < 0.001). To enable the comparison of all measures, within-group
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variation was described using the ratio of the interquartile range (IQR) divided by the
median as a non-parametric coefficient. The change of variation with each normalization
approach was expressed as a percentage of the variation of the raw measures. Between-
group difference was examined using the non-parametric Mann–Whitney test, and the
parametric independent t-test for the measures with normal distribution. For the additional
examination of single tasks, the Shapiro–Wilk test indicated skewed data distributions.
The between-group difference of each task was examined using the Mann–Whitney test.
Statistics were computed with the α-level at 0.05 (SPSS v.26, IBM, Ehningen, Germany).

3. Results

All four normalization approaches reduced within-group variation of the measures of
neck muscle stiffness that had been averaged over tasks (Table 1). All four normalization
approaches led to smaller p-values, suggesting improved detection of a between-group
difference (Table 1). Notably, normalization with relaxed sitting and head lift replicated the
finding of less neck muscle stiffness in the pain group, while normalization with extension
at 48 N and balancing 1 kg indicated higher normalized stiffness in the pain group (Table 1).
Muscle stiffness in the pain group compared to the control group during the head lift task
was significantly lower when normalized to extension at 48 N, and significantly higher
during the extension at 48 N task when normalized to head lift, both p = 0.017 (Table A1 in
Appendix A).

Table 1. Raw and normalized neck muscle shear modulus averaged over tasks per group, coefficients
of within-group variation, change of variation relative to the raw measurements, the main result of
the group comparison, and p-values for differences between groups. Abbr.: IQR, interquartile range;
n.a. not applicable; * significant at p < 0.05.

Raw Shear Modulus,
kPa

Shear Modulus % of
Relaxed Sitting

Shear Modulus % of
Head Lift

Shear Modulus % of
Balancing 1 kg

Shear Modulus % of
Extension at 48 N

Neck
Pain Control Neck

Pain Control Neck
Pain Control Neck

Pain Control Neck
Pain Control

Shear modulus
median (IQR) 13.1 (6.4) 13.6 (5.6) 139.6

(58.5)
155.9
(43.5)

94.2
(34.4)

107.8
(31.8)

188.9
(83.0)

174.4
(62.2) 89.1 (30.7) 76.5

(19.6)
Coefficient

IQR/median 0.49 0.41 0.42 0.28 0.37 0.29 0.44 0.36 0.34 0.26

Result for the neck
pain group 3.3% lower stiffness 10.5% lower

normalized stiffness
12.6% lower

normalized stiffness
8.3% higher

normalized stiffness
16.6% higher

normalized stiffness
Mann-Whitney

p-value 0.654 0.317 0.059 0.251 0.082

T-Test p-value (if
applicable) n.a. 0.242 n.a. 0.362 0.035 *

4. Discussion

All four normalization approaches reduced within-group variation and facilitated the
detection of a between-group difference. However, the group difference was not consistent
between normalization approaches. In support of the trend in the raw measurements, two
normalization approaches demonstrated less stiffness of the neck muscles in the neck pain
group. The other two approaches indicated the opposite result.

Inconsistent results from different normalization procedures have been reported in
electromyography (EMG) studies [29–31]. Recently, a normalization matrix has been
published to provide advice on the advantages and disadvantages of different EMG nor-
malization methods [17]. The authors recommended normalization with the MVIC if
feasible, due to the unique advantage of interpreting normalized measures as the percent-
ages of maximal force. Due to measurement saturation and artifacts, the MVIC measures
in this study could not be used for normalization. To date, MVIC has not been used for
normalizing SWE measures.

Submaximal efforts provide an alternative when an MVIC cannot be performed.
However, as supported by the current results, a reference value that differs between groups
may be problematic for comparing normalized measures between groups [17]. In the
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included reference tasks, the shear modulus did not differ significantly between groups
but trends were visible. Larger trends of different medians in the reference tasks head
lift and extension at 48 N (Figure 3) were associated with smaller p-values of the between-
group difference in the normalized measures. In addition, the direction of the difference
in the group medians of the reference tasks appears to have influenced the direction of
the between-group difference in the normalized results, e.g., relative to the higher group
median in prone head lift, normalized measures were lower in the pain group. Conclusively,
the choice of the reference measure influences the result of a group comparison with
normalized measures. The inconsistent results question all four of the here presented
normalization approaches for the purpose of group comparisons.

Besomi et al. warned against using fixed force values for normalization in group
comparisons if the effort differs between groups [17]. We recorded an MVIC of 56 N ±19 N
in the pain group versus 64 N ± 19 N in the control group, p = 0.219 [23]. Thus, the effort
for an extension at 48 N was higher in the pain group. Relative to the pain group’s low
shear modulus during extension at 48 N (Figure 3) as normalization reference, the pain
group’s relatively high muscle shear moduli during, for example, head lift transformed into
high percentages in the normalized measures. This probably explains the opposite group
difference with normalization to extension at 48 N, and likewise to balancing 1 kg.

In concordance with the recommendations for normalizing EMG measures of muscle
activation, we used averaged measures from task repetitions and we did not normalize the
measures of single muscle regions [17]. The distribution of muscle tension during a submax-
imal effort may vary between synergistic muscles, task repetitions, and groups [23,28,32].
Thus, an average over the group of synergistic muscles is more robust.

Measurements were taken along the main shortening axis of the neck extensor muscles,
as validated [33,34], but in some of the muscles, the transducer was not aligned with muscle
fiber direction. For example. the stiffness contribution of the oblique splenius capitis muscle
may be affected by the deviating fiber angle, presumably to a small amount [34,35]. The
influence of angle deviations of muscle fibers affected both groups similarly and may
have reduced the precision of the cumulated neck extensor shear modulus, but not the
comparison between groups or normalization approaches.

5. Conclusions

Normalization of the muscle shear modulus enhances the comparability between indi-
viduals by reducing within-group variation. The detection of a between-group difference is
facilitated. From this perspective, the normalization of measurements of the muscle shear
modulus is promising. On the other hand, normalization with functional tasks performed
differently between groups results in questionable inferences. Further normalization ap-
proaches, e.g., a defined percentage of the maximal force, must be tested to identify a
trustworthy normalization approach for measurements of the muscle shear modulus.
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Appendix A

Table A1. Raw and normalized neck muscle shear modulus (median (interquartile range (IQR))) per
task; p-value of the Mann–Whitney test for the between-group difference (in italics). * significant at
p < 0.05 (in bold).

Raw Shear Modulus,
kPa

Shear Modulus % of
Relaxed Sitting

Shear Modulus % of
Head Lift

Shear Modulus % of
Balancing 1 kg

Shear Modulus % of
Extension at 48 N

Neck
Pain Control Neck

Pain Control Neck
Pain Control Neck

Pain Control Neck
Pain Control

Relaxed sitting 8.9
(4.6)

8.1
(2.3)

65
(25)

69
(33)

121
(68)

102
(38)

58
(40)

48
(13)

p-value 0.740 0.593 0.093 0.149

Extension at 12 N 9.3
(8.5)

10.7
(5.7)

115
(48)

124
(37)

74
(45)

80
(29)

145
(86)

122
(71)

74
(35)

63
(25)

p-value 0.573 0.426 0.290 0.496 0.099

Extension at 24 N 10.8
(8.2)

13.7
(9.9)

134
(57)

162
(90)

86
(41)

95
(38)

171
(96)

168
(102)

81
(21)

75
(14)

p-value 0.317 0.196 0.093 0.828 0.217

Extension at 36 N 14.8
(12.0)

14.7
(8.1)

157
(96)

182
(85)

109
(69)

123
(77)

195
(150)

198
(90)

96
(36)

90
(13)

p-value 0.496 0.377 0.149 0.740 0.158

Extension at 48 N 15.1
(9.9)

17.6
(8.5)

173
(109)

207
(56)

108
(48)

141
(63)

225
(169)

218
(120)

p-value 0.149 0.149 0.017 * 0.919
30◦ Rotation at 24

N
12.7
(7.8)

15.6
(9.0)

143
(73)

186
(63)

94
(52)

120
(57)

204
(138)

169
(96)

95
(34)

87
(34)

p-value 0.377 0.167 0.093 0.534 0.696

Office stress 16.6
(11.1)

16.3
(10.4)

187
(95)

194
(85)

129
(72)

138
(69)

234
(154)

233
(119)

117
(92)

92
(42)

p-value 0.998 0.478 0.317 0.496 0.099

Balancing 1 kg 7.1
(3.2)

7.4
(3.3)

83
(39)

98
(35)

53
(35)

74
(41)

45
(43)

46
(29)

p-value 0.141 0.093 0.105 0.919

Prone head lift 13.9
(6.3)

12.4
(6.5)

153
(59)

145
(71)

189
(124)

136
(105)

93
(46)

71
(32)

p-value 0.393 0.593 0.105 0.017 *

References
1. Collaborators, U.B.o.D. The State of US Health, 1990-2010: Burden of Diseases, Injuries, and Risk Factors. JAMA 2013, 310, 591–608.

[CrossRef]
2. Vasseljen, O.; Woodhouse, A.; Bjørngaard, J.H.; Leivseth, L. Natural course of acute neck and low back pain in the general

population: The HUNT study. Pain 2013, 154, 1237–1244. [CrossRef] [PubMed]
3. Cote, P.; Cassidy, J.D.; Carroll, L.J.; Kristman, V. The annual incidence and course of neck pain in the general population: A

population-based cohort study. Pain 2004, 112, 267–273. [CrossRef] [PubMed]
4. Côté, P.; van der Velde, G.; Cassidy, J.D.; Carroll, L.J.; Hogg-Johnson, S.; Holm, L.W.; Carragee, E.J.; Haldeman, S.; Nordin, M.;

Hurwitz, E.L.; et al. The Burden and Determinants of Neck Pain in Workers: Results of the Bone and Joint Decade 2000–2010 Task
Force on Neck Pain and Its Associated Disorders. J. Manipulative Physiol. Ther. 2009, 32, S70–S86. [CrossRef]

5. MacDermid, J.C.; Walton, D.M.; Bobos, P.; Lomotan, M.; Carlesso, L. A Qualitative Description of Chronic Neck Pain has
Implications for Outcome Assessment and Classification. Open Orthop. J. 2016, 10, 746. [CrossRef]

6. Takasawa, E.; Yamamoto, A.; Kobayashi, T.; Tajika, T.; Shitara, H.; Ichinose, T.; Mieda, T.; Iizuka, Y.; Iizuka, H.; Takagishi, K.
Characteristics of neck and shoulder pain in the Japanese general population. J. Orthop. Sci. 2015, 20, 403–409. [CrossRef]

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

8. Lee, S.S.M.; Jakubowski, K.L.; Spear, S.C.; Rymer, W.Z. Muscle material properties in passive and active stroke-impaired muscle.
J. Biomech. 2019, 83, 197–204. [CrossRef]

9. Koo, T.K.; Hug, F. Factors that influence muscle shear modulus during passive stretch. J. Biomech. 2015, 48, 3539–3542. [CrossRef]
10. Nordez, A.; Hug, F. Muscle shear elastic modulus measured using supersonic shear imaging is highly related to muscle activity

level. J. Appl. Physiol. 2010, 108, 1389–1394. [CrossRef]
11. Romero-Morales, C.; Bravo-Aguilar, M.; Ruiz-Ruiz, B.; Almazán-Polo, J.; López-López, D.; Blanco-Morales, M.; Téllez-González,

P.; Calvo-Lobo, C. Current advances and research in ultrasound imaging to the assessment and management of musculoskeletal
disorders. Dis. Mon. 2020, 67, 101050. [CrossRef]

12. Eby, S.F.; Cloud, B.A.; Brandenburg, J.E.; Giambini, H.; Song, P.; Chen, S.; LeBrasseur, N.K.; An, K.-N. Shear wave elastography of
passive skeletal muscle stiffness: Influences of sex and age throughout adulthood. Clin. Biomech. 2015, 30, 22–27. [CrossRef]

http://doi.org/10.1001/jama.2013.13805
http://doi.org/10.1016/j.pain.2013.03.032
http://www.ncbi.nlm.nih.gov/pubmed/23664654
http://doi.org/10.1016/j.pain.2004.09.004
http://www.ncbi.nlm.nih.gov/pubmed/15561381
http://doi.org/10.1016/j.jmpt.2008.11.012
http://doi.org/10.2174/1874325001610010746
http://doi.org/10.1007/s00776-014-0676-2
http://doi.org/10.1007/s00421-016-3509-5
http://doi.org/10.1016/j.jbiomech.2018.11.043
http://doi.org/10.1016/j.jbiomech.2015.05.038
http://doi.org/10.1152/japplphysiol.01323.2009
http://doi.org/10.1016/j.disamonth.2020.101050
http://doi.org/10.1016/j.clinbiomech.2014.11.011


Diagnostics 2022, 12, 1791 8 of 8

13. Hvedstrup, J.; Tørring Kolding, L.; Ashina, M.; Winther Schytz, H. Increased neck muscle stiffness in migraine patients with ictal
neck pain: A shear wave elastography study. Cephalgia 2020, 40, 565–574. [CrossRef]

14. Heizelmann, A.; Tasdemir, S.; Schmidberger, J.; Gräter, T.; Kratzer, W.; Grüner, B. Measurements of the trapezius and erector
spinae muscles using virtual touch imaging quantification ultrasound-Elastography: A cross section study. BMC Musculoskelet.
Disord. 2017, 18, 370. [CrossRef]

15. Franchi-Abella, S.; Elie, C.; Correas, J.M. Ultrasound elastography: Advantages, limitations and artefacts of the different
techniques from a study on a phantom. Diagn. Interv. Imaging 2013, 94, 497–501. [CrossRef]

16. Linek, P. The importance of body mass normalisation for ultrasound measurements of the morphology of oblique abdominis
muscles: The effect of age, gender, and sport practice. Folia Morphol. 2018, 77, 123–130. [CrossRef]

17. Besomi, M.; Hodges, P.W.; Clancy, E.A.; Van Dieën, J.; Hug, F.; Lowery, M.; Merletti, R.; Søgaard, K.; Wrigley, T.; Besier, T.; et al.
Consensus for experimental design in electromyography (CEDE) project: Amplitude normalization matrix. J. Electromyogr.
Kinesiol. 2020, 53, 102438. [CrossRef]

18. Yang, J.F.; Winter, D.A. Electromyography amplitude normalisation methods: Improving their sensitivity as diagnostic tools in
gait analysis. Arch. Phys. Med. Rehabil. 1984, 65, 517–521.

19. Burden, A. How should we normalize electromyograms obtained from healthy participants? What we have learned from over
25 years of research. J. Electromyogr. Kinesiol. 2010, 20, 1023–1035. [CrossRef]

20. Ettinger, L.; Weiss, J.; Shapiro, M.; Karduna, A. Normalization to Maximal Voluntary Contraction is Influenced by Subacromial
Pain. J. Appl. Biomech. 2016, 32, 433–440. [CrossRef]

21. Marras, W.S.; Davis, K.G.; Maronitis, A.B. A non-MVC EMG normalization technique for the trunk musculature: Part 2. Validation
and use to predict spinal loads. J. Electromyogr. Kinesiol. 2001, 11, 11–18. [CrossRef]

22. Brandenburg, J.E.; Eby, S.F.; Song, P.; Kingsley-Berg, S.; Bamlet, W.; Sieck, G.C.; An, K.N. Quantifying passive muscle stiffness in
children with and without cerebral palsy using ultrasound shear wave elastography. Dev. Med. Child Neurol. 2016, 58, 1288–1294.
[CrossRef] [PubMed]

23. Dieterich, A.V.; Yavuz, U.S.; Petzke, F.; Nordez, A.; Falla, D. Neck muscle stiffness measured with shear wave elastography in
women with chronic nonspecific neck pain. J. Orthop. Sports Phys. Ther. 2020, 50, 179–188. [CrossRef] [PubMed]

24. Falla, D.; Jull, G.; Edwards, S.; Koh, K.; Rainoldi, A. Neuromuscular efficiency of the sternocleidomastoid and anterior scalene
muscles in patients with chronic neck pain. Disabil. Rehabil. 2004, 26, 712–717. [CrossRef]

25. Liu, K.H.; Bhatia, K.; VChu, W.; He, L.T.; Leung, S.F.; Ahuja, A.T. Shear Wave Elastography-A New Quantitative Assessment of
Post-Irradiation Neck Fibrosis. Ultraschall Med. 2015, 36, 348–354. [CrossRef]

26. Creze, M.; Nordez, A.; Soubeyrand, M.; Rocher, L.; Maître, X.; Bellin, M.F. Shear wave sonoelastography of skeletal muscle: Basic
principles, biomechanical concepts, clinical applications, and future perspectives. Skeletal Radiol. 2018, 47, 457–471. [CrossRef]

27. Davis, L.C.; Baumer, T.G.; Bey, M.J.; van Holsbeeck, M. Clinical utilization of shear wave elastography in the musculoskeletal
system. Ultrasonography 2019, 38, 2–12. [CrossRef]

28. Bouillard, K.; Nordez, A.; Hodges, P.W.; Cornu, C.; Hug, F. Evidence of changes in load sharing during isometric elbow flexion
with ramped torque. J. Biomech. 2012, 45, 1424–1429. [CrossRef]

29. French, H.P.; Huang, X.; Cummiskey, A.; Meldrum, D.; Malone, A. Normalisation method can affect gluteus medius elec-
tromyography results during weight bearing exercises in people with hip osteoarthritis (OA): A case control study. Gait Posture
2015, 41, 470–475. [CrossRef]

30. Benoit, D.L.; Lamontagne, M.; Cerulli, G.; Liti, A. The clinical significance of electromyography normalisation techniques in
subjects with anterior cruciate ligament injury during treadmill walking. Gait Posture 2003, 18, 56–63. [CrossRef]

31. Allison, G.T.; Marshall, R.N.; Singer, K.P. EMG signal amplitude normalization technique in stretch-shortening cycle movements.
J. Electromyogr. Kinesiol. 1993, 3, 236–244. [CrossRef]

32. Szeto, G.P.J.; Straker, L.M.; O’Sullivan, P.B. Neck-shoulder muscle activity in general and task-specific resting postures of
symptomatic computer users with chronic neck pain. Man. Ther. 2009, 14, 338–345. [CrossRef]

33. Eby, S.F.; Song, P.; Chen, S.; Chen, Q.; Greenleaf, J.F.; An, K.-N. Validation of shear wave elastography in skeletal muscle. J. Biomech.
2013, 46, 2381–2387. [CrossRef]

34. Miyamoto, N.; Hirata, K.; Kanehisa, H.; Yoshitake, Y. Validity of Measurement of Shear Modulus by Ultrasound Shear Wave
Elastography in Human Pennate Muscle. PLoS ONE 2015, 10, e0124311. [CrossRef]

35. Chino, K.; Takahashi, H. Influence of pennation angle on measurement of shear wave elastography: In vivo observation of shear
wave propagation in human pennate muscle. Physiol. Meas. 2018, 39, 115003. [CrossRef]

http://doi.org/10.1177/0333102420919998
http://doi.org/10.1186/s12891-017-1733-8
http://doi.org/10.1016/j.diii.2013.01.024
http://doi.org/10.5603/FM.a2017.0059
http://doi.org/10.1016/j.jelekin.2020.102438
http://doi.org/10.1016/j.jelekin.2010.07.004
http://doi.org/10.1123/jab.2015-0185
http://doi.org/10.1016/S1050-6411(00)00040-7
http://doi.org/10.1111/dmcn.13179
http://www.ncbi.nlm.nih.gov/pubmed/27374483
http://doi.org/10.2519/jospt.2020.8821
http://www.ncbi.nlm.nih.gov/pubmed/31905095
http://doi.org/10.1080/09638280410001704287
http://doi.org/10.1055/s-0034-1366364
http://doi.org/10.1007/s00256-017-2843-y
http://doi.org/10.14366/usg.18039
http://doi.org/10.1016/j.jbiomech.2012.02.020
http://doi.org/10.1016/j.gaitpost.2014.11.011
http://doi.org/10.1016/S0966-6362(02)00194-7
http://doi.org/10.1016/1050-6411(93)90013-M
http://doi.org/10.1016/j.math.2008.05.001
http://doi.org/10.1016/j.jbiomech.2013.07.033
http://doi.org/10.1371/journal.pone.0124311
http://doi.org/10.1088/1361-6579/aae7e2

	Introduction 
	Materials and Methods 
	Material 
	Normalization 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	Appendix A
	References

