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Abstract: The aim of the present study was to determine the validity of ultrasound (US) imaging
versus magnetic resonance imaging (MRI) for measuring anterior thigh muscle, subcutaneous adipose
tissue (SAT), and fascia thickness. Twenty healthy, moderately active participants (aged 49.1 + 9.74
(36-64) years), underwent imaging of the anterior thigh, using ultrasound and MRI modalities on
the same day. Images were analyzed offline to assess the level of agreement between US and MRI
measurements. Pearson’s correlation coefficient showed an excellent relationship between US imaging
and MRI for measuring muscle (r = 0.99, p < 0.01), SAT (r = 0.99, p < 0.01), and non-contractile tissue
(SAT combined with perimuscular fascia) thickness (r = 0.99, p < 0.01). Perimuscular fascia thickness
measurement showed a poor correlation between modalities (r = 0.39, p < 0.01). Intra-class correlation
coefficients (ICC3,1) also showed excellent correlation of the measurements with ICC = 0.99 for
muscle thickness, SAT, and non-contractile tissue, but not for perimuscular fascia, which showed
poor agreement ICC = 0.36. Bland and Altman plots demonstrated excellent agreement between
US imaging and MRI measurements. Criterion validity was demonstrated for US imaging against
MR, for measuring thickness of muscle and SAT, but not perimuscular fascia alone on the anterior
thigh. The US imaging technique is therefore applicable for research and clinical purposes for muscle
and SAT.

Keywords: fascia thickness; MRI; muscle thickness; rectus femoris; ultrasound imaging; subcutaneous
adipose tissue thickness; validity; vastus intermedius

1. Introduction

Osteoarthritis of the knee [1], as well as other conditions that affect the knee [2,3], are commonly
associated with quadriceps muscle weakness and atrophy (wasting). Quadriceps atrophy also occurs
early and rapidly during critical illness [4,5]. The accurate, objective assessment of atrophy is a
potentially powerful tool for research and clinical applications if a method is valid [6-9], and the present
paper addresses this topic. Ultrasound (US) imaging provides an accurate, safe, and noninvasive
tool, applicable in field environments with successful application in research and clinical practice to
evaluate soft tissue structures of the musculoskeletal system. The technique is relatively cheaper than
other imaging techniques, such as computed tomography and magnetic resonance imaging (MRI).
The latter represents the most appropriate standard currently available for testing the validity against
other methods [10].
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Ultrasound imaging is an operator-dependent procedure [11]. Accuracy and reliability of US
imaging for measuring anterior thigh subcutaneous adipose tissue (SAT) thickness have been recently
demonstrated by Miiller et al. [12] and Storchle et al. [13].

Repeatability of using the technique to assess muscle morphology between investigators (inter-rater
reliability) and test-retest reliability have been established for different muscles across the age spectrum:
Trapezius [14], supraspinatus [15], abdominal muscles [16], lumbar multifidus [17], gluteal (medius
and minimus), and vastus medialis muscles [18]. Recently the intra-rater and inter-rater reliability of
measuring anterior thigh tissues in a healthy middle-aged cohort were reported [19].

Validity of muscle thickness measurement using US against MRI is reported for different muscles,
including cervical multifidus [20], supraspinatus and infraspinatus [21], trapezius [22], abdominal
muscles [23], anterior hip muscles [24], and vastus medialis muscle [25]. Interest in fascia has grown in
recent years [26-29], so it is important to determine the robustness of techniques for measuring fascia,
as well as muscle.

Ultrasound techniques have improved over time, showing muscle tissue with resolutions up to
0.1 mm [30], better than an image obtained by a high-field MRI of 3 Tesla that reaches a resolution of
0.2x0.2x 1.0 mm [31].

The validity for measuring anterior thigh tissue thickness (both muscular and non-contractile)
requires examination. The present study aimed to examine the validity of US imaging in
measuring muscle and non-contractile tissue thickness of the anterior thigh versus MRI, in healthy
middle-aged individuals.

2. Materials and Methods

2.1. Participants

Twenty (10 females, 10 males) healthy, moderately active adults [32], aged 49.1 + 9.74 years
(36-64), with height (m) 1.72 + 0.06 (1.59-1.82), and body mass (kg) 72.26 + 11.42 (47.8-98.2) were
studied. Participants were excluded if they had: Diseases and conditions affecting muscles (structure
or function), musculoskeletal injuries of the lower limb and pathologies including fractures, surgical
procedures, cancer, or neurological disorders. Participants were advised to refrain from vigorous
exercise within the 24 h before being studied. The local Ethics Committee approved the study
(CESU 1/2015). All participants were provided with full details of the study and then gave their
written informed consent. The study was undertaken in adherence to the Declaration of Helsinki [33].
Participants’ rights were protected.

2.2. Procedure

All participants underwent imaging of both anterior thighs with US imaging and MRI on the
same afternoon.

2.3. US Imaging Acquisition

The US imaging procedures have been described in detail in a previous publication, so only a
brief outline is given here [19]. A US scanner (MyLab25; Esaote, Genova, Italia) with a 7.5 MHz linear
transducer (40 mm length) in B-mode acquired transverse images of the anterior thighs. With the
participant relaxed in supine lying (Figure 1), the hip was in neutral and the knee was in full extension.
Scans were performed at a site two thirds of the distance measured from the antero-superior iliac
spine to the superior pole of patella [34], and the site was marked with a skin marking pen. For image
acquisition, US gel was placed over the marked site and the US transducer placed on the skin with
minimal contact pressure to avoid distorting the tissues [12,35]. The same investigator (FM) took all
the scans.
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Figure 1. Ultrasound (US) scanning procedure with a participant lying supine and a US transducer
placed on the anterior thigh.

2.4. MRI Acquisition

Participants underwent a metal safety check prior to undergoing MRI scanning (Magnetom C!
0.35T, Siemens, Germany), which was performed using a body coil, with the participant in the same
supine position and at the same level on the thighs used during US imaging (Figure 2). Vitamin E
capsules were placed over the scanning sites on the thighs. T1-weighted images of both thighs were
obtained using the following parameters: TR = 512 ms, TE = 15 ms, acquisition matrix = 256 x 256,
slice thickness = 7 mm, FoV 180 x 180, pixel spacing 0.3515625\0.3515625.

Figure 2. Magnetic resonance imaging (MRI) scanning procedure, with a participant lying supine,
anterior mid-thigh under MRI body coil, and pillows at the ankle to maintain the hip in neutral.

2.5. Image Processing

US and MRI images were anonymized and analyzed offline by the same investigator (FM), using
Image] software (https://imagej.nih.gov/ij/). Each image was measured twice and the mean of the
two used in the analysis. SAT thickness was measured from the skin to the outside edge of the
superficial fascial layer, while muscle thickness of the rectus femoris (RF) and vastus intermedius
(VI) was measured between the inside edges of muscle borders to exclude the perimuscular fascia.
The superficial fascia was measured between its outside edges, where it lay between the SAT and
superior border of the RF, while the deep fascia lay between the RF and VI (Figures 3 and 4).


https://imagej.nih.gov/ij/
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Figure 3. Ultrasound image of the anterior thigh; SAT= subcutaneous adipose tissue, F = Fascia,
RF = Rectus Femoris muscle, VI = Vastus Intermedius muscle.

Figure 4. MRI image of the anterior thigh of the same participant; SAT = subcutaneous adipose tissue,
F = Fascia, RF = Rectus Femoris muscle, VI = Vastus Intermedius muscle.

2.6. Data Analysis

Data was analysed using SPSS 22 (SPSS Inc, Chicago, IL, USA) software package. The data
were normally distributed on testing with the Shapiro-Wilk test. Descriptive statistics summarized
the data as means and standard deviations. Pearson’s Correlation Coefficient (r) examined the
correlation between the two imaging techniques. To assess the agreement between US imaging and
MRI measurements, intra-class correlation coefficients (ICC3 1) were used. Bland and Altman analysis
was used to assess the degree of agreement between the two imaging techniques, and detect bias and
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outliers. An ICC value of 0.9 or above was considered excellent and suitable for clinical measurements
and diagnosis [36].

3. Results

3.1. Relative Measurements and Correlation Analysis

Muscle and non-contractile tissue measurements from MRI and US scans are shown in Table 1.
Excellent correlation between US imaging and MRI measurements was demonstrated for muscle
thickness (r = 0.99, p < 0.01), SAT (r = 0.99, p < 0.01), and non-contractile tissue (r = 0.99, p < 0.01).
Perimuscular fascia thickness demonstrated a poor level of correlation of r = 0.39, p < 0.01 (Table 2).

Table 1. Thickness of different tissue measurements on MRI and US.

Participants Muscle Thickness Subcutaneous Non-Contractile Fascia Thickness
(n =20) (mm) Adipose Tissue (mm) Tissue (mm) (mm)
Mean + SD
MRI 28.6+7.1 99 +47 127 £4.7 27+03
Ultrasound 28.1+69 10.5+4.7 13.1+4.7 26+04

Table 2. Correlation between MRI and US measurements.

Participants (n = 20) r p-Value
Muscle thickness (mm) 0.99 <0.01*
Subcutaneous adipose tissue (mm)  0.99 <0.01*
Non-contractile tissue (mm) 0.99 <0.01*
Fascia thickness (mm) 0.39 0.08

* Significant (two-tailed) at 0.01 level; r = Pearson correlation coefficient.

3.2. Agreement between Modalities

The ICC analysis showed excellent agreement between the two modalities with ICC3; > 0.90
for all measurements except perimuscular fascia (ICCz; = 0.36), as reported in Table 3. Bland and
Altman plots supported ICC data, demonstrating excellent agreement between US imaging and MRI
measurements, with only one outlier and no bias (Figures 5-7).

Table 3. Comparison of measurements between MRI and US scans by intra-class correlation coefficients
(ICC) and Bland and Altman analysis.

Bland Altman Analysis
Anterior Thigh M Standard 95% Limits of
Measurment ICC3,1 95% CI SEM _vean Deviation of Agreement
n =20 Differences Diff (mm)
(mm) ifferences mm
(mm) Mean + 2SD
Muscle thickness 0.99 0.965-0.994 0.69 -0.51 1.17 -2.85t01.83
Subcutaneous 0.99 0.989-0.998 0.47 0.55 0.44 ~0.33t0 1.43
adipose tissue
Non-contractile tissue 0.99 0.973-0.996 047 0.42 0.69 —0.96 to 1.8
Fascia 0.36 —0.084 to 0.687 0.29 -0.13 0.42 —-0.97 t0 0.71

CI = Confidence interval, SEM = standard error of measurement.
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Figure 5. Bland and Altman plot showing difference between measurements of muscle thickness from

MRI and US scan. The dashed line represents the mean difference; dotted lines are 95% upper and

lower limits of agreement, representing two standard deviations.
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Figure 6. Bland and Altman plot showing difference between measurements of SAT thickness from

MRI and US scan. The dashed line represents the mean difference; dotted lines are 95% upper and

lower limits of agreement, representing two standard deviations.
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Figure 7. Bland and Altman plot showing difference between measurements of non-contractile tissue

from MRI and US scan. The dashed line represents the mean difference; dotted lines are 95% upper and

lower limits of agreement, representing two standard deviations.

4. Discussion

The present study demonstrated the validity of US imaging compared to MRI for measuring
thickness of the anterior thigh muscle and non-contractile tissues in a group of 20 healthy middle-aged
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individuals. Analyses showed excellent correlation and agreement between measurements of
the two imaging modalities for measuring thickness of muscle, SAT, and non-contractile tissue,
but perimuscular fascia measurements alone did not show good agreement.

The present findings compare favorably with previous validity studies, which compared US
imaging and MRI measurements for other lower limb muscles, e.g., [25] reported good correlation
(r = 0.87) between US imaging and MRI in linear measurements of vastus medialis distal fibres in a
group of 12 healthy young adult males (aged 18-30 years). Another study also reported no significant
difference (p > 0.05) in measurements of cross-sectional area (CSA) and volume of the quadriceps
muscle between US imaging and MRI in a group of 10 healthy volunteers [37]. Mendis et al. [24]
reported high agreement between US imaging and MRI CSA measurements of iliopsoas, sartorius, and
rectus femoris muscles with ICC values ranging from 0.81 to 0.89 in a group of nine healthy individuals
(mean age: 24.3 + 3.5 years). Similar excellent agreement was reported (ICC 0.78-0.95) for thickness of
the lateral abdominal muscles (transversus abdominis and internal oblique muscles), using US imaging
and MRI in healthy male athletes with a mean age of 21 (SD 2.1) years [23].

Regarding the poor correlation and agreement results between US and MRI thickness
measurements for fascia, reliability of measuring the fascia on the anterior thigh was also found to be
poor [19]. The thickness of the fascia is only 2.6 mm, compared to the anterior thigh muscle, 28.1 mm
and SAT 10.5 mm (Table 1), which would have greater room for error, potentially affecting validity
and reliability.

Another potential issue regarding the poor correlation and agreement results for fascia could be
due to the limit of the low field the MRI machine operates (0.35T). On the other hand, the resolution
of the US image of the fascia was good even when the frequency was set at 7.5 MHz to improve
ultrasound penetration and visualize deeper structures (at the expense of the image resolution of the
superficial tissues, where a higher frequency would have been optimal).

The implications of these findings need to be considered when studying fascia. It may be more
clinically relevant to evaluate the integrity and continuity of the fascia, due to its role of transmitting
mechanical tension resulting from muscle activity [26,27,29], rather than measuring its thickness.
However, differences in thickness of fascia on US images have been documented in patients with
lower back pain, who demonstrated thinner abdominal wall muscles and thicker fascia than healthy
controls [28]. The reliability of thickness measurements of muscle was reported as excellent in that
study, but reliability of fascia measurements was not reported.

Compared to MRI, US imaging is safer, non-invasive, less expensive, and relatively faster with
portable scanners for use in clinical and field environments. The MRI procedure may be claustrophobic
for some individuals. Recently, there has been growing interest in the use of US imaging to assess
muscle thickness at the bedside, particularly in intensive care settings. Critically ill patients may
experience early-stage skeletal muscle wasting and monitoring such muscle mass loss using US imaging
may help predict clinical musculoskeletal outcomes. The US technique could be a valuable, accurate,
and accessible tool for the clinician to improve nutritional delivery to stop or attenuate loss of lean
body mass [7,9]. A potential use of the technique could be for monitoring the effects of nutrition
(different diet protocols or weight loss/gain programs) to ensure maintenance or gain in lean mass and a
reduction of SAT [38-40]. The use of US imaging in ageing studies has shown the sensitivity to changes
in muscle and SAT thickness with older age [41]. Takai [42] reported the potential of using US to predict
fat-free mass in older people. There is evidence to support the use of US imaging in addition to DXA
(Dual-energy X-ray absorptiometry) to provide measurements of quadriceps and individual muscle
groups for earlier detection of sarcopenia [43], which is the joint loss of strength and impaired physical
performance that is common in older people [44]. In clinical settings, US imaging of the anterior thigh
could provide information on muscle wasting in patients with knee osteoarthritis [1] or other painful
knee conditions [2,3]. Ultrasound muscle measurement may provide evidence on atrophy in astronauts
due to prolonged microgravity and used to monitor effects of exercise interventions/training, intended
to increase quadriceps muscle mass to provide accurate documentation of gain in lean mass and/or
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a reduction of SAT. This could be a powerful tool for studying the type and dose of exercise, which
optimizes muscle hypertrophy, particularly for research on athletes and in sports settings.
Limitations of the present study include the participant population, which was limited to healthy
middle-aged adults. It is unclear whether the correlations between US imaging and MRI would be as
high in older adults, where the quality of images acquired may not be as clear as in a younger group.

5. Conclusions

The present findings provided further evidence of the clinimetric properties of US imaging.
Specifically, US imaging has been demonstrated as a valid method for measuring anterior thigh
muscular and non-contractile (combined SAT and perimuscular fascia) tissue thickness in healthy
middle-aged adults, supporting its research, sports, and clinical applications. However, measurement
of the thickness of fascia alone was not valid and needs to be considered in studies focusing on fascia.

Author Contributions: Conceptualization, EM., L.A.-N., and M.S.; methodology, EM., L.A.-N., and M.S.; software,
EM. and S.A.-B.; formal analysis, EM and S.A.-B.; investigation, EM.; resources, EM. and M.S.; data curation, EM.
and S.A.-B.; writing—original draft preparation, EM.; writing—review and editing, M.S. and S.A.-B.; supervision,
M.S. and S.A.-B.; project administration, FM.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Petterson, S.C.; Barrance, P; Buchanan, T.; Binder-Macleod, S.; Snyder-Mackler, L. Mechanisms Underlying
Quadriceps Weakness in Knee Osteoarthritis. Med. Sci. Sports Exerc. 2008, 40, 422-427. [CrossRef] [PubMed]

2. Rice, D.A.; McNair, PJ.; Lewis, G.N.; Dalbeth, N. Quadriceps arthrogenic muscle inhibition: The effects of
experimental knee joint effusion on motor cortex excitability. Arthritis Res. Ther. 2014, 16, 502. [CrossRef]
[PubMed]

3.  Henriksen, M.; Rosager, S.; Aaboe, J.; Graven-Nielsen, T.; Bliddal, H. Experimental Knee Pain Reduces
Muscle Strength. J. Pain 2011, 12, 460-467. [CrossRef] [PubMed]

4. Puthucheary, Z.; Montgomery, H.; Moxham, ].; Harridge, S.; Hart, N. Structure to function: Muscle failure
in critically ill patients: Muscle failure in critically ill patients. J. Physiol. 2010, 588, 4641-4648. [CrossRef]
[PubMed]

5. Puthucheary, Z.A.; Rawal, J.; McPhail, M.; Connolly, B.; Ratnayake, G.; Chan, P.; Hopkinson, N.S.; Padhke, R.;
Dew, T.; Sidhu, P.S.; et al. Acute Skeletal Muscle Wasting in Critical Illness. JAMA 2013, 310, 1591. [CrossRef]
[PubMed]

6. Guleria, R.; Mohan, A.; Madan, K.; Mittal, S.; Kumar, R.; Hadda, V.; Khilnani, G.C.; Dhunguna, A;
Khan, M.A. Intra- and Inter-Observer Reliability of Quadriceps Muscle Thickness Measured with Bedside
Ultrasonography by Critical Care Physicians. Indian J. Crit. Care Med. 2017, 21, 448-452. [CrossRef] [PubMed]

7. Galindo Martin, C.A.; Monares Zepeda, E.; Lescas Méndez, O.A. Bedside Ultrasound Measurement of Rectus
Femoris: A Tutorial for the Nutrition Support Clinician. . Nutr. Metab. 2017, 2017, 1-5. [CrossRef]

8. Toledo, D.O.; Silva, D.C.L.E.; Santos, D.M.D.; Freitas, B.J.; Dib, R.; Cordioli, R.L.; Figueiredo, E.J.A,;
Piovacari, S.M.E,; Silva, ] M., Jr. Bedside ultrasound is a practical measurement tool for assessing muscle
mass. Rev. Bras. Ter. Intensiva 2017, 29, 476-480. [CrossRef]

9. Tillquist, M.; Kutsogiannis, D.J.; Wischmeyer, P.E.; Kummerlen, C.; Leung, R.; Stollery, D.; Karvellas, C.J.;
Preiser, J.-C.; Bird, N.; Kozar, R.; et al. Bedside Ultrasound Is a Practical and Reliable Measurement Tool for
Assessing Quadriceps Muscle Layer Thickness. J. Parenter. Enter. Nutr. 2014, 38, 886-890. [CrossRef]

10. Mitsiopoulos, N.; Baumgartner, R.N.; Heymsfield, S.B.; Lyons, W.; Gallagher, D.; Ross, R. Cadaver validation
of skeletal muscle measurement by magnetic resonance imaging and computerized tomography. J. Appl.
Physiol. 1998, 85, 115-122. [CrossRef]

11. Wakefield, R.J.; Balint, P.V.; Szkudlarek, M.; Filippucci, E.; Backhaus, M.; D’Agostino, M.-A.; Sanchez, E.N.;
Tagnocco, A.; Schmidt, W.A.; Bruyn, G.A.W.; et al. Musculoskeletal ultrasound including definitions for
ultrasonographic pathology. J. Rheumatol. 2005, 32, 2485-2487. [PubMed]


http://dx.doi.org/10.1249/MSS.0b013e31815ef285
http://www.ncbi.nlm.nih.gov/pubmed/18379202
http://dx.doi.org/10.1186/s13075-014-0502-4
http://www.ncbi.nlm.nih.gov/pubmed/25497133
http://dx.doi.org/10.1016/j.jpain.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/21146464
http://dx.doi.org/10.1113/jphysiol.2010.197632
http://www.ncbi.nlm.nih.gov/pubmed/20961998
http://dx.doi.org/10.1001/jama.2013.278481
http://www.ncbi.nlm.nih.gov/pubmed/24108501
http://dx.doi.org/10.4103/ijccm.IJCCM_426_16
http://www.ncbi.nlm.nih.gov/pubmed/28808365
http://dx.doi.org/10.1155/2017/2767232
http://dx.doi.org/10.5935/0103-507X.20170071
http://dx.doi.org/10.1177/0148607113501327
http://dx.doi.org/10.1152/jappl.1998.85.1.115
http://www.ncbi.nlm.nih.gov/pubmed/16331793

Methods Protoc. 2019, 2, 58 90f 10

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Miiller, W.; Lohman, T.G.; Stewart, A.D.; Maughan, R.J.; Meyer, N.L.; Sardinha, L.B.; Kirihennedige, N.;
Reguant-Closa, A.; Risoul-Salas, V.; Sundgot-Borgen, J.; et al. Subcutaneous fat patterning in athletes:
Selection of appropriate sites and standardisation of a novel ultrasound measurement technique: Ad hoc
working group on body composition, health and performance, under the auspices of the IOC Medical
Commission. Br. |. Sports Med. 2016, 50, 45-54. [CrossRef] [PubMed]

Storchle, P.; Miiller, W.; Sengeis, M.; Ahammer, H.; Fiirhapter-Rieger, A.; Bachl, N.; Lackner, S.; Morkl, S.;
Holasek, S. Standardized Ultrasound Measurement of Subcutaneous Fat Patterning: High Reliability and
Accuracy in Groups Ranging from Lean to Obese. Ultrasound Med. Biol. 2017, 43, 427—-438. [CrossRef]
[PubMed]

O’Sullivan, C.; Bentman, S.; Bennett, K.; Stokes, M. Rehabilitative Ultrasound Imaging of the Lower Trapezius
Muscle: Technical Description and Reliability. J. Orthop. Sports Phys. Ther. 2007, 37, 620—-626. [CrossRef]
[PubMed]

Temes, W.; Temes Clifton, A.; Hilton, V.; Girard, L.; Strait, N.; Karduna, A. Reliability and Validity of
Thickness Measurements of the Supraspinatus Muscle of the Shoulder: An Ultrasonography Study. J. Sport
Rehabil. 2014, 23. [CrossRef] [PubMed]

Costa, L.O.P; Maher, C.G,; Latimer, J.; Smeets, R.J.E.M. Reproducibility of Rehabilitative Ultrasound Imaging
for the Measurement of Abdominal Muscle Activity: A Systematic Review. Phys. Ther. 2009, 89, 756-769.
[CrossRef] [PubMed]

Wallwork, T.L.; Hides, J.A.; Stanton, W.R. Intrarater and Interrater Reliability of Assessment of Lumbar
Multifidus Muscle Thickness Using Rehabilitative Ultrasound Imaging. J. Orthop. Sports Phys. Ther. 2007,
37,608-612. [CrossRef]

Whittaker, J.L.; Emery, C.A. Sonographic Measures of the Gluteus Medius, Gluteus Minimus, and Vastus
Medialis Muscles. J. Orthop. Sports Phys. Ther. 2014, 44, 627-632. [CrossRef] [PubMed]

Mechelli, F; Arendt-Nielsen, L.; Stokes, M.; Agyapong-Badu, S. Inter-rater and intra-rater reliability of
ultrasound imaging for measuring quadriceps muscle and non-contractile tissue thickness of the anterior
thigh. Biomed. Phys. Eng. Express 2019, 5, 037002.

Lee, J.-P; Tseng, W.-Y.I; Shau, Y.-W.; Wang, C.-L.; Wang, H.-K.; Wang, S.-F. Measurement of segmental
cervical multifidus contraction by ultrasonography in asymptomatic adults. Man. Ther. 2007, 12, 286-294.
[CrossRef]

Juul-Kristensen, B.; Bojsen-Maeller, E; Holst, E.; Ekdahl, C. Comparison of muscle sizes and moment arms of
two rotator cuff muscles measured by Ultrasonography and Magnetic Resonance Imaging. Eur. J. Ultrasound
2000, 11, 161-173. [CrossRef]

O’Sullivan, C.; Meaney, J.; Boyle, G.; Gormley, J.; Stokes, M. The validity of Rehabilitative Ultrasound
Imaging for measurement of trapezius muscle thickness. Man. Ther. 2009, 14, 572-578. [CrossRef] [PubMed]
Hides, J.; Wilson, S.; Stanton, W.; McMahon, S.; Keto, H.; McMahon, K.; Bryant, M.; Richardson, C. An MRI
Investigation into the Function of the Transversus Abdominis Muscle During “Drawing-In" of the Abdominal
Wall. Spine 2006, 31, E175-E178. [CrossRef] [PubMed]

Mendis, M.D.; Wilson, S.J.; Stanton, W.; Hides, ].A. Validity of Real-Time Ultrasound Imaging to Measure
Anterior Hip Muscle Size: A Comparison with Magnetic Resonance Imaging. J. Orthop. Sports Phys. Ther.
2010, 40, 577-581. [CrossRef] [PubMed]

Worsley, PR.; Kitsell, F; Samuel, D.; Stokes, M. Validity of measuring distal vastus medialis muscle using
rehabilitative ultrasound imaging versus magnetic resonance imaging. Man. Ther. 2014, 19, 259-263.
[CrossRef] [PubMed]

Maas, H.; Sandercock, T.G. Force Transmission between Synergistic Skeletal Muscles through Connective
Tissue Linkages. J. Biomed. Biotechnol. 2010, 2010, 1-9. [CrossRef]

Wilke, J.; Schleip, R.; Yucesoy, C.A.; Banzer, W. Not merely a protective packing organ? A review of fascia
and its force transmission capacity. J. Appl. Physiol. 2018, 124, 234-244. [CrossRef]

Whittaker, J.L.; Warner, M.B.; Stokes, M. Comparison of the Sonographic Features of the Abdominal Wall
Muscles and Connective Tissues in Individuals with and without Lumbopelvic Pain. ]. Orthop. Sports
Phys. Ther. 2013, 43, 11-19. [CrossRef]

Yucesoy, C.A. Epimuscular Myofascial Force Transmission Implies Novel Principles for Muscular Mechanics.
Exerc. Sport Sci. Rev. 2010, 38, 128-134. [CrossRef]


http://dx.doi.org/10.1136/bjsports-2015-095641
http://www.ncbi.nlm.nih.gov/pubmed/26702017
http://dx.doi.org/10.1016/j.ultrasmedbio.2016.09.014
http://www.ncbi.nlm.nih.gov/pubmed/27866704
http://dx.doi.org/10.2519/jospt.2007.2446
http://www.ncbi.nlm.nih.gov/pubmed/17970409
http://dx.doi.org/10.1123/jsr.2013-0023
http://www.ncbi.nlm.nih.gov/pubmed/24622686
http://dx.doi.org/10.2522/ptj.20080331
http://www.ncbi.nlm.nih.gov/pubmed/19520732
http://dx.doi.org/10.2519/jospt.2007.2418
http://dx.doi.org/10.2519/jospt.2014.5315
http://www.ncbi.nlm.nih.gov/pubmed/25029916
http://dx.doi.org/10.1016/j.math.2006.07.008
http://dx.doi.org/10.1016/S0929-8266(00)00084-7
http://dx.doi.org/10.1016/j.math.2008.12.005
http://www.ncbi.nlm.nih.gov/pubmed/19264532
http://dx.doi.org/10.1097/01.brs.0000202740.86338.df
http://www.ncbi.nlm.nih.gov/pubmed/16540858
http://dx.doi.org/10.2519/jospt.2010.3286
http://www.ncbi.nlm.nih.gov/pubmed/20479536
http://dx.doi.org/10.1016/j.math.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24582328
http://dx.doi.org/10.1155/2010/575672
http://dx.doi.org/10.1152/japplphysiol.00565.2017
http://dx.doi.org/10.2519/jospt.2013.4450
http://dx.doi.org/10.1097/JES.0b013e3181e372ef

Methods Protoc. 2019, 2, 58 10 of 10

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

Fleckenstein, J.L.; Crues, J.V.; Reimers, C.D. Muscle Imaging in Health and Disease; Springer: New York, NY,
USA, 1996; ISBN 978-1-4612-2314-6.

Saupe, N.; Priissmann, K.P.; Luechinger, R.; Bosiger, P.; Marincek, B.; Weishaupt, D. MR Imaging of the
Wrist: Comparison between 1.5- and 3-T MR Imaging—Preliminary Experience. Radiology 2005, 234, 256-264.
[CrossRef]

Physical Activity Guidelines Advisory Committee. Physical Activity Guidelines Advisory Committee Scientific
Report; Part C-7; U.S. Department of Health and Human Services: Washington, DC, USA, 2018.

Carlson, R.V.; Boyd, KM.; Webb, D.]. The revision of the Declaration of Helsinki: Past, present and future.
Br. J. Clin. Pharmacol. 2004, 57, 695-713. [CrossRef] [PubMed]

Delaney, S.; Worsley, P.; Warner, M.; Taylor, M.; Stokes, M. Assessing contractile ability of the quadriceps
muscle using ultrasound imaging. Muscle Nerve 2010, 42, 530-538. [CrossRef] [PubMed]

Ackland, T.R.; Lohman, T.G.; Sundgot-Borgen, J.; Maughan, R.J.; Meyer, N.L.; Stewart, A.D.; Miiller, W.
Current Status of Body Composition Assessment in Sport: Review and Position Statement on Behalf of the
Ad Hoc Research Working Group on Body Composition Health and Performance, Under the Auspices of the
1.O.C. Medical Commission. Sports Med. 2012, 42, 227-249. [CrossRef] [PubMed]

Portney, L.G.; Watkins, M.P. Foundations of Clinical Research: Applications to Practice, 2nd ed.; Prentice Hall:
Upper Saddle River, NJ, USA, 2000; ISBN 978-0-8385-2695-8.

Walton, ].M.; Roberts, N.; Whitehouse, G.H. Measurement of the quadriceps femoris muscle using magnetic
resonance and ultrasound imaging. Br. . Sports Med. 1997, 31, 59-64. [CrossRef] [PubMed]

Miiller, W.; Maughan, R.J. The need for a novel approach to measure body composition: Is ultrasound an
answer? Br. |. Sports Med. 2013, 47, 1001-1002. [CrossRef] [PubMed]

Miiller, W.; Horn, M.; Firhapter-Rieger, A.; Kainz, P; Kropfl, ].M.; Maughan, R.J.; Ahammer, H. Body
composition in sport: A comparison of a novel ultrasound imaging technique to measure subcutaneous fat
tissue compared with skinfold measurement. Br. |. Sports Med. 2013, 47, 1028-1035. [CrossRef]

Wagner, D.R. Ultrasound as a Tool to Assess Body Fat. J. Obes. 2013, 2013, 1-9. [CrossRef]
Agyapong-Badu, S.; Warner, M.; Samuel, D.; Narici, M.; Cooper, C.; Stokes, M. Anterior thigh composition
measured using ultrasound imaging to quantify relative thickness of muscle and non-contractile tissue:
A potential biomarker for musculoskeletal health. Physiol. Meas. 2014, 35, 2165-2176. [CrossRef]

Takai, Y.; Ohta, M.; Akagi, R.; Kato, E.; Wakahara, T.; Kawakami, Y.; Fukunaga, T.; Kanehisa, H. Applicability
of ultrasound muscle thickness measurements for predicting fat-free mass in elderly population. J. Nutr.
Health Aging 2014, 18, 579-585. [CrossRef]

Loenneke, J.P; Thiebaud, R.S.; Abe, T. Estimating Site-Specific Muscle Loss: A Valuable Tool for Early
Sarcopenia Detection? Rejuvenation Res. 2014, 17, 496-498. [CrossRef]

Cruz-Jentoft, A.].; Baeyens, ].P; Bauer, ].M.; Boirie, Y.; Cederholm, T.; Landi, F.; Martin, E.C.; Michel, ].-P.;
Rolland, Y.; Schneider, S.M.; et al. Sarcopenia: European consensus on definition and diagnosis: Report
of the European Working Group on Sarcopenia in Older People. Age Ageing 2010, 39, 412—423. [CrossRef]
[PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1148/radiol.2341031596
http://dx.doi.org/10.1111/j.1365-2125.2004.02103.x
http://www.ncbi.nlm.nih.gov/pubmed/15151515
http://dx.doi.org/10.1002/mus.21725
http://www.ncbi.nlm.nih.gov/pubmed/20665511
http://dx.doi.org/10.2165/11597140-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/22303996
http://dx.doi.org/10.1136/bjsm.31.1.59
http://www.ncbi.nlm.nih.gov/pubmed/9132215
http://dx.doi.org/10.1136/bjsports-2013-092882
http://www.ncbi.nlm.nih.gov/pubmed/23962880
http://dx.doi.org/10.1136/bjsports-2013-092232
http://dx.doi.org/10.1155/2013/280713
http://dx.doi.org/10.1088/0967-3334/35/10/2165
http://dx.doi.org/10.1007/s12603-013-0419-7
http://dx.doi.org/10.1089/rej.2014.1611
http://dx.doi.org/10.1093/ageing/afq034
http://www.ncbi.nlm.nih.gov/pubmed/20392703
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Procedure 
	US Imaging Acquisition 
	MRI Acquisition 
	Image Processing 
	Data Analysis 

	Results 
	Relative Measurements and Correlation Analysis 
	Agreement between Modalities 

	Discussion 
	Conclusions 
	References

