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Facioscapulohumeral muscular dystrophy (FSHD) is a 
common autosomal dominant muscular dystrophy with 
international prevalence estimates ranging from 0.8 to 
12/100 000.1,2 There are two genetic subtypes (FSHD1 
and FSHD2), which have a common pathophysiological 
mechanism of ectopic expression of the DUX4 gene in 
skeletal muscle stemming from hypomethylation of the 
D4Z4 array.3–5 Multiple signaling pathways and body sys-
tems are affected, resulting in an inflammatory immune 
response with a cascade of oxidative stress, altered muscle 
cell differentiation in myogenesis, and apoptosis.5 Muscle 
tissue demonstrates edema and notable degeneration of 
the muscle fibers, which can be characterized by fatty and 
fibrotic muscle replacement, as well as increased fiber 
size variability.6–8
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Abstract
Objective: Echogenicity is a biomarker in facioscapulohumeral muscular dystrophy (FSHD). Currently, it is not 
possible to compare echogenicity values, derived using quantified muscle sonography capture, based on different 
equipment instrumentation settings. Image normalization, using histogram matching, could address this limitation. The 
aim of this study was to investigate the sensitivity of histogram matching, with trapezius muscle echogenicity values, 
in participants with and without FSHD.
Materials and Methods: Sensitivity analysis of a single measurement timepoint case control study of participants 
with FSHD, using age- and gender-matched controls. Correlations between trapezius muscle echogenicity, muscle 
thickness, and shoulder range of movements were also completed.
Results: Data were collected for 14 participants, seven with FSHD and seven controls. The cohort had a mean age 
of 41.6 years. The FSHD group echogenicity values (118.2) were higher than controls (42.3), respectively, as well 
as statistically significant (p = .002). An overall variance of 6.2 (range = −2.9 to 15.4) was identified between the 
reference images. Echogenicity explained 81% of the variance in muscle thickness and 74% of the variance in range of 
movement muscle thickness was explained by 61% of the variance for range of movement.
Conclusion: Histogram matching for comparison of echogenicity was required. Different reference images affect 
echogenicity values, but the variability was less than between group differences. Further longitudinal evaluation based 
on a larger sample of participants is needed.
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The natural history, presentation, and progressive 
speed of FSHD can be highly variable. A common mis-
conception, possibly reinforced by this disease name, is 
that it solely affects the face, shoulders, and arm mus-
cles. However, different phenotypes based on patient-
reported symptoms and “atypical” presentations (i.e., 
facial sparing or early dorsiflexor weakness) have been 
reported.9,10 People with FSHD can also experience 
fatigue and respiratory complications.5 Despite the hete-
rogonous and asymmetric nature of FSHD, changes to 
the structure and function of the periscapular muscles, 
particularly the trapezius muscle, are a hallmark feature. 
At the shoulder girdle, this can affect the biomechanical 
properties of the joint (sulcus) and cause pain, progres-
sive loss in range of movement (ROM), strength, func-
tion, and independence.9,11–13

Muscle ultrasonography is considered a valid diag-
nostic screening tool in FSHD and includes the use of 
visual, semi-quantitative clinical scales, and quantitative 
muscle ultrasonography (QMUS).14 Information derived 
from these methods can be used to extract features or 
measurements that could help improve methods of sur-
veillance, evaluation of treatments, and classification of 
subgroups for prognosis planning. QMUS is used as a 
biomarker, in FSHD studies, as it measures echogenicity, 
which can be an index outcome for inflammation, mus-
cle structure changes (i.e., atrophy, fatty replacement, 
and fibrosis), which are relatively hyperechoic. QMUS 
correlates with changes on magnetic resonance imaging 
(MRI), FSHD clinical severity scales, and qualitative 
ultrasonography scores (e.g., Heckmatt scale), and pre-
cedes the development of impairments and functional 
loss.15–19 The sensitivity of QMUS for detecting changes 
to muscle structure, consistent with disease progression, 
is also higher when compared to visual or semi-quantita-
tive ultrasonography methods.6,16,18–20

Current limitations of QMUS are that it requires large 
reference data sets17,21 and identical ultrasound equip-
ment systems, equipment models, or image capture set-
tings.18–20 This is because several factors affect the final 
sonographic display such as operator skill, machine hard-
ware options, and software settings, such as spatial and 
temporal resolution. Image contrast is also dependent 
upon features of dynamic range, gray map/curve, bright-
ness settings (e.g., manual gain and automated time/depth 
gain compensation), and speckle reduction. Furthermore, 
settings for image enhancement and artifact suppression 
may be included in equipment system presets and post-
processing algorithms that can be considered a company 
secret (aka “black box”). While techniques, such as back-
scatter, could theoretically be used to standardize images 
that were captured on different machines and varied set-
tings. However, this would require knowledge of all the 
equipment system’s proprietary processes, which limits 

the practicality of this method.14 Given the length of the 
disease course, variation in patients’ anthropometrics 
(adipose or muscle thickness), lifespan of equipment sys-
tems, and rate of ongoing technological developments, 
existing QMUS methods would not allow for measure-
ments to be made across the lifespan of the patient. This 
could possibly exclude some patients and limit more 
widespread clinical application, outside of specialized 
medical practices.

While it is not possible to control for all variables 
associated with the generation of a sonogram, mathemati-
cal methods which help improve standardization of 
images, irrespective of capture settings, may contribute to 
the long-term goal of image standardization, regardless 
of ultrasound equipment systems and instrumentation. 
Histogram matching is one such method that has been 
developed and evaluated under controlled laboratory  
settings.22 Histogram matching enables global dynamic 
range transformations and the normalization of images, as 
the histogram distribution of a target image is trasformed 
to match that of a reference image.22 The process of nor-
malization then allows for the quantified echogenicity 
scores to be compared and may help overcome existing 
challenges associated with conventional QMUS.21,22 This 
could theoretically be used in any condition in which 
muscle echogenicity, based on ultrasonography, could be 
used as a relevant biomarker for informing practice.

The aim of this paper was to investigate the sensitivity 
of the histogram matching method, based on echogenicity 
scores derived from sonograms of the trapezius muscle, 
as well as the ability to differentiate between participants 
with and without FSHD. This research also explored the 
association between trapezius echogenicity values and 
other measures of upper limb body structure and func-
tion. An understanding of the relationship between these 
factors may provide information for future work that can 
be used to inform clinical decision-making.

Materials and Methods

This was a single measurement, case-control study. 
Participants were recruited from two separate sampling 
frames. These were a group of people with FSHD and an 
age- and gender-matched control group (CG). FSHD par-
ticipants were recruited from a single tertiary center and 
through advertising across regional specialized centers. 
Age- and gender-matched controls were recruited from 
within the hospital using mailing lists and hospital com-
munication platforms. Recruitment was completed by con-
venience, over a 12-month period. Five of 19 participants 
who were approached for the study declined or were unable 
to take part (i.e., recruitment rate 74%). The study received 
ethical approval from the West Midlands—Black Country 
Research Ethics Committee (21/WM/0275).
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Participants who provided informed consent attended 
a single measurement session during which demographic 
data, clinical measures, 2D sonography, and 3D move-
ment analysis of their upper limb were done. The out-
comes evaluated in this study were echogenicity scores, 
muscle thickness, and ROM, which was determined using 
the maximum thoracohumeral elevation angle.

Inclusion Criteria

Participants above the age of 18 were included for both 
groups. For the FSHD group, a genetically confirmed 
diagnosis of FSHD was required. As this was a proof-of-
concept study, no formal sample size calculation was 
conducted; however, sample size was consistent with pre-
vious studies.16,20,23 Stratified sampling by arm function 
was used for subgrouping those able to lift their arm 
above shoulder height, those unable to lift their arm above 
shoulder height, and those with previous scapulothoracic 
arthrodesis. The participants in the CG were age- and 
gender-matched.

Exclusion Criteria

For the FSHD group, participants were excluded if 
there was any recent trauma to the shoulder within the 
last three months that had not resolved, surgery to the 
thorax or upper limb in the last six months, a previous 
history of fracture to the shoulder joint, any co-existing 
neurological pathologies, or additional musculoskeletal 
injuries to the upper limb, being assessed. For the CG, 
they were excluded if they had previously presented to 
a health care professional with a diagnosis of shoulder 
instability, a previous shoulder injury within the last 
three months that had not resolved, any co-existing 
neurological pathologies or deficits, any previous  
surgical interventions on the arm, were undergoing, or 
awaiting medical management, such as diagnostics of 
the arm.

Demographics and Clinical Assessments

The patient demographics, Beighton scores of hypermo-
bility, and grip strength testing were recorded, in addition 
to a clinical assessment of the shoulder (See Supplemental 
Appendix 1).

2D Ultrasonography Measurement Protocol

Sonograms of additional upper limb muscles and struc-
tures were taken at the measurement session (See Supple
mental Appendix 1), but only the trapezius muscle was 
selected for analysis, as it was possible to extract muscle 

thickness and echogenicity from all participants. The tra-
pezius muscle supports control of the scapula, which is 
important for upper-limb function.24 For muscle thick-
ness measurements, a gel stand-off pad was used to mini-
mize tissue compression.

Surface bony landmarks were used for determining 
the point of muscle thickness measurements. Measurement 
of the middle trapezius was taken at the midpoint of a line 
between the seventh cervical vertebrae and the acromio-
clavicular joint. A total of six measurements were taken 
(i.e., three longitudinal and three transverse views) using 
an MyLab-Gamma (Esaote, Genoa, Italy) ultrasound 
equipment system and linear transducer (3-13 MHz). 
Depth and focus were adjusted for individual participants 
to ensure sufficient depth and landmark identification. 
Muscle thickness measurements were taken prior to the 
3D movement analysis measurements.

Postcapture muscle thickness measurements were  
carried out using ImageJ 1.53t. Given the overall duration 
of the movement analysis and ultrasonography session, 
muscle thickness measurements were completed after-
wards, to minimize the measurement burden for partici-
pants. Only sections of the image unaffected by the 
artifact were used. Muscle thickness was determined by 
measuring from the most inferior aspect of the subcutane-
ous fat layer (demarcating the superior border of the tra-
pezius muscle) to the most superior aspect of the fascial 
plane, separating the trapezius from the underlying supra-
spinatus muscle (e.g., demarcating the inferior border of 
the trapezius muscle). For longitudinal views, the trape-
zius muscle was uniform across the image, allowing for 
the image midpoint to be used for calculating muscle 
thickness. To determine the midpoint, a line, orientated to 
the muscle fibers, was drawn across the length of the 
available image and was then bisected by another orthog-
onal line, which was used to measure the thickness of the 
muscle at this point (See Figure 1).

In the transverse view, the trapezius muscle was not 
uniform across the image for all participants (i.e., 9 of 
15); therefore, the thickest part of the muscle was mea-
sured. For the transverse view, in six of the 14 partici-
pants, the midpoint was equivalent to the thickest part of 
the muscle. For measuring muscle thickness in the trans-
verse view, a line orientated to the direction of the muscle 
fibers was drawn through the area of the image to be mea-
sured. An orthogonal line was then drawn at the thickest 
part to measure the thickness.

3D Motion Analysis Protocol

Marker cluster, surface electromyography placement, 
static calibration processes, gap filling/ and filtering  
of kinematic and surface electromyography waveforms 
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have been reported previously.25 Retroreflective marker 
clusters were placed on the thorax, acromion, humerus, 
forearm, and hand segments available at https://datacat.
liverpool.ac.uk/2386/.26–28 Maximum thoracohumeral 
joint elevation angles were recorded.

All movements were conducted in sitting, and partici-
pants completed four unweighted upper limb tasks (i.e., 
flexion, abduction, abduction to 45° with axial rotation, 
and hand to back of head) and three weighted tasks (self-
selected) of 0.5, 1.0, or 1.5 kg (i.e., flexion, abduction, 
abduction to 45° with axial rotation, in that order). A 
total of 12 repetitions (i.e., two sets × six repetitions) 
were carried out for unweighted tasks, and a total of six 
repetitions (i.e., two sets × three repetitions) were carried 
out for weighted tasks. Participants were initially shown 
the movements by the assessor and then asked to carry 
them out to a count of 3 seconds up, 3 seconds down, so as 
to mimic the researcher, positioned in front of them.

Data were collected using a Vicon motion capture 
system at 100 Hz. The motion capture system was com-
prised on 12 V5-Vantage motion analysis cameras, two 
synchronous coronal and sagittal video recordings, and 
Delsys Trigno electromyography system sampling at 
2000 Hz.

Data Processing, Histogram Matching and 
Analysis

Group demographic data are presented as frequencies. 
Histogram matching was carried out as described by 
Bottenus et  al.22 All images were matched to a single 
reference image (i.e., transverse view of the trapezius 
muscle) retained from a CG participant. The reference 
participant was a younger male, who was selected due 
to participating in regular upper-limb physical activity, 

had healthy muscle tissue, and no evidence of echogenic 
changes, compared to those seen in older healthy mus-
cle tissue.

In the first stage, manual segmentation of the subcuta-
neous fat layer was carried out and used as the region-of-
interest (ROI), in histogram matching across all images 
(See Supplemental Appendix 2). The subcutaneous fat 
layer was selected for normalization on the assumption 
that the distribution would be homogeneous within and 
across participants. This was supported by preliminary 
analysis on a subset of the data. It was hypothesized that 
the tissue structure (i.e., subcutaneous fat layer) would 
likely be less affected by any underlying disease pro-
cesses. From this, the histogram distribution in the sub-
cutaneous fat layer ROI, in the reference image, was 
compared to the subcutaneous fat layer ROI in the target 
image, on an individual basis. A correction factor was 
then determined, and using full histogram matching, a 
monotonic transformation was applied across the entire 
target image, resulting in global dynamic range transfor-
mations and the normalization of the image.22 After this 
step, the trapezius muscle was segmented by manually 
drawing an ROI, which was used to determine echo-
genicity by quantifying the mean grayscale values.  
All analysis was carried out in the software package 
MATLAB 2021a (MathWorks, Natick, Massachusetts) 
based on the code available at https://github.com/nbot-
tenus/histogram_matching.22

The International Society of Biomechanics (ISB) rec-
ommendations were followed for joint co-ordinate sys-
tem definitions and joint angles were calculated using 
inverse kinematics in Opensim 4.4.29–31 Scaling ratios 
were determined from marker pairs associated with indi-
vidual bony segments, identified in the static calibration, 
and consistent with best practice guidelines.25,32,30

Figure 1.  Selected sonographic images that demonstrate the measurement technique.

https://datacat.liverpool.ac.uk/2386/
https://datacat.liverpool.ac.uk/2386/
https://github.com/nbottenus/histogram_matching
https://github.com/nbottenus/histogram_matching
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Sensitivity Analysis

To evaluate the effect of histogram matching on the sono-
grams, echogenicity values, within the images, with and 
without normalization, were compared. To explore the 
sensitivity of the histogram-matching method based on 
different reference images, analysis was carried out using 
a Bland-Altman plot.33 The Bland-Altman plot allowed 
for comparison of two measurements derived using dif-
ferent methods. The overall agreement was derived by 
calculating the mean difference between the two mea-
surements against their average, across a range of mea-
surements. From this, the overall bias, upper and lower 
limits of agreement were determined. The originally 
selected reference image (i.e., transverse view) was com-
pared against a longitudinal view of the same muscle for 
the same participant, ROI, and capture settings.

Comparison of Groups for Echogenicity Scores

A Student’s t-test was used to determine if between group 
echogenicity values (i.e., measured from sonograms nor-
malized to the transverse reference image) were statisti-
cally significant with the p-value set at .05.

Relationship Between Muscle Structure and 
Function

The relationship between trapezius muscle thickness and 
echogenicity was explored by plotting the average muscle 
thickness, across all views, with the average echogenicity 
values, across all views. The relationship between trape-
zius muscle structure (i.e., echogenicity) and function 
(i.e., range of motion, ROM) was explored by plotting  
the average muscle thickness across all views against  
the maximum thoracohumeral angle of elevation, from 
the abduction with a weight movement. Abduction was 
selected after Spearman’s correlation was used to identify 
the movement and plane with the highest correlation with 

echogenicity (See Supplemental Appendix 3). The rela-
tionship between trapezius muscle structure (thickness) 
and function (ROM) was explored by plotting the average 
muscle thickness across all views and the maximum 
thoracohumeral angle of elevation, achieved during the 
movement of abduction with a self-selected weight.

Results

Participant Demographics

Data were collected for 14 participants, seven people 
with FSHD and seven age- and gender-matched controls. 
Demographic characteristics for all participants are 
reported in Table 1. For the FSHD group, three partici-
pants were able to lift their arm above shoulder height, 
two were unable to lift their arm above shoulder height, 
and two had previous scapulothoracic arthrodesis.

Results for maximum ROM, across all activities at 
the thoracohumeral joint, for the FSHD group and the 
CG are presented in Table 2. The CG achieved larger 
ROM values when compared to the FSHD group. This 
was anticipated, based on the use of stratified sampling, 
based on arm function.

The plane of elevation was similar between groups for 
most of the movements, apart from unweighted and 
weighted abduction. The FSHD group may likely be 
changing plane of elevation, as a compensation method 
for achieving more ROM in abduction.

Sensitivity Analysis

A box and whisker plot of echogenicity scores derived 
from images, with and without normalization for FSHD 
and CG, is provided (See Figure 2). Echogenicity scores 
derived from non-normalized images were generally 
higher and more variable, resulting in a lesser ability to 
distinguish between groups (See Figure 2). For the nor-
malized images, the mean and standard deviation (SD) of 

Table 1.  The Demographic Characteristics of the Participants Consented to a Research Study of Those With 
Facioscapulohumeral Muscular Dystrophy (FSHD).

Age matched controls (n = 7) People with FSHD (n = 7)

Age (years) 41.3 (15.5) 41.9 (17.1)
Gender (M:F) (5:2) (5:2)
Height (cm) 176.4 (5.7) 176.0 (8.8)
Weight (kg) 77.1 (11.2) 90.6 (24.8)
Beighton score, median (IQR) 1 (0–2) 0 (0–1.5)a

Grip strength mean max value left (kgf) 43.1 (7.9) 31.1 (12.3)
Grip strength mean max value right (kgf) 48.1 (6.7) 24.9 (11.8)
Dominant hand (L:R) (1:6) (2:4)
Weight selection for loaded tasks (0.5:1.0:1.5 kg) (0:0:7) (1:4:2)

aTwo participants were unable to complete Beighton due to standing balance issues.
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Table 2.  The Study Data on Maximum Range of Movement Values for the Thoracohumeral Joint, Based on Participants With 
and Without Facioscapulohumeral Muscular Dystrophy (FSHD).

Flexion
Flexion  

with weight Abduction
Abduction  
with weight

Abduction at 
45° with axial 

rotation

Abduction to 
45° with axial 
rotation and 

weight
Hand to  

back of head

Mean (SD)° FSHD CG FSHD CG FSHD CG FSHD CG FSHD CG FSHD CG FSHD  CG

TH elevation 
angle

90 (27) 138 (11) 88 (32) 140 (10) 92 (29) 144 (16) 88 (34) 141 (11) 58 (8) 69 (14) 58 (8) 60 (9) 89 (23) 120 (5)

TH elevation 
plane

76 (7) 88 (22) 73 (7) 98 (40) 42 (24) 91 (41) 34 (24) 87 (42) 35 (7) 57 (56) 31 (15) 49 (60) 55 (12) 61 (48)

Abbreviations: CG, control group; TH, thoracohumeral.

Figure 2.  A box plot diagram that illustrates the spread of data based on mean echogenicity values that were recorded in the 
two participant groups. The image data were normalized by using a reference image for standard muscle echogenicity.

echogenicity values, in the FSHD group, were higher 
than those in the CG (118.2 [SD, 34.0] compared to 42.3 
[SD, 14.], respectively) with the statistically significant 
differences at p = .002. Results for the sensitivity analysis 
echogenicity scores based on different reference images 
are presented in Figure 3.

The Bland-Altman plot shows an overall variance of 
6.2 between the longitudinal and transverse images, based 
on the echogenicity scores (i.e., lower level of agreement 
−2.9 and upper level of 15.4). The longitudinal reference 
image was associated with a higher echogenicity score 
offset relative to the transverse image. The largest differ-
ences were observed for the FSHD group and participants 
with FSHD, with those images having overall higher 
echogenicity scores. In cases where participants with 
FSHD had similar levels of arm function to their age- and 

gender-matched control, differences identified between 
reference images were similar. Overall, the variance 
between reference images was smaller for the CG.

Relationship Between Muscle Structure and 
Function

Results outlining the relationship between different 
measures of upper limb structure and function are pre-
sented in Figure 4. The largest explained variance was 
observed for muscle thickness and echogenicity (R2 = 
0.81), followed by echogenicity and ROM (R2 = 0.74). 
Muscle thickness and ROM had the lowest explained 
variance (R2 = 0.61) possibly indicating that muscle 
thickness has limited capacity for explaining the vari-
ance in muscle function (maximum ROM). The results 
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suggest echogenicity scores are better at accounting for 
the variance in muscle thickness values and maximum 
ROM. In most cases, a distinction between groups is 
evident based on the measurements evaluated, with the 
mean and SD of muscle thickness values being higher in 
the CG compared to the FSHD group (1.48 cm [SD 
0.27] compared to 0.74 cm [SD 0.45], respectively) and 
the CG being able to achieve higher ROM for weighted 
abduction compared to the FSHD group (141° [SD 11] 
compared to 88° [SD, 34] respectively).

Discussion

The aim of this research was to investigate the sensitivity 
of the histogram-matching method on echogenicity 
scores derived from sonograms of the trapezius muscle 
and its ability to differentiate between participants with 
and without FSHD. The study also explored the associa-
tion between trapezius echogenicity values and other 
measures of upper-limb body structure and function. 
Participants with FSHD demonstrated higher echo-
genicity values and smaller muscles consistent with 
degenerative muscle structure changes seen in FSHD, 
such as atrophy, fatty replacement, fibrosis, and edema. 
These results suggested that postcapture processing of 
sonograms, using histogram matching, is needed for 
comparison of echogenicity values, captured using differ-
ent equipment instrumentation settings. This method can 
provide quantifiable differences in participants, with and 

without FSHD. An estimation of the error based on the 
use of different reference images was also identified, 
which may be used for informing comparison or interpre-
tation of images for clinical decision-making.

Evaluation of the trapezius muscle identified that the 
FSHD group had higher echogenicity values and less 
ROM. The current study results were consistent with 
similar studies that identified the relationship between 
higher echogenicity scores for the trapezius muscle and 
increased disease severity and levels of impairment in 
people with FSHD.18,19 While these findings were simi-
lar, a direct comparison of echogenicity values is not 
possible given the difference in ultrasound equipment 
systems and instrumentation that was used to derive 
echogenicity scores. In the present study, histogram 
matching was used, and image capture settings for indi-
vidual patients were varied. In other studies, ultrasound 
equipment systems and the image capture settings 
remained constant.18,19 An advantage of this study 
method was that it allowed for measurement settings to 
be optimized for individuals and comparisons across 
ultrasound equipment systems and models may be pos-
sible. Requirements for consistent ultrasound equipment 
systems, models, and normative reference data sets limit 
retrospective and cross-study comparison, and possibly 
more widespread use and translation to clinical practice. 
The use of a standard reference image and postprocess-
ing, alongside an understanding of the margins of error, 
could address these factors.

Figure 3.  A Bland-Altman plot for comparing the participants longitudinal and transverse sonographic images, based on the 
echogenicity scores.
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The echogenicity values were subject to variation, 
dependent on the reference image used; however, these were 
small (i.e., bias of 6.2) and less than the between-group 
differences observed in the present study. Differences 
between the reference images used for calculating echo-
genicity scores were larger in the FSHD group. An offset 
for higher echogenicity values was identified when the 
longitudinal reference image was used. This offset possi-
bly stemmed from the presence of more hyperechoic 

regions associated with the muscle fibers, potentially 
resulting in increased signal attenuation across the whole 
image and ROI (i.e., subcutaneous fat layer) used for his-
togram matching. An assumption made in the present 
study was that the distribution of the subcutaneous fat 
layer was homogeneous within and across participants. 
While this was supported by preliminary analysis, if dif-
ferences in the distribution were present, within the sub-
cutaneous fat layer ROI, this may affect results between 

Figure 4.  A series of scatter plots that demonstrate the following relationships: (A) Participants, with and without FSHD, 
muscle thickness compared to echogenicity. (B) Participants, with and without FSHD, range of motion (ROM) compared to 
echogenicity. (C) Participants, with and without FSHD, muscle thickness and ROM.
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participants, but not within the same participant. All mus-
cle thickness measurements, manual segmentation of 
subcutaneous fat, and muscle ROIs were taken by a sin-
gle assessor trained in ultrasonography and image seg-
mentation. Application of the posthistogram matching 
(e.g., dependent on the reference image) was consistent 
across all ROIs and any variability likely stems from the 
chosen reference image. Variability in image segmen
tation ROI, for reference or target images, may affect 
echogenicity values, particularly if conducted by another 
researcher. Further work is needed to investigate the 
inter-rater reliability for image segmentation and evalua-
tion of echogenicity scores.

Upper limb echogenicity values, derived from sono-
grams and histogram matching, could facilitate clinically 
feasible bedside methods for assessing and monitoring 
disease progression, in FSHD. Echogenicity has been 
used as a biomarker for screening and monitoring in  
studies investigating FSHD, other neuromuscular dis-
eases,34,35 and settings such as intensive care medical 
units.36 The present study identified differences in echo-
genicity scores between groups which were statistically 
significant. While other methods, such as the Heckmatt 
scale, are available for classifying changes to muscle 
structure, and correlate well with QMUS, it is an ordinal 
score which does not allow for quantification of echo-
genicity and has an inability to determine changes to 
muscle structure, within existing classification catego-
ries.18,19 While QMUS may be a valuable biomarker in 
the assessment and management of people with FSHD, it 
is important to note that it is a local measure, limited by 
beam width and variable performance in some patient 
types (i.e., those with higher adipose levels). Fatty 
replacement in muscle structure for FSHD is heterogo-
nous, with a potential proximal to distal progression as 
determined by MRI.16 Given that QMUS is often con-
ducted on the mid-muscle belly, not scanning the entire 
muscle structure may result in the omission of some mus-
cle structure changes.16,18,19,37 In some longitudinal stud-
ies, echogenicity scores in a limited number of people 
with FSHD have reduced, which may suggest improve-
ment to muscle structure. However, variations in echo-
genicity values may stem from fluctuations in edema, as 
well as fibrosis, which QMUS may be unable to differen-
tiate.19 Interpretation of QMUS measures therefore needs 
to be undertaken with the understanding that measure-
ment location, method of analysis, and fluctuations in 
immunochemical disease processes may affect echo-
genicity scores.

The trapezius muscle is one of the more commonly 
evaluated upper limb muscles in FSHD and demonstrates 
changes consistent with disease progression.18,19 Given 
the role of the trapezius muscle in controlling the scapula 
and relative ease of measurement, due to its size 

and morphology, compared to muscles such as serratus 
anterior, it may be a pragmatic choice for monitoring and 
prognosis planning in the upper limb of people with 
FSHD.24 Within the present study, the trapezius muscle 
was selected as it allowed for evaluation of muscle thick-
ness and echogenicity for all participants. In cases where 
participants had smaller body segments or muscles, par-
ticularly for people with FSHD, capturing images that 
sufficiently showed the entire thickness and did not com-
press the muscle was challenging. This was because in 
some cases the requirements to maintain sufficient sur-
face contact with linear transducer and lesser convex sur-
face of the underlying body segment resulted in loss of 
contact. Previous studies, including the current study, 
have used a limited subset of upper limb muscles for 
evaluation of echogenicity scores and changes to function 
or disease progression. Within the current study, echo-
genicity was able to explain 74% of the variance in ROM 
(R2 = 0.74) and further evaluation of other upper limb 
muscles involved with control of the shoulder girdle and 
arm may help explain the outstanding variance. Although 
determining consistent methods, including the location of 
structures and positions for patients, can be challenging 
to standardize. Sites for measurement, derived with  
reference to surface bony landmarks, were selected in this 
study, as a pragmatic method for standardizing measure-
ments. These were selected in place of anatomical reference 
points, within a muscle measured by ultrasonography, as 
these may be subject to operator variability. Furthermore, 
while several studies have evaluated the trapezius mus-
cle, it is possible that the site of measurement within  
the muscle may vary between studies, and methods for 
determining the measurement point were not explicit  
in all studies.18–20 Future work may be dedicated to 
develop standardized diagnostic protocols and muscles 
for QMUS that could be reproduced and possibly used 
to inform screening, prognosis, monitoring, and clinical 
decision-making.

Measurement of both muscle echogenicity and thick-
ness values may be required for monitoring and progno-
sis planning in the upper limbs of people with FSHD. 
QMUS was able to account for a large proportion of the 
variance in muscle thickness (i.e., structure) and maxi-
mum ROM (i.e., function) with R2 values of 0.81 and 
0.74, respectively. These findings may be anticipated 
given that (1) changes in one structural component of a 
muscle (e.g., fibrosis measured by echogenicity) will 
likely be reflected in another (e.g., thickness); (2) trape-
zius is known to be a significant contributor for ROM at 
the joint; (3) redundancy, stemming from the number and 
thickness of upper-limb muscles may account for the lim-
ited relationship between measures.38 While muscle 
thickness was able to account for some of the variance in 
ROM (R2 = 0.61), based on the present cohort, this was 
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limited when compared to other measures. The overall 
strength of the correlations observed is based on the cur-
rent data set of a single disease population and age- and 
gender-matched controls. Further work is needed to eval-
uate the relationship between measures and their ability 
to potentially inform decision-making with a larger sam-
ple and potentially different populations. Additional mea-
sures such as force production, which is proportional to 
muscle thickness, may help increase the explained vari-
ability between structure and function. Dijkstra et  al.19 
found a correlation between echogenecity and strength  
in children with FSHD of r = −0.74. Previous research 
has reported variable levels of correlation (approximately 
0.5 to 0.6) with QMUS and the FSHD clinical severity 
scale.18,19 However, lower levels of agreement may be 
attributed to the limited measurement properties of the 
FSHD clinical severity scale, which is an ordinal score 
rather than QMUS. Use of muscle thickness measures in 
isolation for prognosis planning or categorization of 
function may therefore be of limited diagnostic value.

Limitations

The major limitation was the research design that has 
threats to internal and external validity, as well as the 
sampling method. In addition, This was a single measure-
ment study and did not evaluate the longitudinal variabil-
ity or changes of measures or methods used. Further 
research is needed to evaluate the longitudinal variability 
associated with this method on a larger sample of people 
with varying levels of arm function. This should also 
include variability in the echogenicity scores based  
on multiple images taken from different sites within a 
muscle and with analysis of image segmentation and his-
togram matching, carried out by multiple researchers. 
While theoretically histogram matching should allow for 
comparison between ultrasound equipment systems, 
models, and different muscles within and between peo-
ple, further evaluation is needed. In the present study, it 
was not possible to compare the current study images 
against another imaging technique, such as MRI, which is 
considered a diagnostic gold standard.18 QMUS has 
already been evaluated against MRI, using different 
echogenicity analysis methodology and demonstrated 
high levels of agreement, despite a lesser ability to dif-
ferentiate swelling and fibrosis.15,16 Echogenicity scores 
are variable subject to the size and the region selected. 
While segmentation was possible for all participants, this 
was challenging in cases where participants either had 
very small subcutaneous fat layers (e.g., mainly CG), 
small muscles or edge artifact, present in some compo-
nents of the muscle. In this study, segmentation was 
checked for spurious results and included only relevant 
tissue areas, devoid of artifact. It is acknowledged that 

these potentially could have affected results for individ-
ual people. The same is true for muscle thickness mea-
surements. A comparison of two reference images was 
carried out, and it is unclear how the magnitude of the 
error varies across multiple images of the same or differ-
ent muscle. The reference image selected was chosen on 
the basis that it came from one of the younger CG partici-
pants who engaged in regular upper limb exercise and 
would therefore be a suitable comparison for people who 
were older or had less function. Further work may look to 
compare multiple reference images and the effect on 
echogenicity scores, possibly in multiple neuromuscular 
diseases. While QMUS and the use of posthistogram 
matching have demonstrated an ability to differentiate 
between groups with and without FSHD, it should not be 
considered as a diagnostic tool given that the accuracy of 
this method has not been evaluated in real-world clinical 
settings.

Conclusion

Histogram matching for normalization of sonograms is 
better able to differentiate and quantify differences 
between people, with and without FSHD, compared to 
non-normalized images. Based on this study sample, 
overall echogenicity scores derived from the trapezius 
muscle were able to better account for the variance in 
muscle thickness values and function. Muscle thickness 
had limited ability in accounting for function when evalu-
ated in isolation, but further work is needed to confirm 
the strength of correlation measures observed between 
measures of structure and function. The FSHD group had 
higher echogenicity values and smaller muscle thick-
nesses when compared to the CG, consistent with degen-
erative muscle structure changes associated with the 
disease. Ultrasonography of the trapezius and selection  
of measurement site based on surface bony landmarks 
allowed for pragmatic simultaneous capture of measure-
ment and thickness in all participants. This could facili-
tate clinically feasible bedside methods for assessing and 
monitoring disease progression in people with FSHD. 
Further research is needed to recruit a larger sample of 
patients with FSHD and varying levels of arm function, 
carry out longitudinal measurements, and evaluate the 
sensitivity of these measures based on variable reference 
images.
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