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Sonographic image texture features in muscle tissue-mimicking
material reduce variability introduced by probe angle and gain settings
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Abstract

Cost-effective and portable ultrasonography offers a promising approach for monitoring skeletal
muscle damage and quality in many contexts. However, echogenicity analysis relies on precise
transducer orientations and machine parameters, posing challenges for data pooling across
different raters and settings. Muscle texture analysis offers a potential means of reducing inter-
rater and machine-setting variability. Scans were assessed at nine angles, controlled using a custom
transducer shell and software. Scans were performed three times, and different gains were applied.
All scans were performed on a muscle tissue-mimicking phantom to eliminate biological
variability. Intra-angle and intra-gain variability and internal consistency were assessed via
coefficient of variation (CV%) and Cronbach’s alpha (a ). Spearman’s (p) correlations were
employed to determine the relationship between echogenicity and each texture feature. Entropy
(angle: CV=2.7-7.6%; gain: CV=10.5%; a =0.86), and inverse difference moment (angle:
CV=3.7-9.8%; gain: CV=16.5%; a =0.87) were less variable than echogenicity (angle: CV=6.4-
19.4%; gain: CV=39.0%; a =0.82). Angular second moment (angle: CV=17.9-116.6%; gain:
CV=71.6%; 0,=0.68), contrast (angle: CV=7.8-14.7%; gain: CV=41.8%; a =0.75), and correlation
(angle: CV=9.0-13.5%; gain: CV=28.6%,; 0, =0.49) features were generally more variable. Entropy
(p=0.82-0.98, p<0.011) and inverse difference moment (p=-0.98—0.83, p<0.008), were more
strongly correlated with echogenicity than angular second moment (p=-0.98—0.77, p<0.016),
contrast (p=0.53-0.98, p<0.15), and correlation (p=-0.25—-0.19, p=0.520-0.631). Entropy and
inverse difference moment features may allow data sharing between laboratory and clinical
settings with ultrasound machine parameters and raters of varying skill levels. Clinical and
mechanistic studies are required to determine if texture features can replace echogenicity
assessments.
Key Words: phantom, echo intensity, gray level of co-occurrence matrix, muscle tissue mimetic,
ultrasound.
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he assessment of skeletal muscle mass is practiced in

hospital, clinical, and sporting environments due to
strong correlations with physical performance. As we age,
conditions like sarcopenia and other muscle-wasting
disorders become more prevalent, researchers and
practitioners are increasingly incorporating methods to
measure and monitor mass, quality, and composition.
Echogenicity (grayscale analysis) is a prominent,' first-
order,” technique for estimating muscle composition, where
higher proportions of white pixels indicate increased muscle
damage,® intramuscular adipose,* and fibrous®® tissue
compared to darker images (Figure 1). Indeed, recent meta-
analyses revealed small to moderate yet highly consistent
negative correlations between skeletal muscle echogenicity
and physical function in older adults.’
Echogenicity and other assessments of muscle composition
can be obtained using various technologies (e.g., MRI,
CT),? though ultrasonography is gaining popularity due to
its portability, relative affordability, and clinical utility. Ho-
wever, unlike MRI or CT, ultrasound imaging is more sus-
ceptible to human error as precise transducer orientation,
tilt, and pressure are necessary to monitor longitudinal
changes accurately.” Cofounding factors like hydration,
muscle glycogen shifts, and skin and subcutaneous fat tis-
sue thickness can also affect echogenicity outputs and inter-
session variability.!**¢ Additionally, scanning the same
muscle using different ultrasound machines or inconsistent
settings (e.g., gain and depth) can produce varying echo-
genicity values,'® making comparing results between dif-
ferent clinics or laboratories challenging. Several research
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Figure 1. Representative images with grayscale analysis
for high (top) and low (bottom) ‘quality’ human rectus
femoris muscles.

groups have proposed clinically viable methods to improve
variability to encourage data sharing and collaboration
while potentially elucidating additional muscle-to-function
relationships.''? For example, while the muscle luminosity
ratio may become clinically useful, it is significantly af-
fected by ultrasonographic frequency parameters.'> Simi-
larly, Pinto & Pinto'? have proposed specific analysis of
echogenicity bands as an alternative to exclusively report-
ing mean values. However, the value and meaning of each
grayscale band have not been thoroughly elucidated, and
there are discordant reported findings when utilizing this
analysis technique.'*'> Computational approaches to ana-
lyzing the grayscale histogram have also been used to char-
acterize muscle heterogeneity.'® The dispersion parameters
from a negative binomial distribution and shape parameters
from gamma mixture models adequately fit grayscale his-
togram data and are associated with grip strength.'® Never-
theless, additional work is needed to understand this
approach’s generalizability and clinical utility.

Muscle texture analysis is emerging as a promising ap-
proach for reliability assessing muscle quality.? This tech-
nique quantifies intricate patterns and variations within
muscle images, going beyond conventional grayscale
measurements to provide deeper insights concerning tis-
sue heterogeneity and homogeneity.? The gray level co-
occurrence matrix (GLCM) is a second-order statistical
texture analysis approach that characterizes texture by ex-
amining the spatial relationship between pixel intensities
across neighboring pixels and the entire image, rather than
solely focusing on individual pixel intensities. Common
GLCM features include Angular Second Moment (ASM),
Entropy (ENT), Inverse Difference Moment (IDM), Cor-
relation (COR), and Contrast (CON). These features esti-
mate tissue homogeneity (ASM, IDM, COR) and
heterogeneity (ENT, CON). Increased image heterogene-
ity, indicated by higher ENT and CON values, is associ-
ated with a greater presence of non-contractile muscle
tissue. Additionally, a recent investigation!” found signif-
icant correlations between several muscle texture features
and physical performance in adults over 70. Importantly,
texture analysis shows the potential to mitigate inter-rater
and machine variability,'® thereby enhancing the reliability
and comparability of muscle assessments across different
clinical settings and research laboratories. Therefore, this
study aims to investigate and compare the variability in
echogenicity and muscle texture features resulting from
different transducer tilts and gain settings.

Materials and Methods
Experimental design

A cross-sectional study used a custom-made ultrasound
phantom (CIRS, Inc; Project #1126, Rev-02, Release-00,
SN-E2164-2) comprised of muscle tissue mimicking ma-
terial (TMM) to eliminate biological variability. A custom-
built ultrasound transducer shell was employed to ensure
precise angles. These measures were repeated three times.
The ‘Colorado Multiple Institutional Review Board ap-
proved the study (COMIRB: 24-0850).
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Testing procedures

The custom-made muscle TMM phantom (length ~12 cm,
diameter ~11 cm, thickness ~4.5 cm; anechoic gel: 15 kPa
stiffness, 1540 m/s speed of sound, 0.1 dB/cm/MHz atten-
uation) was utilized to eliminate biological variability. The
artificial muscle and representative scan are depicted in Fig-
ure 2. All scans were conducted using the same ultrasound
machine (Hitachi Noblus) with 13.6 MHz linear array trans-
ducer (Hitachi, L64). All scans were performed with the
same general settings (MSK application, dynamic range:
70, frame rate: 32, focus point: 2.6 mm, depth gain: maxi-
mum, Hi-Support: off) to a depth of 4 mm.

To ensure precise control over transducer tilts, we employed
a custom-built transducer cover integrated with specialized
software developed by Gilbertson and Anthony at Massa-
chusetts Institute of Technology (Figure 3).!%% This setup
utilizes fasteners and high-strength neodymium magnets to
restrict movement along the Z-axis and secure the shell. Ad-
ditionally, ridges prevent movement along the X and Y
axes. The bottom shell houses a six-axis Mini-40 load-cell
(FUTEK LSB200) and a three-axis analog-output accel-
erometer (Analog Devices ADXL 335). These components
were connected to a signal amplifier (FUTEK [AA100),
and DAQ (National Instruments USB-6001) interfaced with
LabVIEW software and graphical user interface (GUI) to
facilitate the collection and display of contact forces and
transducer angles. !>

Water-soluble transmission gel (Aquasonic 100; Parker La-
boratories, Fairfield NJ) was used during scanning to attain
optimal acoustic contact with the imaging site. Preliminary
images were initially obtained in the transverse and longitu-
dinal view to orient the examiners to the tissue-mimicking
muscle phantom and to aid the calibration of the force-feed-
back transducer interface system. Longitudinal view image
capture was completed at the midpoint of the ultrasound
phantom with cine loops, allowing the operator to scroll
through the captured frames. The images were taken at gain
settings of 0, 5, and 10 dB, as most practitioners set their
machines in 5 dB intervals. The measured transducer angles
ranged from -50° to 50° (completely perpendicular=0°). An
exemplar cine loop is provided in the Supplementary ma-
terials, Video.

Image processing

Using digitizing software (ImagelJ; National Institutes of
Health, USA), echogenicity and texture features were pro-
cessed every 5° (21 total angles) at each gain setting. The
largest possible region of interest was manually selected for
all images. Mean echogenicity and the five texture features
(Figure 4) of ASM, ENT, IDM, COR, and CON were ana-
lyzed at the GLCM angle of 180° and exported to a CSV
file. Visual inspection of the cine loops determined extreme
loss of muscle recognizability at angles >20° from perpen-
dicular. Additionally, based on our experience in training
novice assessors, we concluded that it would be unlikely
that any assessor would obtain skeletal muscle images with
a transducer angle error of >20°. Therefore, only the nine
angles of -20°, -15°, -10°, -5°, 0°, 5°, 10°, 15° and 20° were
analyzed. No image corrections were applied.

Statistical analysis

Intra-angle and intra-gain variability were assessed via the
Coefficient of Variation (CV%). In contrast, Cronbach’s
alpha (a), with 95% confidence intervals, was applied ac-
ross angle and gain to provide an overall interpretation of
internal consistency (i.e., measuring the same underlying
construct) for echogenicity and each texture feature. The
CV% were interpreted as: high>30%, moderate=15-30%,
and low<15%;*" while a_were interpreted as: 0.50>un-
acceptable, 0.50-0.60=poor, 0.61-0.70=questionable, 0.71-
0.80=acceptable, 0.81-0.90=good, and excellent>0.90.2
Each texture feature was compared to mean echogenicity
via Spearman’s Rho (p) rank correlation coefficient due to
the small number of total images and uncertain linearity.
Correlations were interpreted as: £0-0.10 trivial, £0.10-0.30
small, £0.30-0.50 moderate, £0.50-0.70 large, =0.70-0.90
very large, and £0.90-1.00 nearly perfect.* 95% confidence
intervals were calculated for the correlational data by sim-
ulating 1000 bootstrapped samples. Jeffrey’s Amazing Sta-
tistics Package (JASP) software (v0.18.3, Amsterdam,
Netherlands) was used for statistical analysis, while the cor-
relation scatter plots were created in MATLAB (vR2021b,
MathWorks, Natick, Massachusetts). 95% confidence in-
tervals are provided in [square brackets].

Figure 2. Tissue-mimicking muscle phantom (A) and
representative image (B).

Figure 3. MIT developed transducer shell with a load-cell
and accelerometer for ensuring precise angle and pressure.
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Figure 4. Gray level of co-occurrence matrix (GLCM) texture factors based on the distance of pixel and angle orienta-

tion of a B-mode ultrasound image. ROI=region of interest.

Results

All echogenicity and muscle texture feature measures ac-
ross all transducer angles and gain settings, with mean,
standard deviation, CV% and o, are provided in Supple-
mentary materials, Table 1. Regarding variability, when
examining across nine angles (CV=36.3%, range=26.2-
38.9%) and three gains (CV=13.0%, range=06.4-19.4%),
echogenicity held moderate to high, and low to moderate
variability, respectively, with good internal consistency
(0,=0.82 [0.75-0.90]). ENT (angle: CV=10.3%,
range=8.1-11.6%; gain: CV=5.0%, range=2.7-7.6%,
a=0.86 [0.76-0.94]), and IDM (angle: CV=15.7%,
range=9.7-19.1%; gain: CV=7.0%, range=3.7-9.8%,
a =0.87 [0.71-0.96]) were generally less variable. Con-
versely, ASM (angle: CV=79.1%, range=49.5-107.5%;
gain: CV=46.7%, range=17.9-116.6%, o, =0.68 [0.45-
0.85]), CON (angle: CV=40.2%, range=32.6-47.1%; gain:
CV=11.8%, range=7.8-14.7%, 0, =0.75 [0.62-0.87]), and
COR (angle: CV=22.1%, range=13.3-28.6%; gain:
CV=7.7%, range=9.0-13.5%, a =0.49 [0.01-0.90]) were
generally more variable than echogenicity, especially over
different transducer tilt angles.

Regarding inter-feature correlations, when all angles and
gains were pooled (27 data points), all texture features were
significantly (all p<0.001) and largely correlated with echo-
genicity (ASM: p=-0.97 [-0.94 to -0.99]; CON: p=0.96
[0.91-0.98]; COR: p=-0.80 [0.60 to -0.90]; ENT: p=0.97
[0.94-0.99]; IDM: p=-0.98, [-0.95 to -0.99;).

However, only ASM (0 dB: p=-0.77 [-0.95 to -0.21],
p=0.016; 5 dB: p=-0.95 [-0.99 to -0.76], p<0.001; 10 dB:
p=-0.98 [-0.99 to -0.90], p<0.001), ENT (0 dB: p=0.82,
[0.33-0.96], p=0.011; 5 dB: p=0.98 [0.92-0.99], p<0.001;
10 dB: p=0.83, [0.38-0.96], p=0.008), and IDM (0 dB: p=-
0.83 [-0.96 to -0.38], p=0.008; 5 dB: p=-0.98 [-0.99 to -
0.92], p<0.001; 10 dB: p=-0.83 [-0.96 to -0.38], p=0.008)
were significantly correlated with echogenicity across each

gain setting (9 data points) (Figure 5A, 5D, SE). Con-
versely, CON (0 dB: p=0.90 [0.59-0.98], p=0.002; 5 dB:
p=0.98[0.92-0.99], p<0.001; 10 dB: p=0.53 [-0.02 to 0.88],
p=0.148) was only significant correlated with echogenicity
at with lower gain settings (Figure 5B), while COR (0 dB:
p=-0.19 [-0.76 to 0.55], p=0.631; 5 dB: p=-0.25 [-0.78 to
0.50], p=0.520; 10 dB: p=-0.23 [-0.78 to 0.51], p=0.550)
was not significantly correlated with echogenicity at any
gain (Figure 5C).

Discussion

While ultrasonic evaluations of muscle quality via grayscale
analysis are common, they rely on precise transducer orien-
tation and operator skill. Furthermore, different machine
settings can substantially alter echogenicity, limiting data
sharing between healthcare and laboratory settings. Thus,
we compared variability introduced by transducer angle and
ultrasound gain across echogenicity and several features of
muscle texture. We determined that the muscle texture fea-
tures of ENT and IDM were substantially less variable
while holding strong correlations to echogenicity.

Contrary to echogenicity, there is a relative lack of studies
examining the ability of muscle texture features to predict
physical performance and other health measures.'”** Ho-
wever, Wilkinson ef al.?* examined the relationship be-
tween rectus femoris muscle texture features and grip
strength, walking tasks, and sit-to-stand and timed up-and-
go performances in participants with chronic kidney dis-
ease. Significant associations were reported between all
muscle texture features and grip strength (p=+0.24-0.29,
p<0.026), ASM, ENT and IDM and the incremental shut-
tle walk test (p=%0.22-0.26, p<0.042), and CON, COR,
ENT, and IDM and gait speed (p=+0.24-0.29, p<0.021).%*
However, no features were significantly correlated with
sit-to-stand or timed up-and-go performances (p=+0.04-
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Figure 5. Correlation scatter plots with 95% confidence intervals between echogenicity and texture features of angular
second moment (A), contrast (B), correlation (C), entropy (D), and inverse difference moment (E).

0.16, p>0.126).2* While these correlations with perform-
ance are generally lower than much of the relevant echo-
genicity research,” ENT (=-0.18) and IDM (r=0.17) had
the strongest mean correlation with the five functional as-
sessments. Similarly, Fuentes-Abolafio ef al.'” examined
the relationships between several texture features and sit-
to-stand, timed up-and-go, short physical performance
battery, and walking tests in people over 70 with degrees
of heart failure. While there was some diversity of results
across sexes and, ENT was generally the best predictor of
physical performance (r=%0.226-0.443)."7 As a direct

comparison to the present study, Wilkinson et al. reported
substantially smaller (though all significant; p<0.001) cor-
relations between echogenicity and ASM (=-0.53), CON
(=0.76), COR (r=-0.52), ENT (r=0.76), and IDM (r=-
0.75), perhaps highlighting the difference between human
and our tissue-mimicking muscle phantom.*

Echogenicity has also been extensively used to estimate
muscle damage, correlating well with established proxies
such as post-exercise force decrements, delayed onset
muscle soreness, tissue swelling, and serum creatine ki-
nase.>?%?” However, to our knowledge, only two studies
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have examined relationships between muscle-damaging
exercise and texture features.?®? de Matta and colleagues
had participants perform twenty total isovelocity eccen-
tric elbow flexions and assessed isometric torque, muscle
soreness, muscle thickness, echogenicity, and CON and
COR immediately before and 0, 24, 48, 72 and 96 hours
post-exercise.?® While echogenicity only increased at 72
and 96 hours, increases in COR first appeared at 48 hours
and remained until at least 96 hours, implying greater
sensitivity when estimating muscle damage.?® Interest-
ingly, no changes in CON were noted at any point,?® sug-
gesting that different texture features may have distinct
utilities. This theory is supported by Jo and Kim, who
also examined exercise-induced muscle damage of the
biceps brachii.?? Eccentric dumbbell curls induced sub-
stantial changes in echogenicity, ENT, ‘energy’,
and IDM. However, the magnitude of these shifts differed
between the short and long head of the biceps, with sig-
nificantly greater alterations in ‘energy’ and IDM in the
short head, while echogenicity and ENT increased more
in the long head.?

Practical applications

The improved variability of ENT and IDM compared to
echogenicity across different transducer angles and gain
settings offers promising avenues to advance muscle qual-
ity assessments in practical settings. Ultrasonography is
relatively affordable and highly portable, making it suit-
able for widespread use in clinical settings such as hospi-
tals, potentially saving valuable time and monetary
resources. This shift from more expensive, large, and
time-consuming imaging technologies (e.g., MRI and CT)
is fundamental given the increasing elderly population in
developed countries,*® and soon globally.’! However, the
diversity of ultrasound machine models and manufac-
turers presents challenges when attempting to standardize
data pooling and establish healthcare system-wide guide-
lines or cut-offs. While the interpretation of musculoskele-
tal muscle tissue scans across different devices may be
aided through radio frequency time series signal analysis,
clinical feasibility remains a barrier to adoption. Further-
more, if sonographic echogenicity replaced more re-
source-intensive  technologies, many healthcare
professionals would need to be upskilled in ultrasonogra-
phy, potentially adding to their already heavy workload.*
However, the current findings suggest that the muscle tex-
ture features of ENT and IDM could enable existing
healthcare professionals to capture ultrasound images
without strict adherence to precise transducer angles. It is
also likely that texture analysis would not require subcu-
taneous fat correction,* further improving variability com-
pared to echogenicity.® Additionally, a recent
meta-analysis indicates that muscle quality may be sys-
temic, allowing practitioners to scan easily accessible
muscles (e.g., deltoid, biceps brachii) to obtain meaningful
surrogate measures of muscle quality.” Assuming future
advancements, these images could be uploaded to a data-
base for automatic texture analysis and data pooling, fa-
cilitating widespread knowledge creation and advancing
research in this field.

Limitations and future research directions

Several limitations are to be noted. While we used a muscle
tissue mimicking material phantom model to eliminate bio-
logical variation, a similar study should be performed in-
vivo. Likewise, the present study design did not allow us
to determine the use of texture analysis for assessing lon-
gitudinal alterations in muscle quality due to disease or dis-
use or exercise, nutritional, or pharmacological
interventions. While gain settings were considered a proxy
for different ultrasound machines, similar work should be
completed across several manufacturers and models. Al-
though texture features were generally highly correlated
with echogenicity, whether they are interchangeable is
unclear. Therefore, mechanistic studies (e.g., biopsy, ca-
daver) are required to determine if echogenicity and the tex-
ture features similarly represent muscle composition.
Similarly, acute to short-term exercise studies should ex-
amine the ability of muscle texture features to assess muscle
damage.

Conclusions

Muscle echogenicity is commonly used to estimate muscle
composition and damage but is susceptible to variability
based on ultrasound transducer angle and machine settings.
The muscle texture features of ENT and IDM were less af-
fected by transducer angle and gain than echogenicity and
were highly correlated. Therefore, ENT and IDM may be
superior to traditional echogenicity for assessing muscle
quality, pooling data between assessors, and research or
clinical settings. Human trials and longitudinal investiga-
tions are required to confirm this hypothesis.
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Table 1. Summary of all echogenicity and muscle texture features across nine angles and three gain settings.



