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Abstract

Background: Nowadays, sarcopenia is widely affecting numerous people in the
Worl§, which directly leads to devastating clinical outcomes like catastrophic falls,
functional disability in mobility, and increased mortality. Ultrasound (US) plays an
important role in sarcopenia assessment for quantitatively and qualitatively detecting
muscle Eerformance by muscle thickness (MT) and cross-sectional area (CSA). How-
ever, it has been hindered by operator dependency and a lack of standardization,
making manual measurements impractical for large-scale screening. Research Aims
Our study addresses this clinical bottleneck by adopting image segmentation models
to enable deep-learning-based automated ultrasound system that standardizes the
assessment of multiple muscle groups across the body.

Methods: We trained the deep learning models (U-Net and nnU-Net) for segmenting
five key muscle groups (biceps, triceps, rectus abdominis (RA), rectus femoris(RF),
and peroneal longus and brevis (PLPB) from US images acquired from 94 adult par-
ticipants (young (n=22), middle-aged (n=22), and elder (n=50)). The models’ segmen-
tation performance was evaluated against expert manual annotations using the Dice
Similarity Coefficient (Dice). For the predicted dataset, the results are correlated with
body composition results and physical performance data.

Results: The deep learning segmentation achieved excellent performance across all
muscle groups. The mean Dice were: RF (0.8260), RA (0.8810), biceps (0.8370),
triceps (0.8080), and PLPB (0.9200), indicating a high accuracy compared to the
ground truth. Furthermore, these Al-derived metrics demonstrated strong clinical
validity through high correlations with body composition data. The appendicular
muscles has the hig%)est associations found between triceps CSA and MM (r=0.8212),
PLPB MT and ASM (r=0.7462), and RA CSA and BMR (r=0.6398).

Conclusions: By applying a deep learning-powered framework, the ultrasound pro-
vides accurate, highly efficient seﬁmentation of multiple muscles for sarcopenia assess-
ment, making US a practical method for sarcopenia assessment and enabling its adop-
tion in community-based screening and the longitudinal management of sarcopenia.
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INTRODUCTION
Sarcopenia, the progressive and generalized loss
of skeletal muscle mass and function, represents

sessment tools to identify at-risk individuals before
irreversible functional decline occurs.

a major public health concern in aging societies
worldwide (Cho et al., 2022). Formally recognized
as a muscle disease with its own ICD-10 code
since 2016, sarcopenia is directly associated with
a cascade of devastating clinical outcomes, in-
cluding catastrophic falls, functional disability, and
increased mortality (Cao & Morley, 2016). While
interventions such as resistance training and ad-
equate protein intake can mitigate its progression,
their effectiveness hinges on early and accurate
detection [4]. This places a critical emphasis on
developing accessible, reliable, and quantitative as-

Asian Working Group for Sarcopenia (AWGS)
and European Working Groups for Sarcopenia
(EWGSOP) provided consensus on the sarco-
penia screening and diagnosis(Chen et al., 2014;
Chen et al., 2020; Cruz-Jentoft et al., 2010; Cruz-
Jentoft et al., 2019a). However, most modern
technologies focus on the use of Bioelectrical
Impedance Analysis (BIA) and Dual X-ray Ab-
sorptiometry (DXA) to evaluate appendicular
skeletal muscle mass (ASM) (Guglielmi et al.,
2016; Tagliafico et al., 2022). Other diagnosis
methods include mostly the physical perfor-
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mance, such as the time-up-and-go (TUG) and
hand gripping tests. Other than the BIA and DXA,
ultrasound has been drawing more and more at-
tention to modern time sarcopenia evaluation
due to its economic efficacy, portability, and ac-
curacy in measurement(Chen et al., 2022; Hida
etal., 2018). BIA and DXA lack accuracy in some
cases, especially for patients who are measured
after urination and exercise. The total body wa-
ter (TBW) could be underestimated and overesti-
mated, as certain parameters, such as the fat-free
mass (FFM) and ASM in the body, are involved,
thus providing inaccurate results. However, ul-
trasound could detect muscle morphology at any
time, unaffected by exercise or metabolic activ-
ity (Chen et al., 2025).

In the consensus of the EWGSOP, ultrasound
has been recommended for sarcopenia bed-
side evaluation, especially in community and
in-home care settings(Cruz-Jentoft et al., 2019a,
2019b). However, ultrasound requires a large
number of professional doctors and practition-
ers for image diagnosis and reading(Abe et al.,
2018). Ultrasound used in the clinical setting for
sarcopenia has many bottlenecks to overcome:
the operator-dependency, subjectivity in the in-
terpretation, and the inefficiency (Behboodi et
al., 2024; Guo et al., 2011). Firstly, different op-
erators could collect different images; secondly,
different operators could interpret the muscles
differently, such as reading the borders; thirdly,
the manual labelling of the muscle is very time-
consuming, and sarcopenia requires the multi-
site muscles’ overall interpretation, especially for
a large-scale data collection in the community,
where manual measurement is very impractical.
Therefore, to deploy an Al-powered, automated
framework for multisite muscle segmentation
from ultrasound images could hugely benefit
screening process (Yi et al., 2022). Our primary
goal is to overcome the limitations of manual
ultrasound analysis, thereby creating a standard-
ized, efficient, and objective tool for sarcopenia
assessment, especially using the methods of
deep learning to improve the efficiency of image
segmentation and provide real-time segmenta-
tion of the muscles (Behboodi et al., 2024; Zhang
etal., 2024).

Major muscle groups can indicate how the
muscle behaves through its thickness and cross-
sectional area. In most cases, the rectus femoris
(RF) is one of the most renowned muscle groups
of the thigh that helps assess elderly people’s
movements and whether they are at risk of fall-
ing (Chen et al., 2022; Nies et al., 2022). The calf
is also important to reflect the mobility of elderly
people. The gait and the falling in strongly corre-
lated with the peroneus longus and brevis (PLPB)

(Kuyumcu et al., 2016; Rolland et al.,, 2003).
Therefore, the PLPB assessment is important for
assessing how inclined elderly people are to fall
based on PLPB quality and quantity, though the
thigh is more affected by sarcopenia (Fuchs et
al., 2023). The biceps and triceps could indi-
cate the performance of the muscles in the arm,
which elderly people might feel strengthless
in weightlifting due to sarcopenia(Chang et al.,
2018; Li et al., 2020). Under the consensus made
by the AWGS and EWGSOP, handgrip is taken
for the upper limbs’ capacity exam; however, a
straightforward upper limbs muscle assessment
has not been added to the norm of sarcopenia
evaluation. Thus, the biceps and triceps are im-
portant in the muscle segmentation for sarcope-
nia evaluation(Larsson et al., 2019). By measur-
ing the muscles from all the above, a multi-site,
global muscle screening using ultrasound could
be conducted to determine the severity of sarco-
penia on a muscle-by-muscle basis, using meas-
ures such as muscle thickness, cross-sectional
area, and volume.

In our studies, we aimed to use deep learning
methods on various ultrasound-detected param-
eters for sarcopenia evaluation and conquer the
bottlenecks that ultrasound presents, especially
in clinical settings: subjectivity, low efficiency,
and operator dependencies. We have obtained
major muscle groups from various elderly pa-
tients and segmented the major muscles. To
achieve the best segmentation outcome, we
utilized the deep learning convolutional struc-
ture of U-Net and nnU-Net. With this quick and
real-time analysis, ultrasound could be used in a
more efficient way so that sarcopenia could be
easily measured with higher accuracy. However,
the restriction of ultrasound assessment to spe-
cialized radiology departments creates a signifi-
cant bottleneck for large-scale geriatric care. To
bridge the gap between advanced medical im-
aging and accessible community health services,
this study aligns with the core principles of ger-
ontechnology by developing a tool specifically
designed for non-specialist use. Our goal is not
merely to improve image reading efficiency, but
to transform ultrasound into a practical, “point-
of-care” screening device for sarcopenia as well.
By automating the expert interpretation process,
we aim to empower geriatricians, nurses, and
community health workers to objectively assess
muscle quality in aging populations, thereby fa-
cilitating early intervention and supporting ag-
ing-in-place strategies.

MEeTHODOLOGY

This study was based on ultrasound data pro-
spectively collected from 94 adult participants.
The selecting criteria includes elderly people
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older than 60 years old and capable of physical
performance of walking and have no contrain-
dications for ultrasound scanning. The data was
used to develop and validate a deep learning
framework for the automated segmentation of
five key muscle groups RF, RA, biceps, triceps,
and PLPB. The deep learning framework of U-
Net and nnU-Net was employed for the seg-
mentation task. A standard U-Net was used for
the RF, RA, biceps, and triceps, as these typi-
cally appear as single, well-defined structures in
static images. For the more challenging task of
accurately differentiating the adjacent peroneal
longus and brevis muscles, the self-configuring
nnU-Net framework was utilized, given its supe-
rior capability in handling complex, multi-class
segmentation problems.

The study received ethical approval from the
Human Subject Ethics Sub-committee (HSESC)
of The Hong Kong Polytechnic University (Ref:
HSEARS 20250528002, HSEARS 20250610004),
and all participants provided written informed
consent. All ultrasound scans were performed
by two trained operators under the supervision
of a physiatrist with over ten years of experience
in musculoskeletal ultrasound. A high-frequency
linear transducer (128 elements, 7.5/10 MHz)
was used for all acquisitions, with the imaging
depth set to 40 mm. The BIA used is from the
Tanita DC-430MA (Tanita Health Equipment
Hong Kong). To ensure consistency, a standard-
ized protocol was strictly followed. At each of
the five muscle sites, the transducer was orient-
ed transversely to the muscle fibers to capture
a clear cross-sectional view. A water-soluble gel
(Aquasonic Ultrasound Gel, Parker Laboratories,
Fairfield, NJ, USA) was applied with moderate
pressure to avoid muscle compression. For each
site, two images were captured, and the one
with the clearest fascial borders was selected for
analysis and exported as a 384x400 pixel gray-
scale file.

Figure 1 provides a schematic overview of the
entire study workflow. The process began with
subject recruitment and the acquisition of pri-
mary clinical data, including BIA and functional
performance tests (Hand-gripping, Time-Up-
and-Go). Concurrently, ultrasound images were
systematically collected from five key muscle
groups. The entire image dataset was then parti-
tioned at the subject based that split into training
(70%), validation (10%), and testing (20%) sets.
An experienced ultrasound doctor supervised
the manual annotation process using LabelMe to
generate the ground truth segmentation masks.
This dataset was used to train and validate the
U-Net and nnU-Net model. Finally, the perfor-
mance of the trained models was evaluated by

comparing the automated segmentation results
on the unseen test set with the expert-annotated
ground truth.

To ensure standardized and clinically meaningful
quantitative analysis, a calibration process was
implemented to convert pixel-based measure-
ments to metric units (millimetres). Due to vari-
ations in the acquisition depth across the ultra-
sound images, direct pixel measurements are not
comparable. Therefore, for each image, a unique
spatial resolution factor, or pixel spacing (mm/
pixel), was calculated by dividing the known
real-world scanning depth (in mm) by the im-
age’s height in pixels. This calibration factor was
subsequently used to convert all measurements:
muscle thickness was determined by multiplying
the pixel thickness by the pixel spacing, and the
CSA was calculated by multiplying the total pixel
count of the segmented region by the square of
the pixel spacing. This procedure guaranteed
that all derived anatomical measurements were
transformed to a consistent physical scale, ena-
bling valid and comparable analysis.

2.1 Scanning protocols

2.1.1 Rectus Femoris (RF)

For the RF, RA, biceps, and triceps, a static ac-
quisition technique was used, where the optimal
cross-sectional view was identified and captured
at a single, predefined anatomical landmark. In
contrast, for the complex peroneal muscle group
of PLPB, a dynamic scanning technique was
employed. The specific scanning protocol for
the RF involved having the subject sit in a chair
with their feet flat on the floor. The thigh is paral-
lel to the ground, and the RF muscle is entirely
shown on the screen. The scanning begins from
the knee and moves 10-15 centimetres to the RF
muscle. Our imaging protocol incorporated two
distinct acquisition modes tailored to the anato-
my of the target muscles (Figure 2 (1)).

2.1.2 Rectus Abdominals (RA)

With the participant in a supine position, the
transducer was initially placed over the umbili-
cus to identify the linea alba (the connective tis-
sue midline). The transducer was then moved
approximately 3 cm laterally to the right side,
ensuring the medial and lateral fascial borders of
the RA muscle were clearly visualized for meas-
urement (Figure 2 (2)).

2.1.3 Biceps

Participants were in a supine position with their
arm resting alongside the body in a neutral po-
sition, palm facing up. The elbow was fully ex-
tended, and the muscle was relaxed. The probe
was placed transversely at the middle point of
the distance from the acromion process to the
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Figure 1. The process for the multi-site scanning
for the sarcopenia assessment via ultrasound

cubital fossa, and different subjects could vary
the position, upper or lower, due to individual
dependencies (Figure 2 (3)).

2.1.4 Triceps

Participants were standing, placing their hand on
a countertop at shoulder height on the opposite
side to stabilize the body. The measured arm
was relaxed, hanging naturally at the side. The
probe was placed transversely on the posterior
aspect of the arm at the midpoint between the
acromion process and the olecranon (Figure 2(4)).

2.1.5 Peroneus Brevis and Longus

Participants were standing, with the foot of the
leg being measured placed on a stool at approxi-
mately waist height, creating a flexed position at
the hip and knee. The operator first identified
the muscles distally near the ankle and scanned
proximally up the lateral aspect of the lower leg.
The target image was captured at the proximal
third of the leg, where the muscle belly of the
peroneus longus was maximally visible before
tapering into its tendon near the knee (Figure 2
(5)). Specifically, the ultrasound image is taken
using the Scolioscan Air Probe® (Zheng et al.,
2016) due to the larger coverage of the probe for
the calf muscles from a transverse panel.

2.2 Deep learning framework for automated seg-
mentation

We used automated segmentation methods
based on U-Net and nnU-Net. The image data-

Automating Multisite Muscle Segmentation in Ultrasound via Deep Leamning through a Standardized ‘
Framework for Sarcopenia Assessment
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Figure 2. Scanning protocol example of the muscles

set, comprising images from all 94 subjects, was
partitioned at the subject level to prevent data
leakage. Specifically, subjects were randomly as-
signed to a training set (70%, n=66), a validation
set (10%, n=9), and a test set (20%, n=19). In or-
der to train the data, we have manually labelled
the images via LabelMe (Version 5.5.0). The re-
sults are shown in Figure 3, which presents ex-
amples of segmentation from the RF, RA, Biceps,
Triceps, and PLPB.

For the segmentation of the RF, RA, biceps, and
triceps, a standard U-Net architecture was imple-
mented (Ronneberger et al., 2015). The U-Net’s
encoder-decoder structure with skip connections
is highly effective for capturing both high-level
contextual information and fine-grained spatial
details, making it ideal for precise localization of
muscle boundaries. As a widely adopted convo-
lutional neural network (CNN) in medical image
analysis, U-Net features a symmetric encoder-
decoder structure. The contracting path (encoder)
captures high-level semantic context through
successive convolutional layers and max-pooling
operations, effectively reducing spatial resolution
while extracting features. Conversely, the expan-
sive path (decoder) recovers spatial information
and precise localization by up-sampling the fea-
ture maps. Crucially, U-Net employs skip connec-
tions that concatenate feature maps from the en-
coder directly to the corresponding layers in the
decoder. This mechanism preserves fine-grained
spatial details lost during pooling, enabling the
network to generate highly accurate segmentation
masks even with limited training data, which is
characteristic of medical ultrasound datasets.

For the more challenging task of differentiating
the adjacent peroneus longus and brevis muscles,
the nnU-Net framework was employed (Isensee
et al., 2018). U-Net means no-new U-Net, which
is a structure built on the U-Net architecture. As
an adaptive, self-configuring framework, nnU-Net
automatically optimizes the network architecture,
pre-processing steps, and training scheme based
on the specific characteristics of the input pero-
neal dataset, thereby maximizing segmentation
performance without manual parameter tuning.

In contrast, the PLPB group presented a signifi-
cantly more complex segmentation challenge,
necessitating the use of the nnU-Net framework.
Anatomically, the PLPB are adjacent muscles
that often exhibit similar echogenicity, making
the inter-muscular septum difficult to distinguish.
Furthermore, the PLPB dataset was derived from
dynamic video frames, introducing greater vari-
ability in muscle shape, probe incidence angles,
and speckle noise than static acquisitions at other
sites. U-Net is a self-configuring framework that
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addresses these challenges by automatically
adapting the network topology and pre-process-
ing steps such as normalization and resampling.
This adaptive capability allows nnU-Net to better
handle the subtle textural differences and high
variability of the PLPB data, ensuring superior seg-
mentation performance where a standard, manu-
ally tuned U-Net might struggle to generalize.

All models were trained using a combined Dice
and cross-entropy loss function with an Adam
optimizer. The initial learning rate was set to Te-4,
and the batch size was 8. To enhance model ro-
bustness and mitigate overfitting, on-the-fly data
augmentation techniques were applied to the
training set, including random rotations, scaling,
and elastic deformations. Training was monitored
using the validation set, and the model weights
that achieved the highest Dice score on the vali-
dation data were saved for final testing. Early stop-
ping was implemented if the validation perfor-
mance did not improve for 20 consecutive epochs.

2.3 Performance evaluation and statistical analy-
sis

The performance of the final trained models
was rigorously evaluated on the test set (n=19
subjects). To provide a comprehensive assess-
ment of segmentation accuracy, we calculated
two key region-based metrics by comparing the
Al-generated masks against the expert’s ground
truth delineations. The first is to use the dice
similarity coefficient (Dice). The Dice is the pri-
mary metric, measuring the volumetric overlap
between the predicted and ground truth masks.
It is calculated as Equation 1, where A and B are
the predicted and ground truth masks, respec-
tively. The second evaluation method is to use
Intersection Over Union (loU). This metric meas-
ures the extent of overlap and is calculated as
shown in Equation 2. The third evaluation met-
ric is to use 95th Percentile Hausdorff Distance
(HD95) (Equation 3). HD could tell the bounda-
ry-based metric that measures the maximum dis-
tance between the predicted and ground truth
boundaries. By using the 95th percentile, it of-
fers robustness against a small number of outliers,
providing a more stable assessment of boundary
deviation, measured in pixels.
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Equation 1. Dice Similarity
Coefficient (DICE) Equation
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Equation 2. Intersection Over
Union (loU) Equation
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Equation 3. Hausdorff
Distance (HD95) Equation

ResuLts

3.1 Participant characteristics

A total of 94 participants were included in this
study, with an overall mean age of 52.0 + 19.3
years and 64 (68.1%) being female. Specifi-
cally, for the PLPB scanning using Scolioscan
Air, the study included 12 subjects, resulting
in 3465 images. The cohort was stratified into
three groups based on age: Young (n = 22),
Middle-aged (n = 22), and Older (n = 50). The
detailed baseline demographics and clinical
characteristics for the overall cohort (for RF,
RA, and thigh) and for each subgroup are pre-
sented in Table 1.

Given the unique anatomical complexity of the
PLPB, a specialized data strategy was employed
to ensure model robustness and generalizabil-
ity. A dedicated, multi-source dataset was con-
structed specifically for this task, separate from
the other four muscle groups. The training and
validation set comprised a total of 46 subjects.
This dataset was collected at our facility using
the Scolioscan Air system. Within the data-
set, 12 subjects are categorized into the testing
set. These subjects were entirely unseen by the
model during training and validation, providing a
rigorous test of the model’s real-world generali-
zation capability.

3.2 segmentation results and comparisons of
segmentations with the annotations

The deep learning models achieved excellent
segmentation accuracy across all five evalu-
ated muscle groups when compared to the ex-
pert’s manual annotations. Table 2 provides a
detailed summary of the performance metrics
on the unseen test set. The mean Dice was
consistently high, ranging from 0.808 for the tri-
ceps to 0.9200 for the peroneal muscles. Spe-
cifically, the mean (+ standard deviation) DSC
values were: RF (0.8260 + 0.07), RA (0.8810 +
0.05), biceps (0.8370 + 0.08), triceps (0.8080
+ 0.09), and the peroneus longus and brevis
group (0.9200 + 0.04). It is worth noting that
PLPB is obtained with videos, which are then
turned into frames, providing more images
than other muscle groups. Figure 3 provides
visual examples of the automated segmentation
results overlaid on the original ultrasound im-
ages, alongside the manual ground truth. These
qualitative examples demonstrate a high degree
of spatial overlap between the predicted masks
and the ground truth annotations.
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Table 1. Demographics and Subject Characteristics (RF, RA, Biceps and
Triceps)

Characteristics Young (n=22) Middle- Elder (n=50)  Overall(n=94)
aged(n=22)

Age (years) 245+2.1 51.2+5.6 76.8 +6.5 52.0+19.3

Gender (Female, n 16(72.7%) 14(63.6%) 34(68.0%) 64(68.1%)

(%))

Body Mass Index 21.8+25 245+3.1 23.1+28 23.1+29

(kg/m?)

Waist 76.3 +8.1 85.1+9.5 81.5+£9.0 80.9+9.3

Circumference (cm)

Handgrip Strength 352+6.8 28.5+5.9 213 5.1 26.5+8.2

(kg)

Five Times Sit-to- 8915 11.2+2.1 14.5+3.0 123 +3.4

Stand (s)

3.3 Results of predicted outcome and the
ground truth

In order to compare the results from the pre-
dicted segmentation with the ground truth, the
quantitative accuracy of the segmentation was
assessed by comparing the predicted muscle
thickness against ground truth annotations using
methods of correlation and Bland-Altman analy-
sis for the RF, RA, PLPB, biceps and triceps.

For the RF muscle of the thigh, our model dem-
onstrated strong, robust performance, achieving
a high correlation coefficient (r = 0.9069, R? =
0.8224) , indicating that it effectively captures
the overall trend in muscle thickness. The mod-
el’s accuracy in quantifying CSA was evaluated
using ground-truth annotations. A strong positive
correlation was found (r = 0.9084, R2 = 0.8251),
indicating the model is highly effective at track-
ing CSA trends.

The model’s performance on the RA muscle
was moderately strong. For muscle thickness, it
achieved a correlation of r = 0.7926 and a coeffi-
cient of determination of R? = 0.6282, indicating
a good, though not exceptional, ability to cap-
ture thickness trends. For cross-sectional area
(CSA), the model showed a similar moderate-
to-strong correlation (r = 0.8012, R2 = 0.6419).
Therefore, the model is effective at tracking gen-
eral trends for abdominal muscle but lacks the
precision required for individual diagnostic or
monitoring purposes.

Table 2. Results of different muscle segmentations in Dice, loU, and HD95

Muscle Group Dice Similarity Intersection Over  Hausdorff
Coefficient (DSC)  Union (IoU)  Distance (95%
pixels)

0.704 £ 0.102 14+ 7

Rectus Femoris

(159 training images
and 40 testing
images)

Rectus Abdominis
(343 training images
and 38 testing
images)

Biceps

(174 training images
and 19 testing
images)

Triceps

(173 training
images, and 19
testing images)
Peroneal Muscles
(6570 training
images and 3465
testing images)

0.826 + 0.070

0.881 +0.050  0.787 +0.080 8+4.5

0.837 +£0.080  0.720+0.118 12+6

0.808 £0.090  0.678 +£0.127 18+9

0.920+0.040  0.852 +0.069 4+2

For the biceps, the model demonstrated a strong
correlation with ground truth for both thickness
(r =0.8258, R2 = 0.6820) and CSA (r = 0.8700,
R2 = 0.7569), suggesting robust trend-tracking
capabilities. However, due to the limited num-
ber of images, the correlation is measured with
fewer images than other sites. The model ex-
hibited its weakest performance on the triceps.
For muscle thickness, the correlation was rela-
tively poor (r = 0.4015, R2 = 0.1612), indicating
the model was largely unable to capture the
relationship between predicted and true values.
Performance on CSA was moderately better but
still suboptimal, with a correlation of r = 0.6840
and R2 = 0.4679.

The model developed for the PLPB muscles
achieved a benchmark level of performance,
demonstrating exceptional accuracy, precision,
and reliability. For both muscle thickness (r =
0.9678, R2 = 0.9366) and cross-sectional area
(r = 0.9634, R?2 = 0.9282), the model yielded
near-perfect correlations with the ground truth.
These outperformed results can be directly at-
tributed to the advanced training methodology
and the nature of the dataset. The model was
trained using the nnU-Net framework, which is
more advanced than U-Net and is renowned for
its ability to self-configure and robustly optimize
network architecture, preprocessing, and train-
ing schemes for specific medical imaging tasks.
Furthermore, the training data was generated by
converting ultrasound videos into sequential im-
age frames, yielding a substantially larger, more
diverse dataset than static image collections.
This large-scale dataset of 3465 images, coupled
with the inherent frame-to-frame variations as a
natural form of data augmentation, enabled the
model to learn more generalizable and robust
features. The testing set involves subject-based
testing, with each subject providing the largest
PLPB muscle.

3.4 Correlations between thigh, abdominals,
arms, and calf with bioelectric impedance
analysis (BIA)

The data from the test set is used to find the cor-
relations with BIA and sarcopenia related param-
eters, mainly focusing on hand grip, 5-time sit-to-
stand, and calf circumference (the major physical
performance parameters); and also muscle mass,
bone mass, body fat, fat free mass, visceral fat,
basal metabolic rate, total body water and etc,
which are major indexes from the BIA, indicating
the body composition conditions.

Figure 4 shows that correlations between ultra-
sound-derived muscle metrics and systemic pa-
rameters varied significantly across anatomical
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Figure 3. Examples of the results obtained from
the RF, RA, Biceps, Triceps, and PLPB

sites, as indicated by p-values. For the RF, MT
was moderately correlated with MM (r = 0.4224)
and FFM (r = 0.4223), while its CSA showed
weaker associations. Being one of the most pop-
ular site for sarcopenia measurement, many lit-
eratures has mentioned the correlation between
the RF’s parameter with BIA tends to be low. The
moderate correlation with hand gripping results
shows the association of muscles from the lower
limbs to the upper limbs, i.e., the upper limb’s
strength, where both AWGS and EWGSOP put
the hand grip into the consensus as one of the
important metrics. Meanwhile, measuring the RF
could demonstrate the limb’s quality for sarco-
penia assessment. In the light of this, ultrasound
measurement of the RF muscle is used as a "win-
dow" to assess the overall muscle condition. This
is because muscle, bone, water content, and
basal metabolism are all closely related to the
body's lean body mass. As one of the largest and
most important muscles in the body, the size of
the RA muscle can well reflect the overall lean
body mass level. The RA demonstrated stronger
relationships, with its CSA showing correlations
of 0.6073 with MM and 0.6398 with basal meta-
bolic rate (BMR). Since the around abdominal re-
gions tend to show the visceral fat and abdomi-
nal thickness, which is also strongly related to
BMR. Whether it is assessing body composition,
basal metabolism or upper limb strength such
as the hand grip test, the RA muscle shows to
be an important muscle to describe the trunk re-
gion” muscle performance and the core stability
and strength, which are fundamental to all upper
and lower body movements. Therefore, the con-

Figure 4. Correlations of the multi-site muscles
with BIA and sarcopenia-related factors (bold for
p-value < 0.05)

dition of your core muscles better reflects your
overall function and muscular development. Up-
per arm muscle analysis revealed that the triceps
CSA had a very strong correlation with MM (r
= 0.8212) and FFM (r = 0.8243), though its as-
sociation with hand grip (HG) was negligible (r
= 0.1058). Similarly, the biceps MT was strongly
correlated with MM (r = 0.6802) but showed lit-
tle to no relationship with HG (r = 0.0608). The
most robust correlations were observed for the
peroneus longus, where MT was highly corre-
lated with MM (r = 0.7537), BM (r = 0.7480), and
the key sarcopenia indicator ASM (r = 0.7462).

For the thigh (RF) muscle, the parameters with
positive correlations with MT are FFM, MM, BM,
TBW, HG, Calf Circumference, and 5xSTS; and
FFM, MM, BM, TBW, HG, and Calf Circumfer-
ence with CSA (Figure 4). The RF is one of the
most important indicators for assessing overall
muscle mass, physical function, and the risk of
sarcopenia. As one of the largest and strongest
muscle groups in the human body, the size of
the quadriceps (which contains RF) strongly cor-
relates with FFM, MM, and BM. This is because
the quadriceps alone constitute a significant por-
tion of these metrics. This is a key difference be-
tween the quadriceps and other muscles. It is not
only significantly correlated with the 5xSTS test,
which represents lower-body explosive power,
such as standing up, primarily relying on thigh
strength, but also with HG, a measure of upper-
body strength.

For the abdominal (RA) muscle, the parameters
with positive correlations to MT are MM, FFM,
TBW, and Waist Circumference; and MM, FFM,
TBW, Waist Circumference, VF, Fat Percentage
to CSA (Table 6). The size of the RA not only
reflects core muscle mass but also uniquely cor-
relates with indicators of central adiposity. The
RA correlates with MM and FFM, indicating
that core muscle health is integral to the overall
muscular system. RA is significantly correlated
with waist circumference and VF. There are
two possible reasons for this: Firstly, individuals
with larger waists and more abdominal fat may
require greater core strength to maintain trunk
stability, and therefore may be more muscular;
Secondly, the presence of abdominal fat may af-
fect ultrasound measurement accuracy, or this
correlation may reflect synchronized changes in
core fat and muscle.

For the biceps muscle, the parameters with posi-
tive correlations to MT and also significant are
FFM, MM, BM, TBW, BMR, and VF; and FFM,
MM, BM, and TBW with CSA (Figure 4). Bicep's
size is a good indicator of overall muscle mass
and upper limb strength. As major upper limb
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muscles, biceps MT and CSA are significantly
correlated with FFM-free, MM, TBW, and BM,
consistent with physiological expectations. This
is because muscle is the primary component of
FFM, contains approximately 75% water (which
determines TBW), and muscle development gen-
erally correlates with skeletal strength.

For the triceps muscle, the parameters with signif-
icant positive correlations with MT and CSA are
FFM, MM, and BM (Figure 4). Triceps size primar-
ily reflects overall lean body mass. Unlike the bi-
ceps, triceps size was significantly correlated only
with body composition indices such as FFM, MM,
and BM. Triceps size did not show significant cor-
relations with grip strength or the sit-stand test.

For the calf PLPB muscle, the parameters with
positive correlations to MT and CSA are TBW,
BM, MM, BMR, FFM, Muscle Index (MM/HA2),
and ASM (Figure 4). The PLPB is an extremely
reliable and sensitive measure of whole-body
lean body mass and metabolic status. PLPB ul-
trasound parameters show very high correlation
with all other parameters, including BW, BM,
MM, BMR, FFM, and ASM. This indicates that
changes in the size of this muscle are closely
synchronized with overall muscle, bone, and
metabolic status. This strong correlation likely
indicates that measurements of the PLPB are
highly reproducible and less susceptible to con-
founding factors, such as subcutaneous fat, and
thus more accurately reflect true changes in the
body. It can be considered an ideal "biomarker"
for tracking changes in body composition.

DISCUSSIONS AND LIMITATIONS

This study shows that the deep learning frame-
works U-Net and nnU-Net have successfully
developed and validated an automated segmen-
tation method for multisite muscle assessment.
This process of auto-segmentation for significant
muscles in sarcopenia diagnosis shows the effi-
cacy of ultrasound usage in sarcopenia screen-
ing. With Al-powered approaches, we could not
only accurately segment and distinguish the tar-
geted muscles like an expert physiatrist, but also
demonstrate the potential for greater efficiency
in sarcopenia assessment. This work directly ad-
dresses the fundamental barriers that have his-
torically prevented ultrasound from being widely
adopted for large-scale sarcopenia screening,
despite its inherent advantages in assessing mus-
cle quality and quantity.

Advantages of ultrasound aligning with deep
learning methods

Historically, ultrasound has been questioned for
its accuracy in assessing muscle in the evalua-
tion of sarcopenia. Previous studies have ex-

plored deep learning for the segmentation of
muscle ultrasound images. Still, they have often
been limited to a single muscle group, typically
the RF, or required significant manual initializa-
tion (semi-automated). Our framework repre-
sents a significant step forward by offering a fully
automated, multi-site solution that covers key
muscles of the upper, trunk, and lower limbs, of-
fering a more holistic view of systemic muscle
health. The core contribution of our research lies
in overcoming operator dependency, subjectiv-
ity, and inefficiency. Under most clinical cases,
medical ultrasound doctors tend to diagnose
sarcopenia on subjective interpretation and find
it hard to align the protocol. Manual drawing
of muscle boundaries on ultrasound is subjec-
tive, varying between operators and even for the
same operator over time. With the adoption of
the deep learning framework for Al, we can pro-
vide a deterministic, objective segmentation for
any given image, thereby minimizing subjectiv-
ity by eliminating inter- and intra-operator vari-
ability. By aligning this automated analysis with a
standardized imaging protocol that incorporates
both static and dynamic scanning, our study
presents a complete, end-to-end standardized
workflow. This is a critical step towards gener-
ating reproducible, comparable data needed to
establish normative reference values and reliably
track muscle health longitudinally.

One of the advantages of ultrasound compared
with other approaches is that its efficiency is
demonstrated in real time, with instant results for
repetitive monitoring, and it is renowned in mod-
ern imaging technologies. Magnetic resonance
imaging (MRI), though accurate and serving as
the gold standard for sarcopenia evaluation, is
time-consuming and expensive. The bulky ma-
chine could be inconvenient for repetitive meas-
urements (Codari et al., 2020; Sergi et al., 2016).
The same for the dual energy x-ray absorptiome-
try (DXA), though recommended by both AWGS
and EWGSOP, DXA is usually expensive and has
risks of radiation, though smaller compared to
CT, is also not an ideal method for long-term
monitoring, especially for community, elderly
people’s house and in-home settings since the
most prohibitive barrier to using ultrasound in
community settings is the time-intensive nature
of manual analysis (Albano et al., 2020; Gugliel-
mi et al., 2016; Zhang et al.).

Multi-site scanning and segmentations

Our study’s primary contribution is the de-
velopment of a highly accurate, automated
framework for segmenting multiple, function-
ally diverse muscles. The clinical significance
of this multi-site approach is best understood
by examining the distinct roles of each tar-
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geted muscle group in the context of sarcope-
nia and geriatric health. The RF, as a primary
component of the quadriceps, is fundamental
for lower-limb power and mobility(Morley et
al.,, 2011). It is essential for critical activities of
daily living such as walking, rising from a chair,
and climbing stairs(Lauretani et al., 2003). Its
relatively superficial location and clear fascial
boundaries have made it a common target for
ultrasound-based sarcopenia research. Current
models enable clinicians and healthcare provid-
ers to rapidly assess a key muscle related to mo-
bility and lower-body strength, facilitating early
detection of mobility impairments. Upper-limb
sarcopenia directly compromises an individu-
al’s capacity to perform essential self-care tasks,
including lifting objects, dressing, and main-
taining personal hygiene (Dohertya, 2010). The
biceps and triceps are not only crucial for these
functions but are also primary targets for resist-
ance training interventions aimed at combating
muscle decline (Feng et al., 2024; Harris-Love
et al., 2018). The ability of our framework to
precisely track morphological changes in these
muscles offers a powerful tool for monitoring
the efficacy of exercise regimens or nutritional
therapies, enabling personalized adjustments
to treatment plans and objectively quantifying
patient progress. In this study, the triceps have
lower and fewer correlations, possibly because
the triceps do not play a more direct role in
these specific tests than other muscle groups
(such as the forearms or legs). The RA is a key
element of the core muscular region, which is
vital for trunk stability, posture, and fundamen-
tal transfer movements (Tagliafico et al., 2022).
A decline in core strength is often implicated
when older adults struggle to move from a su-
pine to a sitting position (e.g., getting out of
bed), a critical marker of functional decline and
dependency(Kato & Hatanaka, 2020). By offer-
ing an objective measure of this key trunk mus-
cle, our Al-driven applications can help identify
core muscle deficits and track the outcomes of
targeted core strengthening programs, which
are crucial for maintaining functional independ-
ence and preventing falls (Sasaki et al., 2018).

The most novel aspect of our framework is the
successful and highly accurate segmentation
of the anatomically complex peroneal muscle
group of PLPB. While larger leg muscles like
the gastrocnemius are typically assessed for
power, the peroneal muscles play a critical,
yet often overlooked, role in dynamic ankle
stability and postural control(Fan et al., 2022).
Their proper function is essential for a per-
son’s ability to maintain balance on uneven
surfaces and to react to unexpected postural
challenges(Perez-Sousa et al., 2019). Dysfunc-

tion in these muscles is directly linked to an
increased risk of trips and falls (Bavdek et al.,
2018; Santilli et al., 2005). The exceptional
performance of our nnU-Net model on this
task not only highlights its technical robust-
ness but, more importantly, opens a new av-
enue for a more comprehensive, function-ori-
ented assessment of fall risk that goes beyond
simple muscle mass measurement.

By addressing these practical bottlenecks, our
study demonstrates that integrating a deep
learning framework from the upper limbs to
the trunk and from the trunk to the lower limbs
enables the unlocking of the actual clinical po-
tential of ultrasound, thereby paving the way for
its widespread adoption in geriatric care. The
most immediate implication is the enablement
of large-scale, community-based sarcopenia
screening. Mobile health equipment, such as
local clinics equipped with portable ultrasound
devices and our software, can efficiently screen
vast elderly populations, identifying at-risk indi-
viduals long before the onset of overt functional
decline, including falls or immobility. This pro-
active approach aligns perfectly with the goals
of preventative geriatrics.

Clinical significance for the multi-site scanning of
ultrasound incorporating deep learning methods
The core clinical significance of this study lies in
its validation of an automated ultrasound mus-
cle assessment methodology based on the U-
Net and nnU-Net models, with Dice accuracy
exceeding 0.8 for the major muscle assessment.
The results demonstrate that muscle metrics,
such as MT and CSA, derived from deep learn-
ing-driven automatic segmentation of ultrasound
images, exhibit a noticeable agreement with BIA-
generated parameters, an established gold stand-
ard for body composition. The strength of this
correlation is comparable to, and exceeds, that
achieved by traditional manual tracing methods,
conferring multiple layers of clinical value. We
have shown that the major muscles of the upper
and lower limbs, from the trunk to the thigh, en-
compassing the overall assessment of the major
muscle groups of humans, are capable of provid-
ing a complete understanding of sarcopenia.

Primarily, this approach enables the automation
and standardization of the muscle assessment
workflow. Conventional manual measurement
is not only time-consuming but also highly de-
pendent on the operator’s experience, leading
to significant inter- and intra-operator variability.
The introduction of Al models fundamentally re-
duces this source of human error by providing
an objective, consistent segmentation standard,
thereby ensuring the reproducibility and reliabil-
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ity of results. Secondly, workflow automation
dramatically enhances clinical efficiency, ena-
bling rapid and accurate muscle assessment in
busy clinical settings and large-scale epidemio-
logical screenings.

More importantly, the U-Net and nnU-Net deep
learning models help improve the accessibility
of healthcare services. By embedding expert-
level knowledge into an algorithm, it lowers the
skill threshold for ultrasound operation, enabling
high-quality screening and monitoring for sar-
copenia and other muscle-related conditions in
primary care or resource-limited settings using
portable ultrasound devices coupled with Al
software. In summary, this research does not
merely validate the performance of an Al model;
it unveils a powerful new clinical tool that can
transform ultrasound muscle assessment into a
faster, more precise, and objective standardized
process, thereby offering a novel “digital bio-
marker” for the management of muscle health
and the diagnosis of related diseases.

Furthermore, the high efficiency and reproduc-
ibility of our tool make it ideal for longitudinal
and repetitive monitoring. Clinicians can now
feasibly perform frequent, low-cost ultrasound
scans to quantitatively track a patient’s response
to nutritional or exercise interventions. Addi-
tionally, this tool supports a shift from reactive
treatment to proactive prevention in geriatric
healthcare. By enabling frequent, non-invasive
monitoring of muscle health, clinicians can track
the effectiveness of interventions—such as nu-
tritional support or resistance training—in real-
time. This aligns with the aim of gerontechnol-
ogy to enhance the quality of life for older adults
through technological innovation. It transforms
sarcopenia assessment from a rare, hospital-
based, diagnostic event into a routine health
metric, much like blood pressure monitoring,
ensuring that older adults receive timely care to
maintain their physical independence.

Limitations and future usage of deep learning
in ultrasound for sarcopenia assessment

This study has several limitations. First, we only
include the major muscle groups for sarcopenia-
related physical activity for the elderly. However,
in the future, we are eager to include more im-
portant muscle groups such as the gastrocnemi-
us. Meanwhile, we could include gender differ-
ences in the study. Future work should involve
testing the framework on external datasets from
different institutions and ultrasound machines
with different probes of various models. Second,
while our Al demonstrates excellent agreement
with an expert, we did not compare the derived
ultrasound measurements with a “gold standard”
for muscle mass, such as MRI or DXA. Such a
comparison would be a valuable next step to
establish the criterion validity of our Al-derived
biomarkers. Finally, a future longitudinal study
is required to determine its predictive power for
clinical outcomes such as falls, frailty, and mor-
tality, and additional muscle studies relevant to
geriatric health are also needed for future ultra-
sound-based screening.

CONCLUSIONS

In conclusion, our study has developed and vali-
dated an Al-powered framework that transforms
musculoskeletal ultrasound into a rapid, objec-
tive, and standardized tool for overall sarcope-
nia assessment, and the predicted results proved
to have good agreement with BlA-generated
body composition parameters. By systematically
dismantling the key barriers to its clinical im-
plementation, this work paves the way for the
widespread adoption of ultrasound in commu-
nity screening, personalized monitoring, and
preventative geriatric intervention. This techno-
logical solution exemplifies the core mission of
gerontechnology: to develop practical, scalable
tools that enhance the health and well-being of
aging populations.
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