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Abstract
Introduction  Muscle volume is a key indicator of strength and neuromuscular health, commonly assessed via Magnetic Reso-
nance Imaging (MRI). While accurate, MRI is expensive and time-intensive. Three-dimensional ultrasonography (3DUS) 
offers a more accessible alternative but requires validation due to its setup-dependent accuracy. This study investigated the 
validity and reliability of a custom 3DUS setup for measuring lower limb muscle volumes.
Methods  Fifteen participants (8 female; 18–40 years) underwent two 3DUS and one MRI sessions. The tibialis anterior, 
vastus lateralis, gastrocnemii, and biceps femoris muscles were scanned using ultrasonography integrated with a motion 
capture system. Phantom models were also scanned. After ten participants, the scanning protocol was adapted. 3DUS and 
MRI volumes were analyzed using 3D Slicer by two raters or one rater, respectively. Reliability was assessed using intra-
class correlation (ICC), coefficient of variation (CV%), standard error of measurement (SEM), and minimal detectable 
change (MDC).
Results  3DUS showed excellent test–retest and inter-rater reliability (ICC = 0.97–0.99; CV% = 2.0–4.6%). MDC values 
were < 5 mL for all muscles. However, 3DUS systematically underestimated volumes compared to MRI (biases: –10.0 to 
33.0%), with best agreement for tibialis anterior and lowest for gastrocnemii. After adapting the protocol, mean differences 
were reduced by ~ 70%. Phantom scans confirmed both modalities were accurate, suggesting in vivo errors arose from probe 
pressure and sweep inconsistencies.
Conclusion  3DUS demonstrated excellent reliability but underestimated volumes relative to MRI, influenced by muscle 
shape and location. Despite limitations, it is a promising, cost-effective method for tracking longitudinal muscle changes. 
Open methodology supports broader application.
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Introduction

In contemporary medical practice, advanced imaging tech-
niques such as Magnetic Resonance Imaging (MRI) and 
Computed Tomography scans are employed to generate 
high-resolution internal body images. For instance, MRI is 
often used to assess the volumes or cross-sections of muscles 
during training interventions, ageing, disuse or pathologic 
states [3, 13, 20, 28, 31]. However, these methods are com-
plex, costly and time consuming. Conversely, ultrasonogra-
phy is a considerably more affordable and patient friendly 
alternative. Moreover, it was determined to be comparable 
for the assessment of lower limb muscle cross-sectional area 
[1, 16, 36]. Traditional brightness mode ultrasound, how-
ever, is limited to two-dimensional representations. For a 
comprehensive assessment of a muscle, a three-dimensional 

Paul Ritsche and Romina Ledergerber shared first authorship.

 *	 Paul Ritsche 
	 paul.ritsche@unibas.ch

1	 Department of Sport, Exercise and Health, University 
of Basel, Basel, Switzerland

2	 Department of Radiology, Oxford University Hospitals NHS 
Foundation Trust, Oxford, UK

3	 Clinica Di Radiologia EOC, Istituto Di Imaging Della 
Svizzera Italiana (IIMSI), Lugano, Switzerland

4	 Basel Muscle MRI, Department of Biomedical Engineering, 
University of Basel, Basel, Switzerland

5	 Department of Radiology, University Hospital of Basel, 
Basel, Switzerland

http://crossmark.crossref.org/dialog/?doi=10.1007/s10278-025-01624-1&domain=pdf
http://orcid.org/0000-0001-9446-7872
http://orcid.org/0000-0003-1505-1188
http://orcid.org/0000-0002-5610-3266
http://orcid.org/0000-0001-6984-4816
http://orcid.org/0000-0002-2832-7780


1508	 Journal of Imaging Informatics in Medicine (2025) 39:1507–1518

(3D) depiction of its volume is essential. This is especially 
the case since muscle volume is the most important determi-
nant for muscle strength [4] and a major indicator for neuro-
muscular diseases such as sarcopenia or dystrophy [12, 23].

Several options to assess anatomical structures in three 
dimensions using ultrasonography are available, such as 
tracking of the probe in 3D space or through magnetic fields. 
Of those two, tracking the probe in 3D space using reflective 
markers and infra-red cameras is the cheaper, more versa-
tile and more commonly used one (i.e. [7, 10, 18, 22]). In 
order to reconstruct 3D structures, the motion tracking data 
obtained from these cameras are integrated with the cap-
tured ultrasound images, culminating in a three-dimensional 
representation of the targeted area, such as a muscle [10].

3D ultrasonography to assess the muscle volume of lower 
limb muscles such as the triceps surae and hamstrings is reli-
able and valid compared to MRI, the current gold standard 
[5, 7, 10, 18, 32]. Reported mean differences between MRI 
and 3D ultrasonography reconstructed muscles volumes 
ranged from 0.1 to 4.9% for these muscles, when assessed 
in healthy children and adults [5, 7, 18, 41]. Bell et al. [7] 
assessed 12 healthy adults (6 males and 6 females) using 
a Telemed ultrasound (Telemed EchoBlaster 128, Vilnius, 
Lithuania), OptiTrack (Flex 13-TrackingTools, OptiTrack, 
Corvallis, OR, USA), and Stradwin (Version 6.0, Mechani-
cal Engineering, Cambridge University, Cambridge, UK), 
while Frouin et al. [18] used Supersonic ultrasound (Aix-
plorer version 12.3 scanner, SuperSonic Imagine, Aix-
enProvence, France), OptiTrack and 3D Slicer [14] in a 
similar group (12 males and 1 female). Barber et al. [5] 
applied the Telemed (LogicScan 128 Ext-1Z system, Tel-
emed, Vilnius, Lithuania), OptiTrack and Stradwin setup in 
18 pre-pubertal children (11 boys and 7 girls) with cerebral 
palsy, and Williams et al. [41] studied 23 healthy infants 
(16 boys and 7 girls) using the same configuration (using a 
Echoblaster 128 (Telemed, Vilnius, Lithuania)). Reported 
inter-session intra-class correlation, coefficient of variance 
and minimal detectable change values ranged 0.91 to 1.0, 
1.8 to 12.7% and 0.3 to 10.55 ml, respectively [11, 18, 41]. 
However, the tracking cameras, ultrasound devices, and vis-
ualization software utilized in this process are highly vari-
able, and there is no standardized methodology. This lack of 
uniformity has led to limited documentation of successful 
attempts and systems in the field, presenting a challenge for 
the implementation in new laboratory environments. The 
diverging measurement setups are therefore not comparable 
between assessment sites and a validation is required for 
each setup.

This study aims to validate a custom 3D ultrasonography 
setup for measuring lower limb muscle volumes by compar-
ing it with MRI, the current gold standard. A second objec-
tive is to assess the test–retest and inter-rater reliability of 
muscle volume measurements using this 3D ultrasonography 

setup. We also describe our complete methodology, includ-
ing all code and technical specifications, to facilitate repro-
ducibility and adoption by the broader research community, 
following approaches similar to recent work by Frouin et al. 
[18] and Huet et al. [22].

Methods

Participants and Study Design

We conducted our investigation in two phases which are 
visualized in Fig. 1. Initially, we recruited 10 participants 
to assess both reliability and MRI comparability. Due to 
volume differences between 3DUS and MRI measurements 
(detailed in Results), we implemented an adapted acquisi-
tion protocol in phase 2 following Huet et al. [22], featuring 
increased sweep distance and reduced probe-skin contact. 
We tested this modified protocol on 5 additional participants 
in phase two of the study. Finally, to investigate the source 
of measurement discrepancies and validate both imaging 
approaches, we conducted phantom studies using five cali-
brated volumes measured with both 3DUS and MRI. We 
made the documentation of our measurement setup for the 
3DUS methodology openly available here (https://​github.​
com/​Aurel​ieSar/​3Dult​rasou​nd/​blob/​main/​Docs_​3DUS_​
Sieme​ns_​Telem​ed.​pdf).

The included participants were healthy, young male 
(n = 8) and female (n = 7) physically active adults from 
the sports student community (mean ± standard deviation; 
age = 24.2 ± 2.0 years, mean body mass = 67.6 ± 11.1 kg, 
mean skeletal muscle mass = 31.0 ± 6.4 kg). We recorded 
height to the nearest 0.1  cm using a stadiometer (seca 
217, seca Deutschland, Hamburg, Germany). Body mass 
was determined to the nearest 0.1 kg using an electroni-
cal scale (Breuer GS10, Breuer GmbH, Ulm, Germany). 
Body composition of the participants was analysed by four-
segment bioelectrical impedance analysis using the InBody 
720 (Inbody Co. Ltd., Seoul, South Korea). Participants 
refrained from any intense physical activity for 24 h prior 
to measurement and were asked to void their bladder before 
the measurement. The first phase of the study consisted of 
three measurement time points, including two assessments 
of muscle volumes using 3DUS and one assessment of mus-
cle volume via MRI in this sequential order as shown in 
Fig. 1. Phase 2 consisted of two measurement time points, 
including one 3DUS and one MRI scan, in this sequential 
order. Body composition, height and weight was assessed 
at the second visit to our laboratory. The target muscles 
for this investigation included the m. tibialis anterior, m. 
vastus lateralis, mm. gastrocnemii and m. biceps femoris. 
These muscles were selected as they represent function-
ally and morphologically distinct regions of the lower limb 

https://github.com/AurelieSar/3Dultrasound/blob/main/Docs_3DUS_Siemens_Telemed.pdf
https://github.com/AurelieSar/3Dultrasound/blob/main/Docs_3DUS_Siemens_Telemed.pdf
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– covering anterior, posterior, proximal, and distal compart-
ments – and are commonly analyzed in clinical and training 
contexts where changes in muscle volume are of relevance. 
Scanning order (as listed above) of the muscles was kept 
constant between sessions. All measurement time points 
were separated by one week. Participants singed a written 
informed consent. The study was approved by the local eth-
ics committee (Ethikkommission Nordwest- und Zentralsch-
weiz, 2024–0026) and was in accordance with the Declara-
tion of Helsinki.

MRI

A clinical whole-body 3 T MR scanner (MAGNETOM 
Prisma, Siemens Healthineers, Erlangen, Germany) was 
used for the study. We placed the participants in a supine 
position in the MRI scanner, with both the hip and knee 
fully extended. We acquired a series of anatomical axial 
multiecho gradient echo MRI images (3D VIBE) covering 
the muscles of the thigh and lower legs (in two separate 
scans). In order to ensure complete covering, the top field 
of view for the acquisition of the thigh muscles was aligned 
with the greater trochanters, and for the lower leg muscles 
the top of the field of view was aligned with the insertion 
points of the gastrocnemii. The acquisition parameters were 
the following: Number of echoes: 6, TE: 1.41–8.71 ms, TR: 
20 ms, flip angle: 12°, bandwidth 977 Hz/px, matrix size 

320 × 190x112, resolution 1.25 × 1.25x3.9mm3. The target 
muscles were segmented manually using 3D Slicer (PR) 
[39].

3D Ultrasonography

We captured the target muscles in two-dimensional bright-
ness mode using an ultrasound scanner (Acuson Juniper, 
Siemens, Erlangen, Germany) with a 5.6 cm linear probe 
(12L3, Siemens, Erlangen, Germany) at 8 MHz and a con-
stant depth of 6 cm. The ultrasonography image stream was 
recorded using a frame grabber (ElGato Cam Link, Corsair 
Components, Fremont, CA, USA). The three-dimensional 
positioning of the transducer was tracked via a custom 
printed four-marker rigid body attached to the probe, with 
an optoelectronic motion capture system consisting of five 
cameras (Optitrack Flex 3, NaturalPoint, Corvallis, OR, 
USA) and operating at 120 Hz. The five OptiTrack cameras 
were positioned at varying heights and angles around the 
scanning area to ensure optimal coverage and sufficient over-
lap for robust 3D tracking of the transducer. We employed 
the PlusServer software (version 2.9.0) [26] for synchroni-
zation and streaming of data from the ultrasound images 
and motion capture system. The data was subsequently 
recorded through 3D Slicer (version 5.0.1, slicer.org, Perth, 
Australia) [14]. We calculated the temporal latency between 
the ultrasonography images and their associated positioning 

Fig. 1   Flow chart of the study 
design. Note that that phase 2 
was conducted subsequent to 
phase 1 due to low comparabil-
ity between 3D ultrasonog-
raphy (3DUS) and Magnetic 
Resonance Imaging (MRI). The 
arrows indicate the reliability 
comparisons. * the 3DUS scans 
from the second session were 
analyzed by two different raters 
for Inter-rater reliability. Phan-
tom scans were performed with 
3DUS and MRI
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data using the f-cal software (version 2.9.0) [26]. Spatial 
calibration, entailing computation of the spatial transfor-
mation matrix between the ultrasound image plane and the 
transducer tracker, was performed within 3D Slicer using 
a tracked stylus [18]. We carried out the temporal and spa-
tial calibration in a water tank [18]. The experimenter had 
approximately 100 h of familiarization and ensured mini-
mal compression of body tissue, achieving this through 
light contact with the skin and a 0.5 cm layer of gel. We 
imaged all target muscles (m. tibialis anterior, m. vastus lat-
eralis, mm. gastrocnemii and m. biceps femoris) in one leg 
from their distal to proximal muscle tendon junction with a 
sweeping speed of approximately 1 cm/s [18]. Since all mus-
cles exceeded the field of view of the transducer, multiple 
parallel sweeps were necessary to capture the whole volume. 
Initially, sweep widths of 3.5 cm were used and painted on 
the legs. Along with the width of the probe (5.6 cm), this 
resulted in an average overlap of 2.1 cm between multiple 
parallel sweeps. For the mm. gastrocnemius medialis and 
lateralis as well as the biceps femoris participants were 
placed in a prone position and the right leg was imaged, 
whereas for the mm. vastus lateralis and tibialis anterior 
participants were placed in a supine position and the left 
leg was imaged. For all scans hip and knee joint were fully 
extended [11, 18, 33].

We reconstructed the acquired ultrasonography sequences 
in 3D Slicer [39]. To do so, we drew a best-fit region of 
interest around the sequence in order to minimize the file 
size while maintaining a high voxel quality. The automatic 
reconstruction algorithm used in 3D Slicer fills the 3D voxel 
array with the pixels from the US images. The reconstruc-
tion settings were kept constant with reconstructed voxels 
of 0.10 × 0.10 mm for the transverse directions and 1.00 mm 
for the longitudinal direction for all muscles. See Fig. 2 for 
a high and a low-quality reconstruction and Fig. 3 for a seg-
mentation example. All volumes were segmented manually 
in 3D slicer. To assess the test–retest reliability, the vol-
umes acquired on both time points of study phase 1 were 
segmented by the same rater (PR). To assess inter-rater 
reliability, volumes acquired at the second scanning time 
point were segmented by two raters (PR and RL). To cal-
culate comparability between 3DUS and MRI, we used the 
acquired and segmented volumes from the second scanning 
time point. In study phase 2, we adapted our assessment pro-
tocol according to Huet et al. [22] by increasing the sweep 
width (from 3.5 to 6 cm) and using a 1 cm thick layer of gel 
to ensure minimal skin contact of the probe. Although the 
sweep width painted on the leg (see Supplemental mate-
rial), exceeded the field of view of the transducer by 0.4 cm, 
no gaps between sweeps existed due to muscle curvature. 

Fig. 2   High (green) and low (red) quality reconstruction of a vastus 
lateralis scanning sequence in 3D slicer. The red arrows in the low 
quality reconstruction indicate reconstruction artefacts in both, the 

axial and 3D view. In this case, the femur bone is clearly overlapping. 
The green arrows in the high quality reconstruction indicates the 
expected smooth reconstruction of the femur bone
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In phase 2, we only scanned the m. vastus lateralis and m. 
biceps femoris at one measurement time point to assess the 
comparability between 3DUS and MRI using the adapted 
protocol. We only included two muscles in the additional 
five participants recruited to evaluate the general effective-
ness of the adapted acquisition protocol. The required time 
for calibration and set up of the 3D ultrasonography system 
was around 20 min with each muscle scan taking approxi-
mately 5 min. The subsequent reconstruction and analysis of 
the muscle volume requires 45 min per muscle.

Phantoms

Given that the true in-vivo size of muscle cannot be deter-
mined with 3D ultrasonography nor MRI, we used calibra-
tion phantoms to assess the validity of both methodologies 
when compared to an absolute ground truth. We used a total 
of five phantoms with volumes of 100, 150, 200, 250 and 
600 ml to approximately resemble the volumes of the mus-
cles imaged. The phantoms were made of a 6% water and 
instant galantine solution (15 g of galantine was dissolved in 
250 ml water) that was filled into expandable latex contain-
ers with known volumes.

By including phantoms of larger sizes, we made sure that 
multiple scanning sweeps were necessary to cover the whole 
phantom volume [9]. The phantoms were scanned in a water 
bath with a sweep width of 3.5 cm in case the phantom vol-
ume extended the field of view of the probe. The volume of 

the phantoms from both, the 3D ultrasonography as well as 
the MRI scans, was analyzed using 3D Slicer.

Statistics

We performed all statistical analyses using R software [34] 
and after consultation with a statistician. Based on previous 
studies, an expected mean difference between the recon-
structed muscle volumes of MRI and 3D ultrasonography 
for the assessed muscles is 1.5 ml with an estimated standard 
deviation of ± 1.9 ml [7, 18]. Therefore, to test for equiva-
lence in the mean reconstructed muscle volume with both 
methods, the calculated sample size required for a two-
sided t-test to achieve 80% power at a 5% significance level 
is approximately 9 participants. To account for potential 
dropout, we aimed to recruit 10 participants, 50% of which 
should be male.

We investigated the test–retest reliability of the recon-
structed volumes from the 3D ultrasonography recordings 
between the two subsequent measurement sessions, assessed 
the inter-rater reliability between the analyses of the muscle 
volumes from the second 3DUS measurement session by 
two raters and compared the reconstructed volumes of the 
second session to those from the MRI. For this purpose, 
intraclass correlation coefficients (ICC) were calculated 
using a two-way random-effects model for absolute agree-
ment, single measures (ICC(2,1)) [37]. Furthermore, we 
calculated standard errors of the measurement (SEM) and 

Fig. 3   Three dimensional (3D) volume segmentations of one male 
participant. Segmentations of 3D ultrasonography (A) were approxi-
mately co-registered with the corresponding magnetic resonance 
imaging (MRI) scan. Phantom MRI scans (B) were segmented in 3D 
Slicer and contain volumes of 100 ml (violet), 150 ml (green), 200 ml 
(blue), 250 ml (red) and 600 ml (yellow). Muscle volumes in the MRI 

scan were segmented in 3D Slicer for illustration purposes (C). In 
both, 3DUS and MRI scan, the same muscles were segmented in the 
same color and comprised the biceps femoris (pale red), the gastroc-
nemius lateralis (pale green), the gastrocnemius medialis (pale yel-
low), the tibialis anterior (pale purple) and the vastus lateralis (pale 
blue)
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percentage standard errors of the measurement (SEM%), 
coefficients of variance (CV) and percentage coefficients 
of variance (CV%) with 95% compatibility intervals (CI). 
We used Bland–Altman analysis [8] to test the measure-
ment agreement of the 3D ultrasonography session as well as 
the MRI. We set the limits of agreement to ± 1.96 standard 
deviations (SD). We calculated the standardized mean bias 
according to Hopkins et al. [21] with 0.1, 0.3, 0.6, 1.0 and 
2.0 being small, moderate, large, very large and extremely 
large errors.

Results

The average number of sweeps were 2 for m. biceps femo-
ris, 2 for m. tibialis anterior, 5 for m. vastus lateralis (or 
4 in phase 2), 4 for m. gastrocnemius medialis, and 3 m. 
gastrocnemius lateralis. Of the 15 recruited participants, 
we excluded one participant due to occurrence of lower 
limb injury. Furthermore, out of the 90 acquired scans 
we excluded 7 (~ 8%) due to an insufficient quality in the 
reconstruction, as illustrated in Fig. 2. Insufficient quality 
was identified when excessive image overlay in the recon-
structed volume obscured muscle boundaries to the extent 
that reliable manual segmentation was not possible. Sub-
sequent to quality control, the final sample sizes varied by 
muscle. Mean muscle volumes for all measurement time 
points, both raters, both imaging methodologies and both 
study phases are reported in Table 1. For the test–retest reli-
ability analysis, we included: m. biceps femoris (n = 9), m. 
tibialis anterior (n = 8), m. vastus lateralis (n = 8), m. gas-
trocnemius medialis (n = 8), and m. gastrocnemius lateralis 
(n = 7). Similar sample sizes were used for the comparability 
and inter-rater analysis: m. biceps femoris (n = 9), m. tibialis 
anterior (n = 9), m. vastus lateralis (n = 8), m. gastrocnemius 
medialis (n = 8), and m. gastrocnemius lateralis (n = 7). For 
the second part of the study with adapted scanning method-
ology, we assessed only the mm. vastus lateralis and biceps 
femoris resulting in 5 and 5 samples, respectively.

Test–retest Reliability Analysis

ICCs, CV, CV%, MDC, mean difference and standardized 
mean bias of all muscles for the test–retest reliability analy-
sis are displayed in Table 2. Overall, the m. biceps femoris 
displayed the highest inter-session agreement, while m. gas-
trocnemius medialis exhibited the lowest agreement. Mean 
differences between sessions ranged from 0.1 to 1.8%, indi-
cating minimal bias across repeated measurements. CV% 
values ranged from 2 to 4.5%, indicating low variability 
across measurements. Measurement error, assessed via 
MDC, also supported high sensitivity for most muscles, with 
the smallest detectable change ranging from 1.1 to 4.5 ml, 
depending on the muscle. All calculated standardized mean 
biases can be categorized as small.

Inter‑rater Reliability Analysis

ICCs, CV, CV%, mean difference and standardized mean 
bias of all muscles for the inter-rater reliability analysis are 
displayed in Table 3. Overall, the m. tibialis anterior dis-
played the highest inter-rater agreement, while the m. vastus 
lateralis exhibited the lowest agreement. Mean differences 
between raters ranged from 0.6 to 4.1%, indicating minimal 
bias. CV% highlighted low variability between raters, rang-
ing from 2.1 to 3.2%. All calculated mean biases can be 
classified as small.

Comparability Analysis

ICCs, CV, CV%, mean bias, and standardized mean bias 
of all muscles in study phase 1 and two comparing the 3D 
ultrasonography assessment of muscle volume to MRI are 
reported in Table 4. Overall, the m. tibialis anterior demon-
strated the highest comparability between both methods and 
the m. gastrocnemius lateralis the lowest. Mean biases in 
muscle volume measurements between 3DUS and MRI were 
substantial, ranging from −10.0 to −33.0%, with the high-
est relative discrepancy observed for the m. gastrocnemius 

Table 1   Mean muscle volume measurements (in ml ± standard deviation) of different measurement time points, measurement methodologies and 
study parts

3DUS 3D ultrasonography, MTP Measurement time point, MRI Magnetic Resonance Imaging, BF biceps femoris, GL gastrocnemius lateralis, 
GM gastrocnemius medialis, TA tibialis anterior, VL vastus lateralis

Mean muscle volumes (in ml) Study part 1 Study part 2

Muscle 3DUS Rater 1 MTP1 3DUS Rater 1 MTP2 3DUS Rater 2 MTP2 MRI 3DUS Rater 1 MRI

BF 166.4 ± 46.4 166.8 ± 45.3 164.6 ± 42.7 197.4 ± 53.3 184.2 ± 30.8 187.0 ± 27.1
GL 85.8 ± 16.6 88.6 ± 17.6 87 ± 17 112.6 ± 21.7
GM 161.3 ± 43.9 165 ± 40.7 171.5 ± 39.8 224.7 ± 62.3
TA 103.4 ± 26.3 106.9 ± 25.8 108.4 ± 26.2 119.4 ± 32.8
VL 513 ± 121.2 514.6 ± 129.9 524.6 ± 142.6 636.5 ± 161.3 530.1 ± 206.0 565.1 ± 191.0
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Table 2   Inter-session 
reliability statistics (with 95% 
compatibility interval or limits 
of agreement for mean bias) 
comparing the first and second 
3D ultrasonography assessment 
per muscle

ICC intra-class correlation, MD mean difference in ml, MDP mean different in %, CV coefficient of vari-
ance in ml, CV% coefficient of variance in %, Stmd standardized mean difference, MDC minimal detectable 
change in ml, BF biceps femoris, GL gastrocnemius lateralis, GM gastrocnemius medialis, TA tibialis ante-
rior, VL vastus lateralis

Inter-session reliability statistics

ICC MD (ml) MD% CV (ml) CV% Mean bias (ml) Stmd MDC (ml)

BF 0.99 (0.97,1) −0.4
(−4.5,3.7)

−0.4 3.8
(2.0,5.5)

2.5 (1.3,3.6) −0.4
(−10.6,10.0)

−0.01 1.1

GL 0.98 (0.9,1) −1.4
(−4.6,1.9)

−1.4 2.5
(1.4,3.7)

2.8
(1.5,4.1)

−1.4
(−8.3,5.6)

−0.08 1.4

GM 0.97 (0.87,1) −2.3
(−11.8,7.1)

−1.8 7.2
(3.9,10.5)

4.6 (2.5,6.7) −2.3
(−22.3,17.7)

−0.05 4.5

TA 0.99 (0.94,1) −0.5
(−4.2,3.2)

−0.7 3.1
(1.7,4.6)

2.8 (1.5,4.1) −0.5
(−9.2,8.2)

−0.02 1.4

VL 0.99 (0.97,1) 0.7
(−12.2,13.7)

0.1 10.9
(5.6,16.3)

2.0 (1.0,3.0) 0.7
(−29.7,31.1)

0.01 3.4

Table 3   Inter-rater reliability 
statistics (with 95% 
compatibility interval or limits 
of agreement for mean bias) 
comparing the analyzed muscle 
volumes of two raters from the 
second 3D ultrasonography 
measurement timepoint

ICC intra-class correlation, MD mean difference in ml, MD% mean different in %, CV coefficient of vari-
ance in ml, CV% coefficient of variance in %, Stmd standardized mean difference, BF biceps femoris, GL 
gastrocnemius lateralis, GM gastrocnemius medialis, TA tibialis anterior, VL vastus lateralis

Inter-rater reliability statistics

ICC MD (ml) MD% CV (ml) CV% Mean bias (ml) Stmd

BF 0.99
(0.96,1)

1.8
(−2.8,6.4)

0.6 4.2
(2.3,6.2)

2.6 (1.4,3.8) 1.8
(−9.9,13.5)

0.04

GL 0.99
(0.95,1)

0.1
(−2.0,2.2)

0.1 1.8
(0.9,2.6)

2.2 (1.2,3.2) 0.1
(−4.9,5.0)

0.00

GM 0.98
(0.5,1)

−6.5
(−10.1,−2.9)

−4.1 3.0
(1.6,4.5)

2.1 (1.1,3.1) −6.5
(−14.9,1.9)

−0.16

TA 0.99
(0.97,1)

−1.4
(−3.6,0.7)

−1.3 2.0
(1.1,2.9)

2.0 (1.1,3.0) −1.4
(−6.9,4.0)

−0.05

VL 0.98
(0.89,0.99)

−9.9
(−35.5,15.7)

−1.6 21.6
(11.6,31.6)

3.2
(1.7,4.7)

−9.9
(−70.0,50.0)

−0.08

Table 4   Comparability statistics (with 95% compatibility interval or limits of agreement for mean bias) for the agreement between MRI and the 
second 3D ultrasonography measurement timepoint per muscle for both acquisition protocols

ICC intra-class correlation, MD mean difference in ml, MDP mean different in %, CV coefficient of variance in ml, CV% coefficient of variance 
in %, Stmd standardized mean difference, BF biceps femoris, GL gastrocnemius lateralis, GM gastrocnemius medialis, TA tibialis anterior, VL 
vastus lateralis

Comparability statistics acquisition phase 1
ICC MD (ml) MDP CV (ml) CV% Mean bias (ml) Stmd

BF 0.81 (−0.06,0.96) −30.6 (−43.6, −17.6) −16.4 11.9 (6.4, 17.5) 5.3 (2.8, 7.7) −30.6 (−63.7, 2.5) −0.67
GL 0.38 (−0.07,0.82) −28.4 (−38.6, −18.2) −28.0 8.6 (4.4, 12.9) 8.8 (4.5, 13.2) −28.4 (−52.3, −4.4) −1.62
GM 0.49 (−0.08,0.88) −67.2 (−92.4, −41.9) −33.0 21.4 (10.9, 31.9) 8.1 (4.2, 12.1) −67.2 (−126.4, −7.9) −1.65
TA 0.85 (0.25,0.97) −12.4 (−22.7, −2.2) −10.0 9.4 (5.1, 13.8) 7.0 (3.8, 10.2) −12.4 (−38.5, 13.7) −0.48
VL 0.70 (−0.07,0.94) −130.5 (−178.8, −82.1) −21.7 40.9 (20.9, 60.9) 4.1 (2.1, 6.1) −130.5 (−243.8, −17.2) −1.00
Comparability statistics acquisition phase 2 (adapted protocol according to Huet et al. [22])

ICC MD (ml) MDP CV (ml) CV% Mean bias (ml) Stmd
BF n.a −2.8 (−8.7, 3.2) −1.5 3.4 (1.3, 5.5) n.a −2.8 (−12.1, 6.6) n.a
VL n.a −35.0 (−58.2, −11.8) −6.7 13.2 (5.0, 21.4) n.a −35.0 (−71.6, 1.7) n.a
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medialis. This indicates that our 3DUS setup underestimated 
muscle volume compared to MRI. CV% was in an accept-
able range of variability in measurements (CV% = 4.1 to 
8.8%), but particularly higher for the mm. gastrocnemius 
lateralis and gastrocnemius medialis. The standardized mean 
biases, ranging from −0.48 to −1.65 can be classified as 

moderate for m. tibialis anterior, as large for the mm. biceps 
femoris and vastus laterals, as well as very large for the mm. 
gastrocnemii. Comparability between 3D ultrasonography 
and MRI was higher subsequent to adapting the acquisi-
tion protocol with mean differences of 1.5 and 6.7% for the 
biceps femoris and vastus lateralis, respectively (Fig. 4). Due 

VL Phase 2 VL Phase 1 

BF Phase 1 BF Phase 2 

Fig. 4   Bland–Altman plots displaying the mean of values (ml) com-
pared to the difference of values (ml) between three-dimensional 
ultrasonography and magnetic resonance scan volume segmentation 
of the vastus lateralis (VL) and biceps femoris (BF) in study phase 

1 and study phase 2. The acquisition protocol was adapted in study 
phase 2 and only five participants were scanned with both methodolo-
gies
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to the low sample size, the interpretability of additional com-
parability statistics is limited.

The results of the phantom scans are displayed in Fig. 5. 
The differences in the volume segmentation between 3D 
ultrasonography and known volume ranged from −6.3 to 
13.8 ml (2.3 to 4.6%) and from −9.8 to 11.9 ml (2.0 to 
7.3%) between MRI and known volume. The differences 
between 3D ultrasonography and MRI ranged from −2.9 to 
3.5 ml (0.3 to 2.8%). The differences in volume calculation 
increased with absolute increase of phantom volume.

Discussion

Our results indicate that the assessment of lower limb muscle 
volume using our 3D ultrasonography system configuration 
is reliable between sessions and raters. While the test–retest 
and inter-rater reliability was highest for the m. biceps 
femoris, the m. gastrocnemius medialis demonstrated the 
lowest reliability of all investigated muscles. When assess-
ing phantoms with known volumes, 3D ultrasonography 
volume measurements were comparable to MRI. However, 
this agreement did not extend well to in vivo measurements, 
where muscle volumes measured by 3D ultrasonography 
showed low agreement with MRI measurements, demon-
strated by moderate between-method variability and large 
standardized mean biases. The m. tibialis anterior dem-
onstrated the highest agreement while the agreement for 
both gastrocnemii muscles was the lowest. Comparability 
between both methodologies improved upon adaptation of 
the acquisition protocol in study phase 2.

All average muscle volumes calculated from our MRI 
scans are comparable to those described in the literature 
for mm. vastus lateralis, tibialis anterior [40], gastrocne-
mius medialis [6, 32] gastrocnemius lateralis [2, 30] and 
biceps femoris [17, 18, 25]. The volumes calculated from 
our 3D ultrasonography scans of the mm. vastus lateralis 
[22], biceps femoris [18] and gastrocnemius lateralis [7] 

are also comparable to those reported in the literature with 
respect to physical activity level, while the volumes of the 
mm. gastrocnemius medialis [22, 38] and tibialis anterior 
[35, 40] are comparable to or smaller than those reported 
in the literature.

Test–retest Reliability

In accordance with the literature, the test–retest reliability 
was high for all of the five assessed muscles with small 
standardized mean biases. ICCs, CV%, SEMs and MDCs 
for the m. biceps femoris are comparable to those reported 
by Frouin et al. [18] and slightly worse for the mm. gastroc-
nemius medialis and tibialis anterior compared to previous 
investigations [6, 22, 38, 40]. Our reported MDC values for 
muscle volume in all assessed muscles is lower than 5 ml 
or 3%. Subsequent to 10 days of bedrest, quadriceps and 
hamstring muscle volume is reduced by about 3 to 5% [17, 
29]. Moreover, following 8–12 weeks of resistance train-
ing, a hypertrophic response of 6–14% can be observed in 
the quadriceps, hamstring and plantar flexor muscles [15, 
24, 27]. Thus, we might be able to confidently assess inter-
vention induced changes in muscle volume using our 3D 
ultrasonography setup.

Inter‑rater Reliability

The inter-rater reliability was high for all of the five assessed 
muscles with small standardized mean biases. ICCs, CV% 
and SEMs for the m. gastrocnemius medialis are comparable 
to those reported by Thomare et al. [38] in a similar popu-
lation but using a gel pad. ICCs for the m. gastrocnemius 
medialis was similar compared to Cenni et al. [11], higher 
for mm. gastrocnemius medialis and lateralis compared to 
Barber et al., [5] and higher for m. tibialis anterior compared 
to Hanssen et al. [19] who investigated typically developing 
children or children with cerebral palsy aged 7 to 10 years. 
The lower inter-rater reliability scores of the mm. vastus 

Fig. 5   Volume segmentation of 
3D ultrasonography and MRI 
compared to known true volume 
(TV) in five phantoms of differ-
ent sizes
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lateralis and gastrocnemius medialis might be explained by 
a lower overall scan quality due to higher sweep number 
required and thus more slicer overlay in the reconstructed 
volumes. Moreover, the deeper proximal muscle parts (espe-
cially near the muscle-bone junction) of these muscles are 
difficult to image, resulting in insufficient image contrast to 
clearly distinguish the respective muscle tissue.

Comparability

Compared to the assessment of muscle volume using (the 
gold standard) MRI, the calculated volumes of all assessed 
muscles were underestimated. Based on the poor compara-
bility statistics including moderate to very large standardized 
mean biases, we deem our 3D ultrasonography setup to not 
be comparable to MRI. This is somewhat surprising since 
the comparability between MRI and 3D ultrasonography is 
usually being reported as very high for several lower and 
upper limb muscles (i.e., [6, 9, 18, 40]). However, it needs 
to be highlighted that even though our 3D ultrasonography 
and MRI values are not comparable, when compared to the 
literature alone our 3D ultrasonography values are in line 
with what can be expected in healthy adults [7, 18, 22, 35, 
38, 40]. Even the studies also used multiple sweeps per mus-
cle, they unfortunately did not report participants’ physi-
cal activity levels, which limits comparability – especially 
considering that our sample consisted of physically active 
sports students who may have had systematically larger mus-
cle volumes. Future approaches could include normalisation 
to anthropometrics, which would allow for better compari-
sons. Still, the considerable variability in reported muscle 
volumes using both 3D ultrasonography (i.e. Huet et al. 
[22] = 157 ± 41 ml vs. Thomare et al. [38] = 219 ± 36 ml vs. 
Barber et al. [6] = 274 ± 77 ml when assessing GM volume 
in a similar population) as well as MRI (i.e. Wang et al. 
[40] = 233 ± 66.6 ml vs. Barber et al. [6] = 273 ± 79 ml in a 
similar population), study and/or measurement setup specific 
validation of 3D ultrasonography compared to MRI seems 
to be required.

Given that the muscle volume was always underesti-
mated, we identified our acquisition protocol as potentially 
erroneous. Due to the placement of the probe directly on 
the muscle, the combination of direct probe contact and 
narrow scanning sweep distance created cumulative pres-
sure artifacts [9, 22]. A too narrow sweep distance results 
in increased information redundancy due to image overlay 
and therefore a potentially reduced reconstruction quality. 
Thus, we adapted our acquisition protocol and by increas-
ing the sweep width (from 3.5 to 6 cm) and used a 1 cm 
thick layer of gel to ensure minimal skin contact of the 
probe [22]. The adaptation of our acquisition protocol in 
the second study phase resulted in reduced mean percentage 
difference between the 3DUS and MRI measured volumes 

of mm. vastus lateralis and biceps femoris by 19 and 20 
percentage points, respectively. Although the differences are 
still somewhat higher than those previously reported in the 
literature (0.1 to 4.9%) [5, 7, 18, 22, 41], it provides a proof 
of concept that the adapted acquisition protocol might result 
in increased comparability to MRI measurements. Moreover, 
using phantoms we were able to demonstrate the validity 
of our 3DUS setup and demonstrated high comparability 
to the MRI measured volumes in accordance with previous 
studies [9, 10, 22]. In example, Huet et al. [22] reported dif-
ferences between 3D ultrasonography assessed and known 
phantom volume of 2 to 8 ml. The higher comparability of 
the phantom volumes between 3DUS and MRI results from 
the acquisition of the phantoms in a water bath [9]. Contact 
between the surface of the phantoms and the probe is com-
pletely avoided, resulting in reduced pressure artefacts.

Limitations

This study has several limitations worth mentioning. First, 
the sample size, although calculated for equivalence test-
ing based on previous reports, was low. Due to low quality 
reconstructions – which could only be identified after data 
collection – several muscle volumes had to be excluded from 
the final analysis. However, prior investigations have seldom 
used more than 10 or 15 participants (i.e., [11, 22, 38]), 
highlighting the need for studies with larger sample sizes.

Second, our initial scanning protocol resulted in low com-
parability between 3D ultrasonography and MRI muscle vol-
ume estimations. Although we adapted our protocol accord-
ing to Huet et al., [22], we only acquired two muscles in five 
participants. Thus, the improved comparability between both 
methods needs to be interpreted with caution. Last, we did 
not investigate intra-rater and inter-assessor reliability.

Conclusion

In conclusion, our 3D ultrasonography setup demonstrates 
good between-session and between-rater reliability, consist-
ent with previous literature. The system's minimal detect-
able change is sufficient to capture muscle volume changes 
typically seen in resistance training and disuse interventions. 
While our phantom validation showed good agreement with 
known volumes, in  vivo measurements showed limited 
agreement with MRI. This agreement improved only after 
adapting our acquisition protocol to reduce probe pressure 
and increase sweep distance, highlighting the critical impor-
tance of acquisition technique. Future work should focus on 
standardizing these acquisition parameters across different 
muscle groups and validating the adapted protocol in a larger 
cohort. Additionally, developing automated quality control 
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measures for scan acquisition and reconstruction could help 
ensure consistent, high-quality measurements across differ-
ent research sites.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10278-​025-​01624-1.

Author Contributions  Conceptualization: PR, FS, OF; Methodology: 
PR, FS, OF; Investigation: PR, RL (3DUS scans), FS, MP (MRI scans); 
Data Curation: PR, RL, MP; Visualization: PR; Writing – Original 
Draft: PR, RL; Writing – Review & Editing: All authors; Supervision: 
FS, OF. All authors read and approved the final manuscript.

Funding  Open access funding provided by University of Basel. This 
study was partially funded by the Freiwillige Akademische Gesells-
chaft (FAG; Basel, Switzerland).

Data Availability  The datasets generated and analyzed during the cur-
rent study are available from the corresponding author on reasonable 
request.

Declarations 

Ethical Approval  This study was performed in line with the principles 
of the Declaration of Helsinki. Approval was granted by the local Eth-
ics Committee.

Consent to Participate  Informed consent was obtained from all indi-
vidual participants included in the study.

Consent to Publish  All participants provided consent for anonymized 
data to be published in scientific journals.

Competing interests  The authors declare that they have no relevant 
financial or non-financial interests to disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1. 	 Ahtiainen, J. P., Hoffren, M., Hulmi, J. J., Pietikäinen, M., Mero, 
A. A., Avela, J., & Häkkinen, K. (2010). Panoramic ultrasonog-
raphy is a valid method to measure changes in skeletal muscle 
cross-sectional area. Eur J Appl Physiol, 108(2), 273–279. https://​
doi.​org/​10.​1007/​s00421-​009-​1211-6

	 2. 	 Albracht, K., Arampatzis, A., & Baltzopoulos, V. (2008). Assess-
ment of muscle volume and physiological cross-sectional area of 
the human triceps surae muscle in vivo. Journal of Biomechanics, 
41(10), 2211–2218. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2008.​04.​020

	 3. 	 Arbeille, P., Kerbeci, P., Capri, A., Dannaud, C., Trappe, S. W., 
& Trappe, T. A. (2009). Quantification of Muscle Volume by 

Echography: Comparison with MRI Data on Subjects in Long-
Term Bed Rest. Ultrasound in Medicine & Biology, 35(7), 1092–
1097. https://​doi.​org/​10.​1016/j.​ultra​smedb​io.​2009.​01.​004

	 4. 	 Balshaw, T. G., Maden-Wilkinson, T. M., Massey, G. J., & Fol-
land, J. P. (2021). The Human Muscle Size and Strength Rela-
tionship: Effects of Architecture, Muscle Force, and Measure-
ment Location. Medicine & Science in Sports & Exercise, 53(10), 
2140–2151. https://​doi.​org/​10.​1249/​MSS.​00000​00000​002691

	 5. 	 Barber, L., Alexander, C., Shipman, P., Boyd, R., Reid, S., & 
Elliott, C. (2019). Validity and reliability of a freehand 3D ultra-
sound system for the determination of triceps surae muscle vol-
ume in children with cerebral palsy. Journal of Anatomy, 234(3), 
384–391. https://​doi.​org/​10.​1111/​joa.​12927

	 6. 	 Barber, L., Barrett, R., & Lichtwark, G. (2009). Validation of a 
freehand 3D ultrasound system for morphological measures of the 
medial gastrocnemius muscle. Journal of Biomechanics, 42(9), 
1313–1319. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2009.​03.​005

	 7. 	 Bell, M., Fernandez, J., Florez, R., Mirjalili, A., & Kim, H. K. 
(2022). 3-D Ultrasonographic Quantification of Hand and Calf 
Muscle Volume: Statistical Shape Modeling Approach. Ultra-
sound in Medicine & Biology, 48(3), 565–574. https://​doi.​org/​
10.​1016/j.​ultra​smedb​io.​2021.​12.​005

	 8. 	 Bland, M. J., & Altman, D. G. (1986). Statistical methods for 
assessing agreement between two methods of clinical measure-
ment. 20, 307–310.

	 9. 	 Budzikowski, J. D., & Murray, W. M. (2023). Multi-sweep 
3-dimensional ultrasound is accurate for in vivo muscle volume 
quantification, expanding use to larger muscles. Journal of Bio-
mechanics, 151, 111501. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2023.​
111501

	10. 	 Cenni, F., Monari, D., Desloovere, K., Aertbeliën, E., Schless, 
S.-H., & Bruyninckx, H. (2016). The reliability and validity of 
a clinical 3D freehand ultrasound system. Computer Methods 
and Programs in Biomedicine, 136, 179–187. https://​doi.​org/​10.​
1016/j.​cmpb.​2016.​09.​001

	11. 	 Cenni, F., Schless, S.-H., Bar-On, L., Aertbeliën, E., Bruyninckx, 
H., Hanssen, B., & Desloovere, K. (2018). Reliability of a clini-
cal 3D freehand ultrasound technique: Analyses on healthy and 
pathological muscles. Computer Methods and Programs in Bio-
medicine, 156, 97–103. https://​doi.​org/​10.​1016/j.​cmpb.​2017.​12.​
023

	12. 	 Cruz-Jentoft, A. J., Bahat, G., Bauer, J., Boirie, Y., Bruyère, O., 
Cederholm, T., Cooper, C., Landi, F., Rolland, Y., Sayer, A. A., 
Schneider, S. M., Sieber, C. C., Topinkova, E., Vandewoude, M., 
Visser, M., Zamboni, M., Writing Group for the European Work-
ing Group on Sarcopenia in Older People 2 (EWGSOP2), and the 
Extended Group for EWGSOP2, Bautmans, I., Baeyens, J.-P., … 
Schols, J. (2019). Sarcopenia: Revised European consensus on 
definition and diagnosis. Age and Ageing, 48(1), 16–31. https://​
doi.​org/​10.​1093/​ageing/​afy169

	13. 	 D’Antona, G. (2003). The effect of ageing and immobilization 
on structure and function of human skeletal muscle fibres. The 
Journal of Physiology, 552(2), 499–511. https://​doi.​org/​10.​1113/​
jphys​iol.​2003.​046276

	14. 	 Fedorov, A., Beichel, R., Kalpathy-Cramer, J., Finet, J., Fillion-
Robin, J.-C., Pujol, S., Bauer, C., Jennings, D., Fennessy, F., 
Sonka, M., Buatti, J., Aylward, S., Miller, J. V., Pieper, S., & 
Kikinis, R. (2012). 3D Slicer as an image computing platform for 
the Quantitative Imaging Network. Magnetic Resonance Imaging, 
30(9), 1323–1341. https://​doi.​org/​10.​1016/j.​mri.​2012.​05.​001

	15. 	 Franchi, M. V., Atherton, P. J., Reeves, N. D., Flück, M., Williams, 
J., Mitchell, W. K., Selby, A., Beltran Valls, R. M., & Narici, M. 
V. (2014). Architectural, functional and molecular responses to 
concentric and eccentric loading in human skeletal muscle. Acta 
Physiologica, 210(3), 642–654. https://​doi.​org/​10.​1111/​apha.​
12225

https://doi.org/10.1007/s10278-025-01624-1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00421-009-1211-6
https://doi.org/10.1007/s00421-009-1211-6
https://doi.org/10.1016/j.jbiomech.2008.04.020
https://doi.org/10.1016/j.ultrasmedbio.2009.01.004
https://doi.org/10.1249/MSS.0000000000002691
https://doi.org/10.1111/joa.12927
https://doi.org/10.1016/j.jbiomech.2009.03.005
https://doi.org/10.1016/j.ultrasmedbio.2021.12.005
https://doi.org/10.1016/j.ultrasmedbio.2021.12.005
https://doi.org/10.1016/j.jbiomech.2023.111501
https://doi.org/10.1016/j.jbiomech.2023.111501
https://doi.org/10.1016/j.cmpb.2016.09.001
https://doi.org/10.1016/j.cmpb.2016.09.001
https://doi.org/10.1016/j.cmpb.2017.12.023
https://doi.org/10.1016/j.cmpb.2017.12.023
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1113/jphysiol.2003.046276
https://doi.org/10.1113/jphysiol.2003.046276
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1111/apha.12225
https://doi.org/10.1111/apha.12225


1518	 Journal of Imaging Informatics in Medicine (2025) 39:1507–1518

	16. 	 Franchi, M. V., Fitze, D. P., Hanimann, J., Sarto, F., & Spörri, 
J. (2020). Panoramic ultrasound vs. MRI for the assessment 
of hamstrings cross-sectional area and volume in a large ath-
letic cohort. Sci Rep, 10(1), 14144. https://​doi.​org/​10.​1038/​
s41598-​020-​71123-6

	17. 	 Franchi, M. V., Sarto, F., Simunič, B., Pišot, R., & Narici, M. V. 
(2022). Early Changes of Hamstrings Morphology and Contractile 
Properties during 10 d of Complete Inactivity. Medicine & Sci-
ence in Sports & Exercise, 54(8), 1346–1354. https://​doi.​org/​10.​
1249/​MSS.​00000​00000​002922

	18. 	 Frouin, A., Guenanten, H., Sant, G. L., Lacourpaille, L., Liebard, 
M., Sarcher, A., McNair, P. J., Ellis, R., & Nordez, A. (2023). 
Validity and Reliability of 3-D Ultrasound Imaging to Measure 
Hamstring Muscle and Tendon Volumes. Ultrasound in Medicine 
& Biology, S0301562923000649. https://​doi.​org/​10.​1016/j.​ultra​
smedb​io.​2023.​02.​012

	19. 	 Hanssen, B., De Beukelaer, N., Schless, S.-H., Cenni, F., Bar-On, 
L., Peeters, N., Molenaers, G., Van Campenhout, A., Van Den 
Broeck, C., & Desloovere, K. (2021). Reliability of Processing 
3-D Freehand Ultrasound Data to Define Muscle Volume and 
Echo-intensity in Pediatric Lower Limb Muscles with Typical 
Development or with Spasticity. Ultrasound in Medicine & Biol-
ogy, 47(9), 2702–2712. https://​doi.​org/​10.​1016/j.​ultra​smedb​io.​
2021.​04.​028

	20. 	 Hioki, M., Kanehira, N., Koike, T., Saito, A., Shimaoka, K., 
Sakakibara, H., Oshida, Y., & Akima, H. (2020). Age-related 
changes in muscle volume and intramuscular fat content in quadri-
ceps femoris and hamstrings. Experimental Gerontology, 132, 
110834. https://​doi.​org/​10.​1016/j.​exger.​2020.​110834

	21. 	 Hopkins, W. G., Marshall, S. W., Batterham, A. M., & Hanin, 
J. (2009). Progressive Statistics for Studies in Sports Medicine 
and Exercise Science. Medicine & Science in Sports & Exercise, 
41(1), 3–12. https://​doi.​org/​10.​1249/​MSS.​0b013​e3181​8cb278

	22. 	 Huet, J., Boureau, A.-S., Sarcher, A., Cornu, C., & Nordez, A. 
(2024). Validation of a scanning technique with minimal compres-
sion for measuring muscle volume with freehand 3D ultrasound. 
Journal of Biomechanics, 162, 111878. https://​doi.​org/​10.​1016/j.​
jbiom​ech.​2023.​111878

	23. 	 Jacques, M. F., Onambele-Pearson, G. L., Reeves, N. D., Steb-
bings, G. K., Smith, J., & Morse, C. I. (2018). Relationships 
between muscle size, strength, and physical activity in adults with 
muscular dystrophy: Muscle strength, size and physical activity in 
muscular dystrophy. Journal of Cachexia, Sarcopenia and Muscle, 
9(6), 1042–1052. https://​doi.​org/​10.​1002/​jcsm.​12347

	24. 	 Kinoshita, M., Maeo, S., Kobayashi, Y., Eihara, Y., Ono, M., Sato, 
M., Sugiyama, T., Kanehisa, H., & Isaka, T. (2023). Triceps surae 
muscle hypertrophy is greater after standing versus seated calf-
raise training. Frontiers in Physiology, 14, 1272106. https://​doi.​
org/​10.​3389/​fphys.​2023.​12721​06

	25. 	 Kulas, A. S., Schmitz, R. J., Shultz, S. J., Waxman, J. P., Wang, 
H.-M., Kraft, R. A., & Partington, H. S. (2017). Bilateral quadri-
ceps and hamstrings muscle volume asymmetries in healthy 
individuals: QUADRICEPS AND HAMSTRINGS VOLUME 
ASYMMETRY. J. Orthop. Res. https://​doi.​org/​10.​1002/​jor.​23664

	26. 	 Lasso, A., Heffter, T., Rankin, A., Pinter, C., Ungi, T., & Ficht-
inger, G. (2014). PLUS: Open-Source Toolkit for Ultrasound-
Guided Intervention Systems. IEEE Trans. Biomed. Eng., 61(10), 
2527–2537. https://​doi.​org/​10.​1109/​TBME.​2014.​23228​64

	27. 	 Maeo, S., Huang, M., Wu, Y., Sakurai, H., Kusagawa, Y., Sugiy-
ama, T., Kanehisa, H., & Isaka, T. (2021). Greater Hamstrings 
Muscle Hypertrophy but Similar Damage Protection after Train-
ing at Long versus Short Muscle Lengths. Medicine & Science in 
Sports & Exercise, 53(4), 825–837. https://​doi.​org/​10.​1249/​MSS.​
00000​00000​002523

	28. 	 Mandić, M., Rullman, E., Widholm, P., Lilja, M., Dahl-
qvist Leinhard, O., Gustafsson, T., & Lundberg, T. R. (2020). 

Automated assessment of regional muscle volume and hypertro-
phy using MRI. Sci Rep, 10(1), 2239. https://​doi.​org/​10.​1038/​
s41598-​020-​59267-x

	29. 	 Marusic, U., Narici, M., Simunic, B., Pisot, R., & Ritzmann, R. 
(2021). Nonuniform loss of muscle strength and atrophy during 
bed rest: A systematic review. Journal of Applied Physiology, 
131(1), 194–206. https://​doi.​org/​10.​1152/​jappl​physi​ol.​00363.​2020

	30. 	 Miyake, Y., Suga, T., Terada, M., Tanaka, T., Ueno, H., Kusagawa, 
Y., Otsuka, M., Nagano, A., & Isaka, T. (2021). No Correlation 
Between Plantar Flexor Muscle Volume and Sprint Performance 
in Sprinters. Frontiers in Sports and Active Living, 3, 671248. 
https://​doi.​org/​10.​3389/​fspor.​2021.​671248

	31. 	 Mul, K., Horlings, C. G. C., Vincenten, S. C. C., Voermans, N. C., 
van Engelen, B. G. M., & van Alfen, N. (2018). Quantitative mus-
cle MRI and ultrasound for facioscapulohumeral muscular dys-
trophy: Complementary imaging biomarkers. J Neurol, 265(11), 
2646–2655. https://​doi.​org/​10.​1007/​s00415-​018-​9037-y

	32. 	 Noorkoiv, M., Theis, N., & Lavelle, G. (2019). A comparison 
of 3D ultrasound to MRI for the measurement and estimation of 
gastrocnemius muscle volume in adults and young people with 
and without cerebral palsy: Comparison of 3D Ultrasound to MRI. 
Clin. Anat., 32(3), 319–327. https://​doi.​org/​10.​1002/​ca.​23314

	33.	 Raiteri BJ, Cresswell AG, Lichtwark GA (2016) Three-dimen-
sional geometrical changes of the human tibialis anterior muscle 
and its central aponeurosis measured with three-dimensional ultra-
sound during isometric contractions. PeerJ 4. https://​doi.​org/​10.​
7717/​peerj.​2260

	34. 	 R Core Team. (2019). R: A language and environment for statisti-
cal computing. URL https://​www.R-​proje​ct.​org/

	35. 	 Sahrmann, A. S., Gizzi, L., Zanker, A., Handsfield, G. G., & 
Rohrle, O. (2022). Dynamic 3D Ultrasound Imaging of the Tibi-
alis Anterior Muscle. 2022 44th Annual International Conference 
of the IEEE Engineering in Medicine & Biology Society (EMBC), 
3899–3902. https://​doi.​org/​10.​1109/​EMBC4​8229.​2022.​98713​52

	36. 	 Scott, J. M., Martin, D. S., Ploutz-Snyder, R., Matz, T., Caine, 
T., Downs, M., Hackney, K., Buxton, R., Ryder, J. W., & Ploutz-
Snyder, L. (2017). Panoramic ultrasound: A novel and valid tool 
for monitoring change in muscle mass: Panoramic ultrasound. 
Journal of Cachexia, Sarcopenia and Muscle, 8(3), 475–481. 
https://​doi.​org/​10.​1002/​jcsm.​12172

	37. 	 Shrout, P. E., & Fleiss, J. L. (1979). Intraclass correlations: Uses 
in assessing rater reliability. Psychological Bulletin, 86(2), 420–
428. https://​doi.​org/​10.​1037/​0033-​2909.​86.2.​420

	38. 	 Thomare, J., Lacourpaille, L., McNair, P. J., Crouzier, M., Ellis, 
R., & Nordez, A. (2021). A Gel Pad Designed to Measure Muscle 
Volume Using Freehand 3‐Dimensional Ultrasonography. Journal 
of Ultrasound in Medicine, 40(6), 1245–1250. https://​doi.​org/​10.​
1002/​jum.​15490

	39. 	 Ungi, T., Lasso, A., & Fichtinger, G. (2016). Open-source plat-
forms for navigated image-guided interventions. Medical Image 
Analysis, 33, 181–186. https://​doi.​org/​10.​1016/j.​media.​2016.​06.​
011

	40. 	 Wang, Z., Destro, A., Petersson, S., Cenni, F., & Wang, R. (2023). 
In vivo 3D muscle architecture quantification based on 3D free-
hand ultrasound and magnetic resonance imaging. Journal of Bio-
mechanics, 152, 111567. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2023.​
111567

	41. 	 Williams, S. A., Bell, M., Kim, H. K., Salim Al Masruri, G., Stott, 
N. S., Fernandez, J., & Mirjalili, S. A. (2022). The reliability and 
validity of triceps surae muscle volume assessment using free-
hand three‐dimensional ultrasound in typically developing infants. 
Journal of Anatomy, 240(3), 567–578. https://​doi.​org/​10.​1111/​joa.​
13565

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41598-020-71123-6
https://doi.org/10.1038/s41598-020-71123-6
https://doi.org/10.1249/MSS.0000000000002922
https://doi.org/10.1249/MSS.0000000000002922
https://doi.org/10.1016/j.ultrasmedbio.2023.02.012
https://doi.org/10.1016/j.ultrasmedbio.2023.02.012
https://doi.org/10.1016/j.ultrasmedbio.2021.04.028
https://doi.org/10.1016/j.ultrasmedbio.2021.04.028
https://doi.org/10.1016/j.exger.2020.110834
https://doi.org/10.1249/MSS.0b013e31818cb278
https://doi.org/10.1016/j.jbiomech.2023.111878
https://doi.org/10.1016/j.jbiomech.2023.111878
https://doi.org/10.1002/jcsm.12347
https://doi.org/10.3389/fphys.2023.1272106
https://doi.org/10.3389/fphys.2023.1272106
https://doi.org/10.1002/jor.23664
https://doi.org/10.1109/TBME.2014.2322864
https://doi.org/10.1249/MSS.0000000000002523
https://doi.org/10.1249/MSS.0000000000002523
https://doi.org/10.1038/s41598-020-59267-x
https://doi.org/10.1038/s41598-020-59267-x
https://doi.org/10.1152/japplphysiol.00363.2020
https://doi.org/10.3389/fspor.2021.671248
https://doi.org/10.1007/s00415-018-9037-y
https://doi.org/10.1002/ca.23314
https://doi.org/10.7717/peerj.2260
https://doi.org/10.7717/peerj.2260
https://www.R-project.org/
https://doi.org/10.1109/EMBC48229.2022.9871352
https://doi.org/10.1002/jcsm.12172
https://doi.org/10.1037/0033-2909.86.2.420
https://doi.org/10.1002/jum.15490
https://doi.org/10.1002/jum.15490
https://doi.org/10.1016/j.media.2016.06.011
https://doi.org/10.1016/j.media.2016.06.011
https://doi.org/10.1016/j.jbiomech.2023.111567
https://doi.org/10.1016/j.jbiomech.2023.111567
https://doi.org/10.1111/joa.13565
https://doi.org/10.1111/joa.13565

	Assessment of Lower Limb Muscle Volume Using 3D Ultrasonography: Validity and Reliability Compared to MRI
	Abstract
	Introduction 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Participants and Study Design
	MRI
	3D Ultrasonography
	Phantoms
	Statistics

	Results
	Test–retest Reliability Analysis
	Inter-rater Reliability Analysis
	Comparability Analysis

	Discussion
	Test–retest Reliability
	Inter-rater Reliability
	Comparability

	Limitations
	Conclusion
	References


