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Quantitative ultrasonography of the foot muscles: a 
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Background: Quantitative ultrasound imaging is a popular technique to assess the structural properties of 
the intrinsic and extrinsic foot muscles. Although several studies examined test-retest reliability, specific gaps 
remain in assessing inter-rater reliability, particularly distinguishing between image acquisition and muscle 
measurement. Additionally, these studies utilized equipment that may not be generalizable across both 
clinical and research settings and often involved small sample sizes without prior sample size calculations. 
This study aimed to investigate test-retest reliability as well as global and measurement-based inter-rater 
reliability (MIRR) using a low-end ultrasound device to measure intrinsic and extrinsic foot muscle sizes.
Methods: This prospective reliability study included 21 active individuals. Five intrinsic muscles [abductor 
hallucis (AbH), flexor digitorum brevis (FDB), flexor hallucis brevis (FHB), quadratus plantae (QP), abductor 
digiti minimi (AbDM)], and three extrinsic muscles [peroneal (PER), flexor digitorum longus, tibialis anterior 
(TA)] were scanned. Three investigators independently acquired images on two occasions and measured cross-
sectional area (CSA) and thickness in September and October 2023. Participants were assessed either at the 
Musculoskeletal Research Group laboratory (University of Leuven, Bruges) or in the Rehabilitation Sciences 
laboratory (Ghent University hospital). Test-retest (same investigator, one week in between), global inter-rater 
(each investigator measures own image set) and MIRR (three investigators measure one image set) was performed 
following intra-class correlation, standard error of the measurement (SEM) and coefficient of variation.
Results: Test-retest reliability showed intraclass-correlation coefficients of 0.60–0.88 for the FDB and 
0.38–0.73 for the TA. SEM ranged from 0.16 to 0.41 cm2 (CSA) and from 0.05 to 0.31 cm (thickness) for the 
intrinsic, while they ranged from 0.19 to 1.13 cm2 and from 0.12 to 0.44 cm for the extrinsic muscles. Global 
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Introduction

With each foot strike in locomotion, elastic energy is stored 
and released through deformation of the medial foot arch (1),  
regulated by the intrinsic (IFM) and extrinsic (EFM) 
foot muscles (2,3). The IFM are small muscles with short 
moment arms that act as local foot stabilizers, helping to 
maintain foot posture and control foot deformation (4). 
Additionally, they work alongside the plantar aponeurosis to 
regulate foot stiffness during running (5). The EFM, on the 
other hand, originate from the lower leg and attach to the 
foot via long tendons, making them global foot movers (4).

IFM and EFM size and strength can be decreased in 
various disorders such as hallux valgus and diabetes (6,7), 
and in older people (8). Therefore, researchers and health 
care professionals aim to quantitatively evaluate IFM and 
EFM strength. However, isolating the contributions of 
each muscle in global toe and ankle strength is impossible 
with direct assessments such as dynamometry (9,10). 
Consequently, imaging techniques are typically employed 
as indirect means of quantitative assessment, with magnetic 
resonance imaging as the golden standard (11,12). However, 
it is costly and generally poorly accessible. Alternatively, 
two-dimensional ultrasound imaging (USI) is frequently 
used for assessing the structural properties of both IFM and 
EFM (13-16). The measurements obtained with USI are 
highly similar to those obtained with magnetic resonance 
imaging, with correlations superior to 0.9 (17).

Several studies showed good reliability when quantitatively 
evaluating cross-sectional area (CSA) and dorso-plantar 

thickness of various IFM (11,13,17,18) and EFM (18-25).  
Nonetheless, some aspects need to be considered in 
quantitative ultrasound: Firstly, USI reliability is susceptible 
to variation in how the image is acquired and then how the 
measurement is performed. This applies to conditions where 
there is a repeated measure design including individual 
therapists separately; however, the situation becomes even 
more complex when USI evaluations are performed across 
different observers. Therefore, inter-rater reliability can 
be fragmented into two aspects: the measurement-based 
inter-rater reliability (MIRR) and the global inter-rater 
reliability (GIRR). The MIRR emphasizes the reliability 
of the image measurement process itself, regardless of who 
acquired the images. The MIRR has, to our knowledge, 
only been studied for the tibialis anterior (TA) (20). The 
GIRR replicates clinical contexts, where health care 
professionals independently acquire and measure images. To 
our knowledge, GIRR has been reported for the abductor 
hallucis (AbH), flexor digitorum brevis (FDB), quadratus 
plantae (QP), TA and peroneal (PER) muscles (23,26-28), 
but is lacking regarding the abductor digiti minimi (AbDM), 
flexor hallucis brevis (FHB) and flexor digitorum longus 
(FDL). Secondly, it is important to note that the majority 
of these studies utilized high-end USI devices (12,23,26), 
a factor that limits the generalizability of their findings to 
lower-end devices. The cost of USI equipment has been 
stated to directly relate to the attained images resolution and 
quality (29). This therefore indicates that a high-resolution 
ultrasonography machine produces higher quality images, 
which are more easily interpreted, especially on small 

inter-rater correlation coefficients varied between 0.4 and 0.8 for the AbH and FDB. Measurement based 
inter-rater correlation coefficient varied between 0.50 and 0.96 for AbH, FDB, TA and PER muscles. SEM 
ranged from 0.14 to 0.89 cm2 (CSA) and from 0.07 to 0.24 cm (thickness) for the intrinsic, while they ranged 
from 0.29 to 0.85 cm2 (CSA) and from 0.12 to 0.51 cm (thickness) for the extrinsic muscles. Coefficients of 
variations were between 4% and 34%. For test-retest, they were consistently ≤10% for AbH thickness, FDB 
CSA, FHB and TA. FDB coefficients of variation were ≤10% across all inter-rater reliabilities.
Conclusions: Most muscles demonstrated moderate to excellent test-retest reliability using a portable 
ultrasound device, supporting its generalizability. However, the greater variability in global inter-rater 
reliability suggests substantial variation during image acquisition. The same clinician should perform pre-
intervention and follow-up assessments to minimize errors. If different clinicians are involved, caution is 
needed when comparing measurements.
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structures, such as the IFM. Moreover, time constraints 
during image acquisition are rarely discussed in literature. 
Nevertheless, this represents a significant challenge which 
clinicians daily face, that could affect the reliability of USI. 

Thirdly, it is worth highlighting that only a single study 
mentioned an a priori sample size calculation (30), and that 
some of the aforementioned studies adopted small sample 
sizes of approximately 10 participants, raising concerns 
about the generalizability of their results (19,22-25). As 
last consideration, intra-class correlation coefficients (ICC) 
and standard error of the measurement (SEM) are common 
reliability metrics. However, there are several ways to calculate 
ICC and SEM, depending on the study design of the reliability 
study and the future use of the device in actual practice (31).  
Some of the published USI reliability studies used inappropriate 
calculations (11,17,19,20,22-24,27,28,30,32), which can lead to 
overestimations (31).

While USI is a promising tool for assessing IFM 
and EFM size, attention must be paid to study design, 
equipment quality and sample size to ensure reliable 
and generalizable results. Therefore, the objectives of 
this reliability study were: to determine the test-retest 
reliability of IFM and EFM measurements using a low-
end USI device, and to report the inter-rater reliability 
spanning from MIRR and GIRR. We present this article in 
accordance with the GRRAS reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/
qims-24-1309/rc) (33).

Methods

Participants

The sample size was estimated based on the lookup table 
published by Borg [2022] (34). AbH and PER CSA were 
the primary quantitative outcomes of this study, because 
they are respectively the biggest foot and lower leg muscles 
assessed in the frame of this study. Based on previous 
ICC for these muscles ranging between 0.90 and 0.99, 
an ICC confidence interval width of 0.15 (19,26,30,35), a 
significance level of 5% and a power of 80% and 10% drop 
out, a sample size of 21 participants was deemed sufficient.

A convenience sample (non-probabilistic method) of 21 
asymptomatic recreationally active adults was recruited at 
our two university campuses. “Recreationally active” was 
defined as the practice of at least 20 minutes of physical 
activity a day, at least three times a week. Exclusion criteria 
were foot deformities, neurological, musculoskeletal, or 

systemic diseases, pregnancy, lower limb injury or surgery 
in the 6 months prior participation, and if participants 
reported recent ankle or foot pain.

Each participant signed the informed consent form. 
This study was approved by the Ethical Committees 
of UZ/KU Leuven (No. S67722) and UZ Ghent (No. 
B6702023000319). The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013).

Measures and procedures

In this study, each participant was assessed twice either in 
Bruges at the Musculoskeletal Research Group laboratory 
(University of Leuven) or in the university hospital of Ghent 
at the Rehabilitation Sciences laboratory (Ghent University), 
exactly 7 days apart, respectively session 1 and session 2 
(Figure 1). During session 1, demographic data were collected 
including age, weight, height, sex, shoe size and dominant 
foot. Participants completed the Foot and Ankle Outcome 
Score (FAOS) and Baecke questionnaire. The FAOS is a self-
reported questionnaire assessing the functional status related 
to ankle and foot conditions (36,37). Each subscale is scored 
from 0 to 100, with 0 indicating extreme problems and 100 
indicating no problems. The Baecke questionnaire assesses 
physical activity levels in individuals. This questionnaire 
gathers information on various domains of physical activity, 
including work-related activities, sports, and leisure-time 
activities (38,39). Furthermore, the six items of the Foot-
Posture-Index score were determined by agreement between 
the investigators (40), and navicular drop was calculated 
between sit to bipedal stance by one investigator (N.H.) (41). 
This allowed to describe foot posture as this may have an 
effect on foot muscle sizes (42).

During the two sessions, images of IFM and EFM of 
the dominant foot were collected using a low-end portable 
USI system with a 5–12 MHz 40 mm broadband linear 
array probe (MicrUs EXT-1H, Telemed UAB, Lithuania). 
Three musculoskeletal physiotherapists (N.H., J.L.P.D. 
and V.S.) independently acquired muscle images with a 
time constraint of 20 to 30 minutes during the months of 
September and October 2023. The three investigators had 
varying USI and clinical experiences: V.S. (30 years, MSc, 
PhD, 3-year clinical experience) had 3 years of scanning 
experience while N.H. (25 years, MSc, 1-year clinical 
experience) and J.L.P.D. (26 years, MSc, 1-year clinical 
experience) had both 1-year scanning experience. The 
three investigators conducted several pilot testing sessions 
together to ensure consistency in the protocol (Figure 1).

https://qims.amegroups.com/article/view/10.21037/qims-24-1309/rc
https://qims.amegroups.com/article/view/10.21037/qims-24-1309/rc
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Figure 1 Study set up depicting the acquisition and measurement processes to obtain the three reliability types. Test-retest reliability was 
calculated for each investigator between day 0 and day 7. The grey zone indicates the measurements used to calculate GIRR and MIRR: 
GIRR compares the measurements done the investigators on their own images and MIRR compares for each of the three image sets the 
measurements of the three investigators. GIRR, global inter-rater reliability; MIRR, measurement-based inter-rater reliability.

The scanning protocol was adapted from previous studies 
and conducted with the participants lying on their back 
(i.e., relaxed and non-weight bearing position) (19,22,43). A 
summary of probe positions and sample images is available 
in Figure 2. Each investigator independently acquired 
transverse (short-axis) and longitudinal (long-axis) images 
of five IFM (AbH, FDB, FHB, QP, AbDM) and three EFM 
(PER, FDL and TA). Transverse imaging of the FHB was 
not possible due to the indefinite appearance of this muscle 
in the frontal plane. Longitudinal imaging of the TA was 
not possible as the muscle did not consistently fit within 
the USI display. The depth, focal point, frequency, and 
gain were adjusted for each participant and each muscle 
to optimize quality of image capturing. In case of doubt, 
subjects were instructed to perform specific movements 
to elicit muscular contraction, aiding the investigator 
in identifying muscle borders. These contractions were 
brief and performed without resistance to minimize the 
risk of fluid shifts significantly affecting muscle size. For 
each muscle, its relaxed state was captured in a cine-loop 
lasting up to 5 seconds. The investigator then saved a 
single image, before scanning the next muscle view. Muscle 
size measurement was performed in the days following 
image acquisition to avoid recall bias. During this step, 

investigators were blinded to participant information and 
to the measurements taken by other investigators. For the 
GIRR, each investigator individually measured muscle 
sizes using their own set of acquired images. For the 
MIRR, muscle measurement was performed by the three 
investigators on the image set acquired by one investigator. 
The image sets were taken from the second session and 
were measured using still images in Image J software 
(National Institute for Health, Bethesda, MD, USA). 
Previous studies used this software to measure muscle CSA 
and thickness from ultrasound images and demonstrated 
excellent reliability (19,22,44). Transverse-view and 
longitudinal-view images were respectively used to obtain 
CSA (cm2) and thickness (cm). Thickness was averaged 
from three measurements at the thickest part of the muscle 
on the image. 

Statistical analysis

Statistical analyses were performed in SPSS for Windows 
v27 (IBM SPSS Inc. Chicago, IL, USA). Means and standard 
deviations were reported for age, height, weight, shoe size, 
navicular drop, FAOS, Baecke questionnaire and muscle 
measurements. Foot posture index scores were interpreted 
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Figure 2 Summary of probe positions with sample images. Probe position during acquisition of transverse (red) and longitudinal (blue) 
images of the intrinsic and extrinsic foot muscles. The following landmarks were used during the acquisition: abductor hallucis was scanned 
on a vertical line passing in front of the medial malleolus; FDB was scanned on a line passing through the third toe and the medial tubercle 
of the calcaneus; QP was scanned more medial than the scanning zone of FDB and near the talo-calcaneo-navicular joint; abductor digiti 
minimi was scanned between lateral tuberosity of the calcaneus and tuberosity of the 5th metatarsal; flexor hallucis brevis was scanned on a 
line parallel to the muscle orientation, i.e., medio-plantar face of the first metatarsal bone; peroneus brevis and longus were scanned together 
at the mid-distance between the fibular head and the lateral malleolus; tibialis anterior was scanned at 20% of the distance between the 
fibular head and the two malleolus; flexor digitorum longus was scanned at mid-distance between the medial tibial plateau and the medial 
malleolus. FDB, flexor digitorum brevis; QP, quadratus plantae.
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Fl
ex

or
 d

ig
ito

ru
m

 
lo

ng
us

Ti
bi

al
is

 a
nt

er
io

r
P

er
on

eu
s 

lo
ng

us
 

+
 b

re
vi

s
Fl

ex
or

 h
al

lu
ci

s 
br

ev
is

A
bd

uc
to

r 
di

gi
ti 

m
in

im
i

Q
ua

dr
at

us
 

pl
an

ta
e

Fl
ex

or
 d

ig
ito

ru
m

 
br

ev
is

A
bd

uc
to

r 
ha

llu
ci

s



Haelewijn et al. Comprehensive view on foot muscle ultrasound reliability208

© AME Publishing Company.   Quant Imaging Med Surg 2025;15(1):203-216 | https://dx.doi.org/10.21037/qims-24-1309

as neutral (between 0 and 5), pronated (higher than 5), 
extremely pronated (higher than 9), supinated (lower than 0) 
and extremely supinated (lower than −4) (40,45).

ICC and corresponding 95% confidence intervals were 
calculated. According to McGraw and Wong convention, 
test-retest reliability was calculated as single measure, 
absolute agreement, two-way mixed model while GIRR 
and MIRR were calculated using single measure, absolute 
agreement, two-way random effects model. These use the 
same formula and referred to as ICC2,1 in Shrout and Fleiss 
convention (Eq. [1]), but the interpretation of their results 
is different (31):

( ) ( )1

MSR MSE
kMSR k MSE MSC MSE
n

−

− + −
 

[1]

Where MSR is the mean square rows, MSE is the mean 
square error, MSC is the mean square columns, k is the 
number of raters (=3) and n the number of participants (=21). 
The scanning resulted in three sets of images (one per 
investigator). Test-retest reliability was considered between 
the two sessions held one week apart. For inter-rater, only 
the images of the second session were used. GIRR was 

calculated with each investigator measuring muscle sizes on 
their own images and MIRR was obtained with the three 
investigators interpreting muscle sizes on USI images on 
one image set. Therefore, three test-retest and three MIRR 
were obtained for each muscle. ICC were interpreted as 
follow: <0.5 poor, ≥0.5 to <0.75 moderate, ≥0.75 to <0.9 
good, ≥0.9 excellent (31). SEM, agreement (SEMagreement) 
were then calculated (Eq. [2]) (46):

( )2 2
agreement Ip residualSEM σ σ= +  [2]

Where σ2 is the variance, “IP” the interaction between 
the investigators and the participants and “residual” refers 
to the error.

The coefficient of variation (CV) was calculated for 
the three reliability types. The CV of the “i”th triplet 
of measurements (i.e., the measurements of the three 
investigators) is given by (Eq. [3]) (47):

100%, wherei i
i

i

CV SDCV CV
n x

= × =∑
 

[3]

Where n is the number of participants (=21), CV the 
coefficient of variation, x the mean of the measurements, 
SD the standard deviation and i refers to one “i”th triplet of 
measurements.

Results 

The 21 participants were scanned for the five IFM and 
three EFM by the three investigators on two occasions, 
as per protocol. This included 10 participants recruited 
from the Bruges campus of KU Leuven University and  
11 participants from the University Hospital of Ghent.

Descriptive characteristics are available in Table 1. 
Participants were young adults, with an even distribution 
between males and females. Five participants had a pronated 
foot (23.8%), five participants (23.8%) had a supinated foot. 
The remaining eleven participants had a neutral foot (52.4%). 
All were physically active and pain free, as confirmed by 
the Baecke and FAOS scores. No significant differences in 
participant demographics were observed between the two 
scanning sites, ensuring consistency in the sample.

Test-retest reliability

CSA
Test-retest reliability (Table 2) between sessions 1 and 2 was 
moderate to good for the three investigators for AbH (ICC, 

Table 1 Participant characteristics (n=21)  

Variable Values

Age (years) 25.9±2.47

Sex (male/female) 10/11

Body weight (kg) 70.68±12.29

Height (m) 1.76±0.09

Shoe size (European) 40.2±3.08

Dominant foot, right 18 (85.7)

Foot Posture Index (−12 to 12 score) 4±2.5

Neutral 11 (52.4)

Pronated 5 (23.8)

Extremely pronated 0

Supinated 5 (23.8)

Extremely supinated 0

Navicular drop (mm) 5.2±1.1

Baecke questionnaire 10.02±1.72

Foot and Ankle Outcome Score 96.16±3.35

Data are presented as mean ± standard deviation or number of 
participants (%). 
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Table 2 Test-retest reliability with mean muscle size

Muscle 

type
Name Measure

Investigator 1 Investigator 2 Investigator 3

Size,  

mean (SD)

ICC  

(95% CI)

CV  

(%)
SEM

Size,  

mean (SD)

ICC  

(95% CI)

CV  

(%)
SEM

Size,  

mean (SD)

ICC  

(95% CI)

CV  

(%)
SEM

Intrinsic 

foot 

muscles 

AbH CSA, cm2 2.4 (0.69) 0.78  

(0.53–0.9)

10 0.29 2.5 (0.69) 0.86  

(0.42–0.95)

10 0.27 2.65 (0.73) 0.53  

(0.15–0.78)

12 0.41

Thickness, cm 1.08 (0.2) 0.68  

(0.36–0.86)

9 0.11 1.17 (0.22) 0.78  

(0.54–0.9)

6 0.11 1.22 (0.18) 0.51  

(0.1–0.77)

8 0.14

FDB CSA, cm2 2.03 (0.47) 0.88  

(0.74–0.95)

7 0.16 2.2 (0.5) 0.85  

(0.67–0.94)

6 0.18 2.02 (0.42) 0.81  

(0.58–0.92)

7 0.19

Thickness, cm 1.04 (0.22) 0.6  

(0.23–0.82)

11 0.15 1.02 (0.19) 0.8  

(0.57–0.92)

6 0.09 1.04 (0.18) 0.79  

(0.54–0.91)

7 0.09

QP CSA, cm2 0.88 (0.26) 0.68  

(0.37–0.86)

19 0.17 1.24 (0.55) 0.75  

(0.48–0.89)

18 0.26 1.44 (0.33) 0.6  

(0.23–0.82)

15 0.24

Thickness, cm 0.6 (0.13) 0.87  

(0.7–0.94)

7 0.05 0.69 (0.18) 0.51  

(0.1–0.77)

16 0.13 0.83 (0.14) 0.74  

(0.46–0.89)

7 0.07

AbDM CSA, cm2 1.52 (0.46) 0.28  

(0–0.6)

18 0.36 1.57 (0.34) 0.18  

(0–0.56)

16 0.31 1.04 (0.22) 0.56  

(0.19–0.79)

10 0.19

Thickness, cm 0.7 (0.23) 0.66  

(0.33–0.85)

15 0.13 0.9 (0.23) 0.29  

(0–0.64)

14 0.17 0.92 (0.21) 0.82  

(0.6–0.92)

9 0.09

FHB Thickness, cm 1.78 (0.35) 0.06  

(0–0.47)

10 0.31 1.55 (0.22) 0.79  

(0.54–0.91)

5 0.11 1.49 (0.21) 0.5  

(0.1–0.76)

8 0.16

Extrinsic 

foot 

muscles 

PER CSA, cm2 5.35 (1.4) 0.32  

(0–0.66)

17 1.13 3.97 (1.01) 0.83  

(0.64–0.93)

9 0.44 4.29 (1.05) 0.79  

(0.53–0.91)

7 0.46

Thickness, cm 2.45 (0.58) 0.21  

(0–0.58)

14 0.44 1.77 (0.35) 0.55  

(0.15–0.79)

9 0.22 2.02 (0.41) 0.79  

(0.55–0.91)

7 0.17

FDL CSA, cm2 1.75 (0.61) 0.18  

(0–0.56)

20 0.46 1.76 (0.4) 0.58  

(0.23–0.8)

9 0.25 1.55 (0.35) 0.71  

(0.41–0.87)

10 0.19

Thickness, cm 1.12 (0.36) 0.75  

(0.48–0.89)

14 0.18 1.06 (0.17) 0.6  

(0.23–0.81)

9 0.12 1.74 (0.23) 0.02  

(0–0.45)

12 0.26

TA Thickness, cm 2.55 (0.47) 0.38  

(0–0.69)

10 0.36 2.42 (0.32) 0.67  

(0.35–0.85)

7 0.21 2.34 (0.37) 0.73  

(0.45–0.88)

6 0.19

Mean and SD muscle sizes were calculated from the second day of scanning. Negative lower ends of ICC confidence intervals were adjusted to zero. SD, 

standard deviation; ICC, intraclass correlation coefficients; CI, confidence interval; CV, coefficient of variation; SEM, standard error of the measurement; AbH, 

abductor hallucis; FDB, flexor digitorum brevis; QP, quadratus plantae; AbDM, abductor digiti minimi; FHB, flexor hallucis brevis; PER, peroneal; FDL, flexor 

digitorum longus; TA, tibialis anterior; CSA, cross-sectional area.

0.53–0.86), FDB (ICC, 0.81–0.88), and QP (ICC, 0.6–0.75). 
Estimated ICC were good in two investigators for PER 
(0.79–0.83). Estimated ICC were poor to moderate in all three 
investigators for AbDM and FDL. CV were lower or equal 
to 10% for the three investigators for FDB, and the other 
measurements had CV lower than 20%. SEM of the IFM 
ranged from 0.16 to 0.36 cm2 for rater 1, from 0.18 to 0.31 cm2 
for rater 2, and from 0.19 to 0.41 cm2 for rater 3. SEM of the 
EFM ranged from 0.46 to 1.13 cm2 for rater 1, from 0.25 to 
0.44 cm2 for rater 2, and from 0.19 to 0.46 cm2 for rater 3.

Thickness
Test-retest reliability (Table 2) between sessions 1 and 2 was 
moderate to good in the three investigators for AbH (ICC, 
0.51–0.78), FDB (ICC, 0.6–0.8), and QP (ICC, 0.51–0.87). 
Estimated ICC were reported to be poor in at least one 
investigator for AbDM, FHB, PER, and TA. CV were 
lower or equal to 10% for the three investigators for AbH, 
FHB and TA, and the other measurements had CV lower 
than 16%. SEM of the IFM ranged from 0.05 to 0.31 cm 
for rater 1, from 0.09 to 0.17 cm for rater 2, and from 0.07 
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to 0.16 cm for rater 3. SEM of the EFM ranged from 0.18 
to 0.44 cm for rater 1, from 0.12 to 0.22 cm for rater 2, and 
from 0.17 to 0.26 cm for rater 3.

Inter-rater reliability

CSA
GIRR (Table 3) was good for FDB (ICC =0.80) and moderate 
for AbH (ICC =0.74). Inter-rater reliability of the other 

muscles was poor. The CV were lower than 10% for FDB, 
and lower or equal to 20% for AbH, PER, and FDL. It 
reached 30% for QP. SEM of the IFM ranged from 0.21 to 
0.43 cm2, while SEM of EFM ranged from 0.39 to 0.99 cm2.

MIRR (Table 3) was good to excellent for the three image 
sets for AbH (ICC, 0.80–0.96) and FDB (ICC, 0.81–0.93), 
and moderate to good for PER (ICC, 0.67–0.81). MIRR 
was poor to moderate in the three image sets for QP (ICC, 
0.32–0.54) and FDL (ICC, 0.24–0.59). CV was lower or 

Table 3 GIRR and MIRR

Muscle type Name Measure

GIRR
MIRR  

(image set investigator 1)

MIRR  

(image set investigator 2)

MIRR  

(image set investigator 3)

ICC  

(95% CI)
CV (%) SEM

ICC  

(95% CI)
CV (%) SEM

ICC  

(95% CI)
CV (%) SEM

ICC  

(95% CI)
CV (%) SEM

Intrinsic foot 

muscles 

AbH CSA, cm2 0.74  

(0.54–0.87)

12 0.37 0.88  

(0.77–0.94)

8 0.24 0.96  

(0.91–0.98)

5 0.14 0.80  

(0.64–0.91)

10 0.89

Thickness, cm 0.4  

(0.14–0.65)

12 0.16 0.67  

(0.44–0.83)

7 0.12 0.89  

(0.79–0.95)

4 0.07 0.76  

(0.58–0.88)

5 0.1

FDB CSA, cm2 0.8  

(0.61–0.91)

9 0.21 0.81  

(0.66–0.91)

7 0.21 0.92  

(0.82–0.96)

6 0.15 0.93  

(0.87–0.97)

5 0.33

Thickness, cm 0.69  

(0.48–0.85)

9 0.3 0.69  

(0.48–0.85)

8 0.13 0.67  

(0.45–0.84)

6 0.1 0.49  

(0.23–0.73)

8 0.14

QP CSA, cm2 0.28  

(0.03–0.56)

31 0.41 0.32  

(0.06–0.6)

26 0.35 0.51  

(0.22–0.75)

23 0.34 0.54  

(0.28–0.76)

21 0.32

Thickness, cm 0.17  

(0–0.44)

22 0.47 0.51  

(0.24–0.74)

15 0.14 0.32  

(0.07–0.59)

16 0.13 0.03  

(0–0.29)

18 0.18

AbDM CSA, cm2 0.12  

(0–0.36)

26 0.43 0.91  

(0.76–0.96)

8 0.14 0.46  

(0.19–0.7)

15 0.26 0.46  

(0.2–0.7)

15 0.22

Thickness, cm 0.3  

(0.06–0.58)

22 0.58 0.61  

(0.35–0.8)

15 0.14 0.50  

(0.24–0.73)

16 0.2 0.53  

(0.28–0.75)

16 0.17

FHB Thickness, cm 0.1  

(0–0.37)

13 0.29 0.47  

(0.21–0.71)

6 0.24 0.76  

(0.55–0.89)

5 0.11 0.6  

(0.36–0.8)

9 0.24

Extrinsic 

foot 

muscles 

PER CSA, cm2 0.48  

(0.11–0.75)

18 0.99 0.67  

(0.32–0.85)

15 0.85 0.81  

(0.62–0.92)

12 0.5 0.76  

(0.41–0.9)

11 0.58

Thickness, cm 0.37  

(0.05–0.66)

18 0.45 0.65  

(0.38–0.83)

10 0.33 0.50  

(0.24–0.73)

8 0.51 0.82  

(0.67–0.91)

7 0.2

FDL CSA, cm2 0.32  

(0.06–0.6)

20 0.39 0.35  

(0.08–0.62)

20 0.5 0.24  

(0–0.54)

18 0.47 0.59  

(0.35–0.79)

13 0.29

Thickness, cm 0  

(0–0.12)

34 0.46 0.14  

(0–0.41)

22 0.31 0.06  

(0–0.27)

30 0.41 0.05  

(0–0.27)

28 0.45

TA Thickness, cm 0.35  

(0.09–0.62)

11 0.33 0.7  

(0.5–0.85)

7 0.23 0.88  

(0.77–0.95)

4 0.12 0.75  

(0.51–0.89)

5 0.2

Mean and SD muscle sizes were calculated from the second day of scanning. Negative lower ends of ICC confidence intervals were adjusted to zero. GIRR, 

global inter-rater reliability; MIRR, measurement-based inter-rater reliability; ICC, intraclass correlation coefficients; CI, confidence interval; CV, coefficient 

of variation; SEM, standard error of the measurement; AbH, abductor hallucis; FDB, flexor digitorum brevis; QP, quadratus plantae; AbDM, abductor digiti 

minimi; FHB, flexor hallucis brevis; PER, peroneal; FDL, flexor digitorum longus; TA, tibialis anterior; CSA, cross-sectional area.
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equal to 10% for AbH and FDB. It was lower or equal to 
20% for AbDM, PER and FDL. SEM of the IFM ranged 
from 0.14 to 0.89 cm2, while SEM of EFM ranged from 0.29 
to 0.85 cm2.

Thickness
GIRR (Table 3) was moderate for FDB (ICC =0.69). It was 
poor for the other muscles. The CV was lower than 10% 
for FDB, and lower than 20% for AbH, FHB, PER, TA. It 
reached 30% for FDL. SEM of the IFM ranged from 0.16 to 
0.58 cm, while SEM of EFM ranged from 0.29 to 0.45 cm.

MIRR (Table 3) was moderate to good for AbH (ICC, 
0.67–0.89), PER (ICC, 0.50–0.82), and TA (ICC, 0.70–
0.88). MIRR was poor to moderate for FDB (ICC, 0.49–
0.69), QP (ICC, 0.03–0.51) and AbDM (ICC, 0.50–0.61). 
Poor reliability was found for FDL (ICC, 0.05–0.14). CV 
was lower than 10% for the three image sets for AbH, FDB, 
FHB, PER, and TA. It was lower than 20% for AbDM and 
QP. SEM of the IFM ranged from 0.12 to 0.18 cm, while 
SEM of EFM ranged from 0.11 to 0.33 cm.

Discussion

Quantitative ultrasound is frequently used in research and 
health-care contexts to measure the sizes of IFM and EFM, 
including in patients with hallux valgus (6,48), painful pes 
planus (49), chronic ankle instability (15), and diabetic 
neuropathy (7,50). This study aimed to determine its test-
retest and inter-rater reliability in comparable settings using 
a low-end USI device. For the majority of the muscles, we 
demonstrated moderate to good test-retest reliability, poor 
to good GIRR, and poor to excellent MIRR.

Test-retest reliability was moderate to good for the three 
investigators for the CSA and thickness of AbH, FDB and 
QP in our study. For the other measures, at least two of the 
three investigators of our study had moderate or good ICC, 
except for AbDM CSA where two investigators had poor 
reliability. These findings thus differ from previous studies 
which consistently reported good to excellent test-retest 
reliability for IFM and EFM sizes (17,18,21,22,27,28,30), 
and moderate to excellent reliability for TA thickness 
(20,21). Still, at least two of the three investigators of our 
study had moderate or good ICC for a given structure, 
except for AbDM CSA where two investigators had poor 
reliability. To our knowledge, this is the first report of 
IFM or EFM test-retest reliability involving two or more 
raters who all performed both the image acquisition and 
the measurement. Indeed, in previous test-retest studies 

that involved 2 or 3 raters, the investigators did the image 
acquisition once and then performed the measurement 
twice on that image (20,26), or were limited to pathological 
populations (24). Selecting three raters is also in accordance 
with guidelines published by Koo & Li (31).

MIRR was good to excellent for the three image sets for 
the CSA of AbH and FDB, and at least moderate for the 
thickness of AbH, AbDM, TA, and PER CSA and thickness. 
This aligns with a previous study reporting moderate to 
excellent MIRR for TA thickness (ICC, 0.64–0.99) (20).

Moderate to good GIRR was found for AbH CSA, FDB 
CSA, and FDB thickness. Previous GIRR results have 
varied from moderate to excellent for IFM and EFM, with 
moderate GIRR reported for AbH, FDB, and QP thickness 
(23,26). As expected, GIRR was generally worse compared 
to MIRR. Differences between investigators become more 
pronounced when both acquisition and measurement 
are done individually, suggesting that scanning is more 
dependent on the investigator, while measurements in 
Image J are easier to standardize due to agreed guidelines 
and well-defined muscle borders. This standardization is 
facilitated by several factors: the controlled environment 
in which image evaluation is often performed minimizes 
external  variabi l i ty ;  software tools  can automate 
measurement processes, ensuring consistent results; and 
defined protocols for evaluation provide clear steps that can 
be universally applied. The availability of reference images 
for comparison also aids standardization, as raters can 
align their measurements against established benchmarks. 
Additionally, training and calibration focused on evaluation 
techniques can help standardize the process across different 
raters, while consensus processes allow for collaborative 
assessment of images, further enhancing reliability. 
Clinicians should therefore be cautious when comparing 
muscle sizes acquired by different peers. Similarly to MIRR, 
previous GIRR results have been reported to vary from 
moderate to excellent for IFM and EFM. More particularly, 
Battaglia et al. reported moderate GIRR for the thicknesses 
of AbH, FDB and QP (26). Our study is the first to 
investigate GIRR for FHB, AbDM, and FDL, showing 
poor reliability which needs to be interpreted cautiously 
until confirmation by future studies using similar low-end 
USI devices.

While ICC is a relative estimate of reliability providing 
insights on individuals maintaining their position in a 
sample over repeated measurement, CV and SEM are 
absolute estimates of reliability which express the variety of 
repeated measurements for an individual (47). According to 
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Hopkins et al., CV equal or lower than 10% are considered 
reasonable (51). Therefore, the CV we obtained align well 
with the moderate to good test-retest, MIRR and GIRR 
ICC of AbH and FDB. Although an acceptable CV was 
generally associated with a moderate or good ICC, this was 
not always true as for example test-retest ICC of FHB and 
TA were poor for one of the investigators with a CV equal 
to 10%. CV related to GIRR were overall not acceptable, 
whereas CV of MIRR reached 5% for many structures.

We also calculated SEMagreement, an outcome quantifying 
the uncertainty associated with USI measurements. SEM 
values indicate how representative the measured size is of the 
true size, with smaller SEM indicating that the measured size 
is more likely to be representative of the true size, increasing 
confidence in clinical decisions. In this study, SEMagreement 
ranged from 0.12 to 0.89 cm2 for CSA and from 0.05 to  
0.58 cm for thickness of IFM. For EFM, SEM values ranged 
from 0.19 to 1.13 cm2 for CSA and from 0.11 to 0.51 cm for 
thickness. These values are comparable to some previous 
studies for test-retest (27), and inter-rater reliability (24,27). 
Although others reported impressive SEM values, lower than 
a millimetre (17,20,24,25,30). Consistent with ICC results, 
SEM values were generally higher for GIRR than for MIRR, 
indicating greater variability in more clinically relevant 
settings.

Overall the majority of structures with moderate to 
excellent test-retest reliability highlights its generalizability, 
despite the use of a low-end USI device. However, the 
results obtained for the two perspectives on inter-rater 
reliability should raise the attention of people using USI 
in the intrinsic and extrinsic muscles of the foot. GIRR 
was indeed generally worse compared to MIRR, indicating 
greater variability in more clinically relevant settings. 
Importantly, the poor GIRR observed is not attributable to 
varying levels of scanning or clinical experience, as there 
was no consistency in one rater performing better than 
the other. This highlights that errors can be performed 
during the image acquisition because of the difficulties 
that clinicians face during this process. For example, 
identifying the thickest muscle part of a muscle involves 
subjectivity. On the other hand, measurement in Image J 
is easier to standardize due to agreed guidelines and often 
well-defined muscle borders on the image. Two clinical 
applications related to orthopaedic interventions arise from 
these findings: First, the pre-intervention and follow-up 
assessments of muscle atrophy or hypertrophy in the frame 
of an orthopaedic intervention should be performed by the 
same clinician in order to minimize the sources of errors. 

Second, if the follow-up is performed by another clinician 
than the pre-intervention evaluation, caution is needed 
when comparing muscle sizes acquired by these peers.

The mean muscle sizes for AbH, FDB, and FHB align 
with reference values from a recent systematic review by 
Haelewijn et al. encompassing a large participant pool. This 
emphasises our consistency in the use of the ultrasound 
protocols. For example, our AbH CSA (2.40, 2.50 and 
2.65 cm2) was similar to the reference value (2.43 cm2) 
reported in a cohort of 781 subjects (13). Likewise, mean 
TA thickness (2.34, 2.42, 2.55 cm) also closely matched 
literature values (2.49 cm), while mean AbDM CSA and 
thickness are similar to the values reported by Swanson  
et al. (17), despite another study finding higher values (22).  
AbDM thickness (21,22), QP CSA (13,17), and FDL 
thickness values are in the lower range of what could be 
expected from the literature (25), while mean QP thickness 
values were lower to references values (13). PER CSA and 
thickness values are higher compared to those reported 
elsewhere (approximatively 4 cm2 and 1.4 cm, respectively) 
(19,21,35). FDL CSA values face high discrepancy in 
previous articles (19,20,43), and our results are comparable 
to those of Johnson et al. (25). However, most of the 
aforementioned EFM size estimates are based on few cases 
(i.e., 10 to 28 participants), which may not be enough to 
result in valid norms (19-21,25), or with PER separated into 
longus and brevis (35), which makes comparison difficult.

Differences between our findings and previous studies 
may be due to our attempt to emulate real clinical settings. 
Firstly, the utilization of a low-cost USI device represents a 
notable difference from the methodologies used in previous 
studies (17,19,22,23,26,27). These devices typically provide 
lower image resolution and quality compared to high-
end systems (52). Secondly, our study imposed a limited 
scanning time of 20–30 minutes per individual due to our 
pre-defined schedule, mimicking real-life clinical practice. 
This time constraint may have resulted in the acquisition 
of suboptimal images, as prior studies often do not specify 
such limits and may allow for longer examination times 
to optimize image quality. Also, although we performed 
a cine loop, we only registered a single image per muscle 
for evaluation. In contrast, prior studies may have had the 
opportunity to select multiple or higher-quality images 
for measurement, reducing variability. Lastly, we did not 
calculate the average of several independent measurements, 
which usually results in higher reliability (31).

Our method to calculate ICC and SEM may also have 
influenced reliability estimates. Indeed, the calculation 
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of ICC and SEM vary by model, type, and definition. 
According to Koo and Li (31), test-retest ICC should be 
calculated with “two-way mixed effects” model and “absolute 
agreement” definition. For inter-rater ICC, the model 
depends on the study design and clinical applications, while 
“absolute agreement” definition is preferred. Similarly, 
SEMagreement should be preferred over SEMconsistency, because 
the exact muscle size matters more than the consistent 
differences between measurements (31). This was our 
rational to report “single measures, absolute agreement” 
ICC and SEM, hypothesized to better reflect clinical 
practice (31), while some previous studies used multiple 
measures (25,26,28) or consistency (19,23) models.

Our results should be interpreted in the light of the 
study. Sample size calculation was based on the hypothesis 
that the ICC results would be superior to 0.9. However, 
the reliabilities associated with our primary outcomes 
were lower, and although the selected sample size allowed 
to expect confidence interval widths of less than 0.15, 
this was achieved in only two results. Hence, the desired 
power of this study is not guaranteed. Besides, although 
the investigators performed extended study piloting, they 
had approximately 1 year in USI experience, probably 
influencing the results. Despite these limitations, this study 
enhances our understanding of the generalizability of low-
end USI in measuring IFM and EFM sizes.

Conclusions

This study investigated the reliability of USI for measuring 
IFM and EFM across both clinical and research settings, 
using a low-end device. Our findings indicate moderate 
to good test-retest reliability, poor to good GIRR, and 
poor to excellent MIRR. While test-retest reliability was 
generally favourable, GIRR tended to be lower, suggesting 
greater variability between investigators, particularly in 
image acquisition. Our results emphasize the need for 
caution when comparing muscle sizes acquired by different 
investigators, as variability in image acquisition can 
definitely impact reliability. Clinicians should be mindful of 
these limitations when using USI for muscle size assessment 
and should receive appropriate training. This training 
should transcend the common sources of technical error 
associated to the ultrasound device itself (depth, focus, 
frequency, intensity) by making clinicians aware of the 
intricacies at both the scanning and measurement stages. 
Future studies mimicking clinical settings are an essential 

next step in confirming generalizability of USI.
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