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Abstract
Background

The assessment of leg muscle quality using ultrasound imaging has emerged as a valuable tool for
investigating age-related changes, functional limitations, and health outcomes. However, practical
challenges associated with the availability and cost of accredited sonographers in research settings
underscore the need to explore the proficiency of less experienced operators utilising mobile ultrasound
devices while evaluating intra- and inter-rater reliability. This study aimed to evaluate and compare the
intra- and inter-rater reliability of rectus femoris muscle quality measurements (muscle thickness,
adipose thickness and echo intensity) in healthy older adults, conducted by novice and experienced
raters.

Methods

Twenty healthy older adults (eight women, 12 men, mean age 71.6 + 4.7 years) were included.
Ultrasound images of the left rectus femoris were obtained with participants in the supine position.
Measurements were performed by two novice raters and one experienced sonographer. Intra-class
correlation coefficients (ICCs) were calculated to evaluate intra-rater and inter-rater reliability of echo
intensity and muscle thickness measures. T-tests were conducted to assess differences between
individual raters (experienced rater vs. Novice1; experienced rater vs. Novice2; Novice1 vs. Novice2), and
standard error of the mean (absolute and as a percentage of the mean).

Results

The intra-rater ICC values for all measurements for the experienced rater (ICC all > 0.97) and for novices
(ICC all > 0.96) were excellent. The inter-rater reliability ICC values showed good to excellent reliability
(0.76-0.967) between novice and experienced raters for all measures. Bland-Altman plots showed no
systematic errors in novice vs. expert-obtained measures, confirming novice assessment reliability.
Variation within individual raters across trials was minimal, with coefficients of variation ranging from
1.53% to 4.22% and standard errors of the mean ranging from 0.15 to 0.62% for all variables.

Conclusions

Our findings support using ultrasound imaging to assess morphological leg muscle quality in older
adults, indicating its potential as a reliable and practical tool for routine assessments in various research
and healthcare settings. The observed agreement between novice and experienced raters suggests that
with appropriate training, novice raters can effectively contribute to muscle quality assessments in
research contexts.
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Background

Examining muscle quality (MQ) among older individuals is important for evaluating the ageing process
and its impact on physical functionality (1-4). Muscle quality, delineated as muscle tissue's structural
and compositional attributes, is characterised by muscle size, architecture, and intramuscular adiposity
(5). These characteristics directly influence the functional capacity of muscles (1, 6, 7). Age-related
declines, particularly in lower limb muscle mass and quality (8, 9), correlate with impaired mobility, an
elevated propensity for falls, and a decline in quality of life (10—12). In this regard, assessing lower limb
MQ in older adults is crucial as it may provide valuable prognostic insights into age-related functional
decline and limitations (13—17). Such information can help practitioners design targeted interventions to
improve mobility, mitigate fall risks, and foster health and autonomy in the ageing demographic.

Ultrasound (US) devices have emerged as a commonly used modality for assessing MQ in older adults
(18), and the widespread availability of portable devices has enhanced accessibility for use in research.
Muscle US assessment typically includes several morphological properties, including muscle thickness
(MT), adipose thickness (AT) and echo intensity (El) (19). Muscle thickness and El are pivotal in
evaluating MQ, especially in older adults. While MT provides valuable insights into muscle size and
atrophy (20), El provides insight into muscle composition, with higher values indicative of increased
intramuscular fat and fibrosis, both of which are linked to diminished muscle function and mobility
among elderly individuals (20, 21).

While prior research has demonstrated good intra-rater reliability for US measurements of the rectus
femoris muscle (22) and the anterior thigh (23), no studies have compared the reliability of rectus
femoris MT and EI measurements between novice and experienced raters in healthy older adults. Several
factors influence the reliability of US measures, including the operator's level of experience (24),
between-day fluctuations in El (25), and the method employed (26) (e.g., variations in scanning
techniques and protocols may impact the accuracy and consistency of the results). Additionally,
degradation of MQ can make US assessments difficult for novice investigators. Considering the growing
availability of portable US devices, which may encourage their use by researchers with insufficient
training, the reliability of these measures compared with expert operators must be assessed.

Examining the inter- and intra-rater reliability of muscle US measures between novice and experienced
raters is imperative for upholding the precision and consistency of MQ assessments in research and
clinical settings. A better understanding of the ability of novice raters to evaluate MQ using portable US
devices reliably would potentially enhance the accessibility and support the broader use of these
methods in future research. Therefore, this study aims to investigate and compare the inter- and intra-
rater reliability of US-derived measures of rectus femoris muscle thickness, adipose tissue, and echo
intensity, drawing comparisons between experienced and novice raters.

Methods
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Study overview

A subset of 20 participants was randomly selected from a larger cohort of an exercise study to assess
intra- and inter-reliability in the measurements of El, MT and AT of the left rectus femoris at one
assessment timepoint during their exercise trial (Week 0, Week 6, or Week 13). All participants
underwent an anthropometric (height, weight, waist circumference) and body composition assessment.
Body mass index (BMI) was calculated by dividing body mass by the square of height (kg/m?). Dual-
energy x-ray absorptiometry (Lunar iDXA, GE Healthcare, Madison, WI, USA) was used for body
composition measurements, including fat-free mass, percentage body fat and leg lean mass. All US
assessments were conducted immediately after the DXA scans as the participants were supine and
rested for about 10 minutes. Two novice raters (Novice1 and Novice2) performed one assessment each,
comprising three scans and six pictures by the same novice operator. One experienced rater
(Sonographer with > 10 years of experience; Expert) performed two US assessments, separated by 10
minutes, comprising six images per assessment. Assessments followed the same order: Expert -
Novicel- Novice2 — Expert. Prior to the study, both novice raters had two-hour training sessions with the
Expert until the experienced user was satisfied with their technique. All raters were blinded to each
other's measurements - individual identifiers were assigned to US scans, and a physical curtain was
used to ensure separation between scanners during the scanning process. Independent image analysis
was conducted to prevent bias in the interpretation of results. The study was approved by the University
of the Sunshine Coast Human Research Ethics Committee (approval number S221785) and conducted
following the principles of the Declaration of Helsinki. Participants were only included after providing
signed written informed consent.

Participants

Healthy older adults (n =20 [n =12 men, n = 8 women], average age 71.6 + 4.7 years) with no known pre-
existing medical conditions (e.g., cardiac conditions, mental iliness, cognitive impairment, poor glucose
regulation) were included in this study. Participants were excluded from the study if they reported any
acute or chronic musculoskeletal injury of the lower limb.

Sample size (n = 20) was determined using an estimation-based approach (27) and calculated assuming
a true intra-class correlation coefficient (ICC) of 0.9 (22), a 95% confidence interval (Cl) width around the
ICC of 0.2 and a desired precision of 80%. The number of raters/repeats was set to three when
calculating the sample size, as three raters were included in our study.

Ultrasound

Ultrasound images were obtained on a Butterfly iQ device (Butterfly Network Inc., Burlington, MA, USA)
on the MSK- Soft Tissue pre-set. The imaging parameters were consistent in all acquisitions (frequency:
5 MHz, gain: 60, focal distance kept at factory settings), depth was optimised for each participant. The
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RF muscle of the left leg was identified on B-mode and scanned along its length in an axial orientation.
Rectus femoris MT was measured with the US probe placed on the anterior surface of the thigh, at the
midpoint of the length between the anterior superior iliac spine and the upper border of the patella,
referring to the measurement position of Pardo et al (28). The probe was maintained in this position on
the skin surface, and minimal contact pressure was applied during the measurements to obtain good-
quality images. Images were optimised for measuring MT/AT and El. Intra-rater reliability for novice
raters (Novice1 and Novice2) was assessed by comparing measurements across three successive
scans performed by each novice on the same subject. The two measurements conducted by the Expert
were used for intra-rater reliability. Novice1 and Novice2 were compared to Expert rater measurements
to assess inter-rater reliability (29).

Image Assessment

Muscle thickness, both with and without the epimysium (MT and MTex, respectively), and the thickness
of the adipose layer (AT), were measured using the same image. Mean MT/MTex (cm) was determined
from three images (Fig. 1.). The El of the muscle was measured by grayscale analysis using ImageJ
software (Version 1.54D, National Institutes of Health, USA). The region of interest (ROI) was manually
traced and included all tissue within the epimysium. The El values were determined as the corresponding
index of MQ ranging between 0 and 255 arbitrary units (A.U.) (black = zero, white = 255), where higher El
values indicate a greater amount of intramuscular fat and connective tissue (30) (Fig. 2).

## Insert Fig. 1 Here ##

## Insert Fig. 2 Here ##

Statistical analysis

Data were analysed using Microsoft 365 Excel and SPSS (version 22.0, SPSS, Inc., Chicago, IL, USA)
statistical software package. Means and standard deviations for participant characteristics were
calculated for each variable (Table 1). Histograms and the Shapiro-Wilks test were used to determine
whether data were normally distributed. Means and standard deviations are reported for each rater and
variable, and repeated measures ANOVA was used to test for significant differences within raters

(Table 2). T-tests were used to determine if there were differences between individual raters (ER vs.
Novicel; ER vs. Novice2; Novice1 vs. Novice2). Reliability was assessed using several measures,
including the intraclass correlation coefficient (ICC), coefficient of variation and standard error of the
mean (both absolute and as a percentage of the mean). The ICC was calculated using a two-way random
effects model:

MSS — MSE
NS KMST— MSS)

n
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where MSg = participant mean square, MSg = error mean square, MS; = total mean square, k = number of
repeat measurements/raters and n = number of participants.

The coefficient of variation (%CV) was calculated as:

%CV = (8D + mean) * 100
The standard error of the measurement was calculated as:

SEM = SD* /(1 —ICC)
Where SD = the standard deviation of the measurements.

ICCs were interpreted as follows: < 0.5 = poor reliability; 0.50 to 0.75 = moderate reliability; 0.75 to 0.90 =
good reliability; > 0.90 excellent reliability (31). We also present Bland-Altman plots to demonstrate that
differences between the expert and novices are randomly distributed across mean values.

Results

Participant characteristics (n = 20, 12 male, eight female) are presented in Table 1.. Participants had an
average body mass of 79.8 + 17.7 kg and fell within a normal to overweight BMI range (23.6—-32.6 kg.m~
2). Average sit-to-stand count was 19.5 + 5.3.

Table 1
Participant baseline characteristics (mean + SD)

n 20

% female 40 (n=8)
Age (years) 71.6+4.7
Body mass (kg) 79.8+17.7
Height (cm) 167.9+9.9
BMI (kg.m"2) 28.1+4.5
FFM (kg) 55.7+12.1
FM (kg) 24.1+9.0
BF% 29.8+7.0
LLM (Kg) 16.6+4.2

Descriptive characteristics of participant characteristics derived from DXA, presented as mean + SD.
BF%: Body fat percentage, BMI: Body mass index, FFM: fat-free mass, FM: fat mass, LLM: Leg lean
mass
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Intra-Rater and Inter-Rater Reliability

Intra-rater reliability measures are presented in Table 2.. Intra-rater reliability was excellent for all
measures (ICCs = 0.96 to 0.99). There were no differences between trials within individual raters for any
variable. Variation between trials within individual raters was small (%CV = 1.53 to 4.22%; %SEM =0.15 to
0.62%) for all variables.

Inter-rater reliability measures are presented in Table 3. There were no significant differences between
measures between the experienced and novice raters for any variables. Inter-rater reliability was
excellent for MT (ICC = 0.92,95% CI = 0.80 to 0.97) and AT (ICC =0.95, 95% CI =0.92 to 0.96) and good
for MTex (ICC =0.87,95% Cl = 0.67 to 0.95). Inter-rater reliability for El was moderate (ICC = 0.66, 95% Cl
=0.34 to 0.87). Notably, the ER vs. Novices %SEM values were consistently higher for inter-rater
comparisons than intra-rater assessments across all measures, emphasising the greater variability
introduced by different raters for MT.
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Intra-rater reliability of US measurements of the left RF muscle in older adults between Expert rater

Table 2

(Expert) and each novice (Novice1, Novice?2).

Reliability

Measure
MT (cm)

ER
NoviceT
Novice2
MTex (cm)
ER
Novice1
Novice2
AT (cm)
ER
NoviceT
Novice2
El (A.U.)
ER
Novice1

Novice2

Mean = SD
all (n=20)

2.41+0.40
2.27+0.39
2.31+0.34

2.28+0.38
2.06+0.38
2.11+0.32

1.46 +0.59
1.32+0.55
1.32+0.60

69.17+11.61
74.40+13.70

72.46 +9.26

%CV

1.53
2.30
2.94

1.93
2.63
3.22

3.55
2.36
4.22

3.50
3.90
2.66

ICC (95% CI)

0.99 (0.98-0.99)
0.99 (0.98-0.99)
0.97 (0.94-0.99)

0.99 (0.97-0.99)
0.99 (0.97-0.99)
0.97 (0.94-0.99)

0.99 (0.99-0.99)
0.99 (0.99-0.99)
0.98 (0.97-0.99)

0.97 (0.95-0.99)
0.97 (0.94-0.99)
0.96 (0.92-0.98)

SEM (%)

0.004 (0.17)
0.005 (0.22)
0.012 (0.52)

0.005 (0.22)
0.006 (0.29)
0.011 (0.52)

0.003 (0.21)
0.002 (0.15)
0.007 (0.53)

0.370 (0.53)
0.460 (0.62)
0.358 (0.49)

%CV: Coefficient of variation; ICC: intraclass correlation coefficient, ICC 95% Cl: 95% confidence
interval for ICC; SEM standard error of measurement; SEM (%): standard error of measurement
expressed as percentage of the mean. MT: muscle thickness with epimysium; MTex: muscle

thickness without epimysium; AT: adipose thickness; El: echo intensity.
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Table 3
Inter-rater reliability of the rectus femoris ultrasound measurements between expert and novice raters.

MT Expert Novice Novice ER vs ER vs %CV2 ICC SEM
(cm) 1 z Novice1’ Novice2’ (95% (%)*
cid
2.41% 2.27 2.31% 0.25 0.40 3.54 0.92 0.02
0.40 0.39 0.34 (0.8)
(0.80-
0.97)
MTex 2.28 + 2.06 + 211+ 0.08 0.14 5.10 0.87 0.04
(cm) 0.38 0.38 0.32 (1.8)
(0.67-
0.95)
AT 1.46 + 1.32+ 1.32+ 0.46 0.418 7.82 0.95 0.02
(cm) 0.59 0.55 0.60 (1.7)
(0.92-
0.96)
El 69.17 + 74.40 + 72.46 + 0.21 0.34 6.64 0.66 2.73
(A.U) 11.61 13.70 9.26 (3.8)
(0.34-
0.87)

P-value: type 1 error rate simple T-test comparing ER and Novices 29%CV: Coefficient of variation

between ER and Novice1, Novice2 averaged, 3ICC: intraclass correlation coefficient calculated with a
one-way random effects model and reported as the average between ER vs Novicel and ER vs Novice2,

95% Cl: 95% confidence interval,; *SEM: standard error of measurement and reported as the average
between ER vs Novicel and ER vs Novice2; SEM (%): standard error of measurement expressed as
percentage of the mean of all three raters.

Systematic Error in thickness and echo intensity

Bland-Altman plots demonstrating differences in echo intensity and muscle thickness measures
between novices and the expert are displayed in Fig. 3. These figures demonstrate a random distribution
of differences across mean values for both measures, suggesting there are no systematic differences
between novices and the expert for either measure.

## Insert Fig. 3 Here ##

Discussion

This study assessed the intra- and inter-rater reliability of ultrasound measures of muscle quality (MT,
MTex, AT, and El) using a portable device in 20 healthy older adults. Intra-rater ICCs for all raters and
measurements were excellent (all > 0.96). When comparing novice and experienced raters, inter-rater
reliability ranged from moderate (echo intensity) to excellent (muscle thickness and adipose thickness)
Additionally, Bland-Altman plots revealed only a small mean difference between novice and experts for
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key measures, further highlighting the consistency of intra-rater assessments. ICC values were good to
excellent for all measures except El, where reliability was moderate. Notably, the intra-rater %CV was
smaller (0.82-4.16%) than the %CVs for inter-rater (4.84-9.49%), indicating greater variability between
raters than within raters. Importantly, establishing reliability allows for valid and precise measures,
facilitating research to better understand the impact of aging, explore associations with risk factors, and
determine the magnitude of clinical effects.

In contrast to Sobolewski et al. (32), we observed a higher inter-rater ICC for El (ICC =0.66, 95% Cl =0.34
to 0.87) and an intra-rater ICC ranging from 0.96 to 0.97. The disparity in findings may arise from
differences in US methodology and participant characteristics. Sobolewski and colleagues (32)
employed panoramic ultrasound, capturing broader muscle areas; our images were acquired at a
singular point along the muscle belly in the transverse plane. Panoramic ultrasound captures a wider
muscle area, which undergoes automated integration by the machine. This process, while mechanised,
may introduce complexities and potential errors, contributing to heightened variability between images
and potentially explaining the lower intra-rater reliability observed by Sobolewski et al. (32). Additionally,
our study focussed on older adults, contrasting with Sobolewski and colleagues’ participants, who had a
mean age of 20.5 years. Age-related changes in MQ could also contribute to increased variability in
image interpretation, particularly for novice raters unfamiliar with imaging muscle using ultrasound.
Factors such as potential learning effects and fatigue, as noted by Castro et al. (33) and Sions et al. (34),
may also contribute to variability in repeated measurements by the same rater.

For MT ultrasound measures, Takahashi et al. (22) reported excellent intra-rater reliability (ICC = 0.95,
95% Cl 0.86 to 0.99) and moderate inter-rater reliability (ICC = 0.70, 95% CI 0.23 to 0.90). Similarly, Pinto-
Ramos and colleagues (35) report excellent ICC values for both inter-rater (0.91, 95% Cl = 0.86 to 0.96)
and intra-rater (0.96, 95% Cl = 0.94 to 0.97) reliability. While our results are similar to previously published
work, a discrepancy exists between the inter-rater ICC we observed for MT and the ICC reported by
Takahashi et al. (36). This discrepancy suggests potential variations in the methodologies employed,
participant characteristics, or both. This difference hints at potential variations in the methodologies or
participant characteristics. Notably, Takahashi et al. (36) employed similar imaging methods, but the
absence of a portable device and the calculation of MT 'live’ during image acquisition, along with one
week between measurements, could contribute to increased variability in their study. The recruitment of
exclusively young males might mitigate variability, suggesting that the observed difference in reliability
could be attributed to diverse devices and the extended time between measurements.

Interpreting El often involves subjective judgement influenced by visual assessment. Differences in
perceptual skills and experience between expert and novice raters could contribute to evaluation
variability. The inherent complexity of interpreting El, involving subtle variations in muscle tissue
echogenicity, may introduce ambiguity and increase variability. Methodological aspects, such as
inconsistent scanning techniques or variations in region of interest selection, could also contribute to
increased variability, emphasising the importance of standardisation across studies. This holds
significant implications for interpreting results, as El is a key metric for assessing MQ, and poor reliability
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could lead to incorrect conclusions. Future research should aim to understand the factors underpinning
poor inter-rater reliability of El.

A notable strength of our study is the use of two novice raters to evaluate inter-rater reliability. By
employing novice raters, we ensured a thorough assessment of the consistency and accuracy of
measurements, allowing for a comprehensive examination of potential sources of variability.

The current study has some limitations that require consideration. Firstly, this study did not assess the
degree of inward pressure and the angle at which the transducer was applied to the leg during
measurements (37). This raises the possibility that inter-rater reliability was influenced by technical
factors, potentially explaining the lower levels of reliability in EI compared with other variables. Angling
and transducer pressure were minimised whilst achieving the best quality image. However, there is
currently no widely accepted method available for minimising the effects of inward transducer pressure;
it could be helpful to establish a standardised protocol with precise transducer conditions during data
collection, consider US guidance, particularly in novice raters, and conduct post-study analyses to
minimise their impact on measurement outcomes. Furthermore, the likelihood of patient movement or
leg muscle contractions (motion artefacts) during the assessment introduces another source of
measurement variability (38). This should also be considered when interpreting the results, as it could
impact the reliability of all MQ measurements employed in this study. To minimise participants'
movement or leg muscle contractions during the assessments, participants were positioned
comfortably and real-time feedback from the ultrasound device was used to minimise muscle
contraction. While the assessments in the current study were not randomised, this does not necessarily
present a limitation. However, it is essential to acknowledge potential sources of bias from non-
randomised assessments and consider ways to address them in future research. Additionally, the focus
on older adults in the study may introduce age-related factors that influence MQ and could limit the
generalisability of the results to other age groups (34). Moreover, it's crucial to consider whether
participant characteristics, such as age-associated muscle atrophy and fatty infiltration, may have
influenced reliability in any way. This consideration could provide valuable insights into the factors
influencing variability in ultrasound measurements and inform strategies for improving reliability,
particularly when novice assessors are involved. Understanding how participant characteristics interact
with the assessment process can enhance the interpretation of study findings and guide future research
efforts to refine measurement protocols and minimise sources of variability.

Conclusions

In conclusion, in our study, novice raters used a portable US device to produce comparable US
measurements of muscle quality to an expert rater, indicating the potential for consistent image
reproduction and derived variables within the RF of older adults. The observed excellent intra-rater
reliability across all raters and the absence of systematic errors, as indicated by the random distribution
of differences in echo intensity and muscle thickness measures between novices and the expert in
Bland-Altman plots, underscores the reliability of novice-obtained measurements relative to those
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obtained by the expert. Nonetheless, there was variation between different raters when assessing E|,
suggesting potential challenges in achieving consistent results in this specific parameter. Our findings
demonstrate that portable ultrasound devices yield reliable results when used by novice raters,
increasing the feasibility of US in a wider range of research settings. Further work should aim to
understand the factors underpinning lower levels of reliability in echo intensity measures.

Abbreviations

AT

adipose thickness

A.U.

arbitrary units

BF%

body fat percentage

BMI

body mass index

Cl

confidence interval

%CV

coefficient of variation

DXA

dual-energy X-ray absorptiometry
El

echo intensity

FFM

fat-free mass

FM

fat mass

ICC

intraclass correlation coefficient
LLM

leg lean mass

MQ

muscle quality

MT

muscle thickness (with epimysium)
MTex

muscle thickness (without epimysium)
RF

rectus femoris
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ROI

region of interest

SEM

standard error of measurement
us

ultrasound
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Figure 1

Example of landmarks used to measure muscle thickness adipose thickness.
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Legend: MT, muscle thickness including the epimysium (F); MTex, muscle thickness excluding the
epimysium (G); AT, adipose thickness (F).

Figure 2

Example of an echo intensity measurement of two participants.

Legend: Panel A, participant with low echo intensity (El); panel B, participant with high El
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Figure 3

Bland—Altman plots of differences between novice and expert raters against the mean.

Legend: Panel A, echo intensity; panel B, rectus femoris thickness calculated without the epimysium.
Solid horizontal lines represent the mean difference between the novice and expert raters. Dashed lines
represent the limits of agreement. A.U. = arbitrary units; cm = centimetres.
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