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Abstract

Quantification and monitoring of lean body mass is an important component of nutrition assessment to determine nu-
trition status and muscle loss. The negative impact of reduced muscle mass and muscle function is increasingly evident
across acute and chronic disease states but is particularly pronounced in patients with cancer. Ultrasound is emerging
as a promising tool to directly measure skeletal muscle mass and quality. Unlike other ionizing imaging techniques, ul-
trasound can be used repeatedly at the bedside and may compliment nutritional risk assessment. This review aims to
describe the current use of skeletal muscle ultrasound (SMUS) to measure muscle mass and quality in patients with
acute and chronic clinical conditions and its ability to predict functional capacity, severity of malnutrition, hospital ad-
mission, and survival. Databases were searched from their inception to August 2021 for full-text articles in English. Rel-
evant articles were included if SMUS was investigated in acute or chronic clinical contexts and correlated with a defined
clinical outcome measure. Data were synthesized for narrative review due to heterogeneity between studies. This review
analysed 37 studies (3100 patients), which met the inclusion criteria. Most studies (n = 22) were conducted in critical
care. The clinical outcomes investigated included functional status at discharge (intensive care unit-acquired weakness),
nutritional status, and length of stay. SMUS was also utilized in chronic conditions such as chronic obstructive pulmonary
disease, chronic heart failure, and chronic renal failure to predict hospital readmission and disease severity. Only two
studies investigated the use of SMUS in patients with cancer. Of the 37 studies, 28 (76%) found that SMUS (cross-
sectional area, muscle thickness, and echointensity) showed significant associations with functional capacity, length of
stay, readmission, and survival. There was significant heterogeneity in terms of ultrasound technique and outcome mea-
surement across the included studies. This review highlights that SMUS continues to gain momentum as a potential tool
for skeletal muscle assessment and predicting clinically important outcomes. Further work is required to standardize the
technique in nutritionally vulnerable patients, such as those with cancer, before SMUS can be widely adopted as a bedside
prognostic tool.
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Background

Assessment of body composition goes beyond measuring
overall body weight and is an important component of nutri-
tional assessment in patients with both acute and chronic ill-
ness. European and American Societies for Parenteral and En-
teral Nutrition guidelines (ESPEN, ASPEN) recommend the
routine assessment of body composition with specific em-
phasis on lean mass.'? Skeletal muscle is the major compo-
nent of lean body mass and plays an important homeostatic,
metabolic, and physical functioning role. There is now a
wealth of data to show that patients with reduced muscle
mass and function (sarcopenia), and those who suffer acute
muscle wasting during treatment, are at higher risk of
treatment-related complications, take longer to recover, and
have worse overall survival.>” This phenomenon transcends
disease types but is especially pronounced in patients who
are nutritionally vulnerable such as older patients and those
with cancer.®? Low muscle mass combined with obesity is a
particularly dangerous combination where significant loss of
muscle may go undetected by simply monitoring body weight
or anthropometrics alone.’ An appropriate bedside test is
therefore required to quantify both muscle mass and quality
so longitudinal changes in muscle can be monitored to help
inform decisions about treatment and nutritional support.
Whilst several tools exist for this purpose, each have their
own technical pitfalls and practical limitations. Computer to-
mography (CT) and magnetic resonance imaging (MRI) are ex-
cellent at quantifying muscle mass and, more recently, mus-
cle quality (myosteatosis).> Whilst cross-sectional imaging
can be retrospectively analysed, requesting these investiga-
tions for the sole intention of body composition analysis is
not appropriate due to practical constraints, expense, and
(in the case of CT) ionizing radiation. The ideal test should
be inexpensive, non-ionizing, accurate, and sensitive enough
to detect even small changes in muscle mass or quality. Ultra-
sound is emerging as a promising bedside tool for this pur-
pose. Originally used to describe changes in adipose tissue
(subcutaneous and visceral fat thickness),'® the focus has
moved to the assessment skeletal muscle. The European
Working Group on Sarcopenia identify ultrasound as a poten-
tially useful method for evaluating skeletal muscle whilst
accepting that further research is required.** Muscle thick-
ness, cross-sectional area (CSA), echointensity, pennation an-
gle, and fascicle length are the key variables that offer both
quantitative and qualitative analyses of muscle tissue. The va-
lidity and reliability of ultrasound to measure skeletal muscle
has been the subject of recent systematic review and shown
to have good interclass correlation coefficient and validity
when compared with other imaging modalities.**™** When
standardized for age and sex, a four-site protocol (bilateral
quadriceps and biceps) demonstrates excellent agreement
with reference standards such as dual x-ray absorpitometry
(DEXA) (R? = 0.91).%° Initial concerns regarding the lack of a

standardized ultrasound technique are beginning to be an-
swered as evidence from the geriatric and critical care setting
expands.’®™*® Furthermore, recent consensus guidelines on
the optimal technique for each muscle site have been pub-
lished and offer well-evidenced practical advice to further im-
prove the reproducibility and validity of skeletal muscle ultra-
sound (SMUS).Y® With this foundation, attention is now
turning to the power of muscle ultrasound to inform and pre-
dict clinical and health-related outcomes. Before SMUS can
become a reliable and integrated nutritional assessment tool,
its ability to predict patient-centred outcomes requires inves-
tigation. The aim of this systematic review is to describe the
current use of SMUS measurements (CSA, muscle thickness,
and echogenicity) and its ability to predict clinically relevant
outcome measures, such as functional capacity, length of
stay, readmission, and survival in acute and chronic clinical
contexts.

Search methods

PubMed, Cochrane Library, Embase, Ovid, Scopus, and Goo-
gle Scholar were systematically searched for full-text articles
in English from inception up until 1 August 2021. Outcomes
of interest included the use of SMUS of any anatomical loca-
tion (other than the diaphragm), which were associated with
a clinical or functionally relevant outcome. The search in-
cluded a combination of terms related to muscle mass, nutri-
tional assessment, ultrasound, and clinical outcomes. In-
cluded was a combination of terms related to muscle mass,
nutritional assessment, ultrasound, and clinical outcomes
were used: (i) sarcopenia: muscular atroph*, muscle atroph*,
muscle mass*, muscle size*, muscle diameter*, muscle vol-
ume*, muscle thickness*, muscle wasting; (ii) ultrasonogra-
phy: ultrasound, ultraso* imaging, sonography; and (iii) nutri-
tion*, nutrition screening, malnutrition. In addition,
published reference lists were hand-searched and screened
for additional resources.

Study eligibility and appraisal criteria

A broad range of disease types and clinical contexts were
considered with the exception of papers assessing systemic
neuromuscular pathology (e.g. hemiplegic stroke and neuro-
muscular degeneration) or primary muscular pathology (e.g.
myositis), which were excluded. Studies were only included
if reference to a specific and defined clinical or functional
outcome was made as part of their primary analysis. These
included acute admission metrics (complications, length of
stay, length of ventilation, readmission, and in-hospital mor-
tality), any validated assessment of functional, nutritional,
and quality of life status, or survival. Studies that compared
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or validated ultrasound metrics to other modalities (e.g. bio-
electrical impedance analysis, CT, and MRI) or studies that
only addressed technical aspects of ultrasound technique
were excluded as this has been subject of recent systematic
review.'® Studies in children (<18 years old) were also
excluded.

Search results were exported, and duplicates deleted using
Mendeley Desktop (2020, Version 1.19.8). After title and ab-
stract screening, full-text articles were assessed for eligibility
and quality and independently reviewed by two assessors
(P. C. and M. A.). Disagreements were resolved by review
and consensus by the senior lead author (J. S.). Studies were
independently scored to assess methodological quality and
relevance according to COSMIN guidelines plus a modified
10-point checklist modified from Pretorius and Keating who
validated real-time ultrasound measurements of skeletal
muscle.?® The consensus-based standards for the selection
of health status measurement instruments (COSMIN) check-
list consists of nine boxes containing multiple criteria, which
are used to assess methodological quality. A score was deter-
mined by taking the lowest rating of each criterion and de-
fined to be poor, fair, good, or excellent.?* Methodological
quality was scored independently between reviewers, and
agreement assessed using Cohen’s kappa coefficient where
a score of >0.75 suggested excellent agreement, 0.75-0.4
as fair to good, and <0.4 as poor agreement between
reviewers.??> Data were extracted from full manuscripts and
imported for analysis. Data points collected included the clin-
ical context of the study, technical aspects of the ultrasound
equipment, scan technique adopted, the clinically relevant
outcome investigated, and the statistical analysis used to as-
sess correlations. Observational and cohort studies were clas-
sified as ‘positive’ if a statistically significant correlation (i.e. P

16

= - =
5] N S

NUMBER OF PUBLICATIONS
©

2008 2013 2015 2016

2017
EAR

value < 0.05) was reported using appropriate statistical
methodology. Negative studies were those that found no sta-
tistically significant association. Those lacking statistical or
methodological detail (i.e. poor on COSMIN scoring and <6
on the modified quality checklist) were excluded from the re-
view analysis. Randomized control trials were assessed using
the same criteria; that is, ultrasound measures correlation
with a defined clinical outcome even if this was measured
as a secondary outcome. Preliminary assessment of the com-
bined data demonstrated significant heterogeneity in terms
of clinical context and outcome measures; therefore, no met-
analysis was performed.

Results

A summary of the study search process is outlined in the Pre-
ferred Reporting Items for Systematic Review and
Meta-Analysis (PRISMA) flow diagram (Figure 1). After
screening by title and abstract, 53 studies were assessed®®
in detail for eligibility. A total of 37 studies (involving 3100
participants) were deemed eligible based on quality and rele-
vance. The inter-rater agreement regarding study eligibility
was rated excellent [Cohen’s kappa = 0.79 (95% confidence
interval = 0.67 to 0.92)], and the agreement on the above de-
fined methodological quality of each study was rated good
[Cohen’s kappa = 0.61 (95% confidence interval = 0.51 to
0.71)]. The number of publications over the last 18 months
(n = 18 studies) was similar to that of the preceding 11 years
(n =19 studies) highlighting the recent surge of new evidence
(Figure 2). Data from 26 prospective observational studies*>™3
(of which 6 were cohort studies,*™° 7 cross-sectional

2018 2019 2020

Figure 1 Graph of publications over time pertaining to skeletal muscle ultrasound as a clinical prediction tool.
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Figure 2 Preferred Reporting Items for Systematic Reviews and Meta-Analyses flowchart showing selection procedure.

27,50-! 56-58

studies, 553 randomized control trials, and 1 post hoc
analysis of a negative trial) were included.>® Five of the 37
studies involved an interventional arm [critical care nutritional
intervention (n = 4)**°°>% and an exercise intervention in
breast cancer (n = 1)*].

Clinical context

Most studies (59%) were conducted in the critical care unit
and described the impact of ultrasound-derived muscle loss
in a general critical care population as part of their study.
Ten studies (27%) investigated patients with chronic disease
in the outpatients setting [chronic obstructive pulmonary dis-
ease (COPD) n = 4,232 heart failure n = 2,°>° chronic re-
nal failure n = 2,2”°* geriatric rehabilitation n = 1,?% and liver
cirrhosis n = 13!] whereas three studies were conducted dur-
ing an acute admission (acute surgical,® exacerbation of
COPD,>® and acute geriatric admission®®). Only two studies

were conducted in patients receiving treatment for
cancer.*°° Of the 37 studies, 15 reported the specialty and
expertise of the individual performing the scans, dieticians
(n = 6) and medical staff (n = 6) being the most frequently re-
ported ultrasound technicians.

Correlation with outcomes

Overall, 28 of the 37 studies (76%) were classified as a posi-
tive study having reported a statistically significant associa-
tion between SMUS and a defined clinical or functional out-
come. Two of the remaining nine negative studies reported
strong trends on univariate analysis, which were then lost
on multivariate analysis.***® The remaining seven negative
studies found no association or correlation with any of the
outcomes investigated. The mean number of patients re-
cruited in the negative studies was 56 (+29), compared 91
(£63) in the positive studies (P = 0.049). Table 1 summarizes
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the variety and frequency of different outcomes investigated.
Outcomes investigated were categorized into survival, length
of stay, hospital (re)admission, functional capacity (including
intensive care unit-acquired weakness), physical fitness, nu-
tritional risk status, quality of life, discharge destination,
and need for mechanical ventilation.

Cross-sectional area of rectus femoris (RF) and muscle
thickness of the quadriceps [combining RF and vastus interme-
dius (VI) thickness] were the most frequently measured met-
rics used to correlate against a clinical or functional outcome
measure. Of the 10 studies that investigated echointensity of
quadriceps (indicating muscle quality/fat content), 7 found
statistically significant correlations with clinical and functional
outcomes,?3:26:32:33,36:43,45,47,51,55 T\enty studies took serial
measurements of the same muscle group to describe longitu-
dinal changes in muscle mass. All 20 of these longitudinal stud-
ies found statistically significant changes in muscle measure-
ments over time, which ranged from 15% to 30% reduction

in muscle measurement between Day 0 (baseline) and Day
2(),24:25,28,30,32,33,35-39,41,42,44,45,47,49,56-58

Ultrasound technique and protocol

Adequate detail regarding the equipment used and scan
technique was reported in 86% of the studies. These studies
described a clear and reproducible protocol regarding ana-
tomical landmarks, ultrasound settings, and image analysis
methods. The remaining 14% lacked enough detail to allow
reproducibility of scan technique. Despite this, these studies
remained in the review analysis due to their relevance
and otherwise good methodological quality (checklist
score > 6). Bright mode (B-mode) ultrasound with frequen-
cies between 3 and 15 MHz was used by all the reporting
studies. Linear transducers were used in most of the studies
(94%), and curved array transducers used in remaining 6%.
Only half of the studies (54%) reported inter-rater and
intra-rater reliability to determine agreement between scans.
In these studies, intraclass correlation coefficients ranged
from 0.82 to 0.99 indicating good reliability and reproducibil-
ity of the technique used.

Quadriceps femoris (RF, VI, lateralis, or medialis) was the
most frequently scanned muscle group and investigated in
all but one of the included studies. Other groups included bi-
ceps brachii, tibialis anterior, flexor carpi radialis, and psoas.
Four of the studies included both upper and lower limb
measurements.>>*34>°6 The most frequently adopted ana-
tomical landmarks were the midpoint of the thigh between
anterior superior iliac spine and the superior border of patella
(38%), the distal point measured at 2/3rd distance (24%), or
both (16%). Other novel measurement landmarks were the
distal 75% and 60% point of the thigh (n = 4), justified by
the point at which the whole of RF could be included in the
image. Only four of the studies used maximum probe com-

pression technique with minimum probe compression being
used in the majority.2>2%:4044

Ultrasound metrics measured included muscle thickness,
CSA, echointensity, fascicle length, and pennation angle. Half
of the studies measured a single metric only. Muscle thick-
ness and/or CSA was the most frequently used metric mea-
sured in 29 of the 37 studies. CSA was measured on its own
in seven studies. Echointensity was assessed in only 10 of
the studies with fascicle length and pennation angle being
rarely measured, appearing in only 2 of the studies. Three
of the studies adjusted ultrasound measurements to either
the patients’ height, limb length, or body surface area to pro-
duce a novel indexed value 31494

The highest-ranking studies based on the highest method-
ological quality on the COSMIN and modified 10-point check-
list are summarized in Table 22328485339

Discussion

The main findings from this review indicate that SMUS can be
used successfully to detect changes in both muscle mass and
quality across a range on clinical contexts. Most studies (76%)
described a statistically significant association between ultra-
sound measurements and a clinical, functional, or nutritional
outcome measure. It is worth noting that 26/37 of the studies
included in this review had <80 patients in their primary
analysis. Several of the studies were underpowered and are
at risk of type 1 error, which might overestimate the ability
of ultrasound to predict outcomes.

The validity and reliability of SMUS has been subject of
recent systematic review and shown to correlate well with
other reference measures of muscle mass, even in clinical
populations.*? It is noteworthy that just over half of the
studies in this review reported inter-rater and intra-rater
reliability to determine agreement between scans. In other
words, nearly half of the studies did not report an attempt
to internally validate their scan measurements, which may
undermine their results. There were common themes re-
ported in terms of ultrasound technique with most studies
using either the midpoint of the thigh or the 2/3rd land-
mark. Despite this, significant heterogeneity still existed
with 9 different ultrasound techniques described across
the 37 studies. This variation in technique, again, may
weaken the conclusions made from this review. Recent
work by the Sarcopenia Ultrasound Group (SARCUS)
has attempted to offer a standardized technique to mea-
sure muscle parameters by consolidating all the known
literature and offering consensus expert guidelines.’® The
importance of developing a validated and standardized
approach therefore remains imperative to the strength of
future research.
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Although more convenient and practical than CT, MRI, or
DEXA, ultrasound still has limitations in certain clinical popu-
lations. Most of the studies in this review excluded some pa-
tients from their analysis due to poor image quality.
Non-diagnostic images are often encountered in patients
with significant peripheral oedema, such as those on inten-
sive care or with renal failure. Patients with significant
obesity are also challenging to capture quality images for
accurate assessment. This suggests that whilst SMUS is
widely applicable, it is not universally achievable across all
patients. Indeed, data from the studies that reported on im-
age quality showed that approximately 8% of eligible patients
were excluded due to unmeasurable ultrasound images.
Advanced techniques such as panoramic image capture or
low-frequency curved array transducers may overcome these
issues, but these techniques are less well validated and re-
quire more specialist training.

It is well established that increasing frailty, multiple comor-
bidities, and advancing age are all associated with declines in
muscle mass and function. Whilst many studies attempted to
independently correct for this in their statistical analysis, it
remains possible that low muscle mass on ultrasound (or
muscle loss during a disease course) is simply a surrogate
marker for these confounders, which have an established as-
sociation with worse clinical outcomes.

The quadriceps was the most commonly studied muscle
group due to its accessibility and size. However, there are
only limited data on predictive equations to estimate whole
body muscle mass based on limb measurements alone. It is
therefore conceivable that appendicular measures of mus-
cle (or changes over time) do not necessarily reflect whole
body muscle mass. Further longitudinal investigation of ap-
pendicular muscle atrophy measured by ultrasound and its
relationship to whole body muscle atrophy is therefore
required.

Most studies were conducted during acute illness with the
majority being based on the intensive care unit. Significant
muscle atrophy over short periods have repeatedly been
shown in this clinical context due to immobilization, nutri-
tional deficits, and the catabolic effects of critical illness. This
review highlights the paucity of data available from more
chronic conditions and the very limited data from other vul-
nerable groups such as those with cancer. Baseline sarcope-
nia, or acute muscle wasting during cancer treatment, is asso-
ciated with increased treatment complications, reduced
quality of life, and reduced survival.®%®* Further research in
high-risk patients with cancer is recommended to investigate
if SMUS can complement, or even outperform, current nutri-
tional assessment and help identify patients that need more
intensive support through treatment.

The radiological assessment of muscle quality is gaining in-
creasing attention as a potentially more important radiologi-
cal metric than simple mass measurement. Early evidence
suggests that muscle quality may deteriorate before muscle

mass and is independently associated with physical fitness,
function, and survival.?*®* Myosteatosis (fat infiltration of
muscle) is measured by radiodensity on CT scan and
echogenicity (also known as echointensity) using grayscale
analysis on ultrasound. Only, 10 of the studies in this review
measured echointensity, with 7 of them finding significant as-
sociations with outcome measures, namely, physiological sta-
tus (VO,max), quality of life, and functional status at dis-
charge. However, measurement of echointensity is more
technically demanding and depends on ultrasound frequency,
gain, tissue depth, and the analysis technique used. Several
studies have offered a standardized technique to improve re-
producibility, but further research is required to correlate ul-
trasound echogenicity with current reference techniques
such as CT radiodensity.

Finally, most of the studies in this review found a signifi-
cant correlation between ultrasound metrics and outcome
measures with only nine negative studies. Publication bias,
with the underreporting of negative studies, remains a signif-
icant possibility that requires acknowledgement. It is there-
fore important that negative ultrasound research is also pub-
lished alongside positive studies to improve our
understanding of the technique and its generalizability in clin-
ical practice.

Conclusions

This review has shown that SMUS has been used to assess
muscle quality and quantity across a broad range of clinical
settings and can detect alterations in muscle during a disease
course. Ultrasound metrics such as muscle thickness, CSA,
and echointensity have been used to predict clinical and func-
tional outcomes in both acute and chronic clinical conditions.
Muscle ultrasound continues to gain momentum as a bedside
tool to quantify and monitor skeletal muscle. However, firm
conclusions from this review are hindered by the heterogene-
ity and lack of standardized technique. Continued research is
therefore required to further validate and standardize the
technique, but also to establish cut-off values in different
clinical populations. Further longitudinal research is also re-
quired in other cohorts, especially in clinical conditions where
the prevalence of malnutrition and sarcopenia are high, such
as patients with cancer.
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