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Abstract 

Objective To summarize the reliability and validity of ultrasonography in evaluating the stiffness, excursion, stiffness, 
or strain rate of diaphragm, intercostals and abdominal muscles in healthy or non-hospitalized individuals.

Literature search PubMed, Embase, SPORTDiscus, CINAHL and Cochrane Library were searched from inception 
to May 30, 2022.

Study selection criteria Case–control, cross-sectional, and longitudinal studies were included if they investigated 
the reliability or validity of various ultrasonography technologies (e.g., brightness-mode, motion-mode, shear wave 
elastography) in measuring the thickness, excursion, stiffness, or strain rate of any respiratory muscles.

Data synthesis Relevant data were summarized based on healthy and different patient populations. The meth-
odological quality by different checklist depending on study design. The quality of evidence of each psychometric 
property was graded by the Grading of Recommendations, Assessment, Development and Evaluations, respectively.

Results This review included 24 studies with 787 healthy or non-hospitalized individuals (e.g., lower back pain (LBP), 
adolescent idiopathic scoliosis (AIS), and chronic obstructive pulmonary disease (COPD)). Both inspiratory (diaphragm 
and intercostal muscles) and expiratory muscles (abdominal muscles) were investigated. Moderate-quality evidence 
supported sufficient (intra-class correlation coefficient > 0.7) within-day intra-rater reliability of B-mode ultrasonogra-
phy in measuring right diaphragmatic thickness among people with LBP, sufficient between-day intra-rater reliability 
of M-mode ultrasonography in measuring right diaphragmatic excursion in non-hospitalized individuals. The quality 
of evidence for all other measurement properties in various populations was low or very low. High-quality evidence 
supported sufficient positive correlations between diaphragm excursion and forced expiratory volume in the first 
second or forced vital capacity (r >  = 0.3) in healthy individuals.

Conclusions Despite the reported sufficient reliability and validity of using ultrasonography to assess the thickness, 
excursion, stiffness, and strain rate of respiratory muscles in non-hospitalized individuals, further large-scale studies 
are warranted to improve the quality of evidence regarding using ultrasonography for these measurements in clinical 
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practice. Researchers should establish their own reliability before using various types of ultrasonography to evaluate 
respiratory muscle functions.

Trial registration PROSPERO NO. CRD42022322945.

Keywords Diaphragm, Low back pain, Inspiratory muscle, Stiffness, Ultrasound, Shear wave elastography

Introduction
The diaphragm is a dome-shaped muscle that separates 
the thoracic and abdominal cavities [1]. In addition to 
being the principal inspiratory muscle that contributes 
to 70–90% of tidal volume in different positions [2], the 
diaphragm also plays an essential role in the visceral sys-
tem as well as the musculoskeletal system. Specifically, 
it involves in the functioning of various internal organs 
such as emesis, urination, defecation, and the prevention 
of gastroesophageal reflux [3–5]. Further, the diaphragm 
harmoniously controls inspiration and postural control, 
stabilizes the lumbar spine, and contributes to optimal 
performance of daily activities or sports [6–9].

Because the diaphragm works synergically with par-
asternal and external intercostals to expand the rib cage 
during inspiration [10, 11], uncoordinated contraction 
of synergists can increase the work of breathing and 
increases the burden of the diaphragm [10]. Likewise, 
while abdominal muscles serve as the force-expiratory 
muscles when respiratory loading increases [10, 11], the 
tonic activity of abdominal muscles helps maintain the 
optimal length of diaphragm for better force generation 
during the inspiration in an upright position [12]. There-
fore, it is essential to comprehensively evaluate various 
respiratory muscles (e.g., intercostals and abdominal 
muscles) by reliable objective assessments in order to 
better assess diaphragmatic function in individuals, and 
to inform clinical decision-making.

Ultrasonography (USG) is a non-invasive in vivo ultra-
sound imaging approach to evaluate the morphom-
etry, function, or mechanical properties of soft tissues 
with different imaging modes [13, 14]. Prior research 
has used brightness-mode (B-mode) and motion-mode 
(M-mode) USG to assess the thickness and excursion of 
diaphragm, respectively in critically ill patients (e.g., ven-
tilated patients) in order to estimate the inspiratory func-
tion of diaphragm [15, 16]. Diaphragm thickness fraction 
as measured by B-mode USG is used as a predictor for 
successful weaning in ventilated patients [13, 14, 17]. 
Although previous systematic reviews have supported 
the reliability and validity of B-mode USG in assessing 
the morphometry of diaphragm in ventilated patients 
[18, 19], their findings cannot be generalized to non-
hospitalized individuals given the diverse functions of 
diaphragm in different conditions. Additionally, although 
some studies have used B-mode and M-mode USG to 

investigate the morphometry and mobility of intercostals 
and abdominal muscles in different populations [20–22], 
no systematic review has summarized the reliability or 
validity of such USG in these respiration-related muscles 
in non-hospitalized individuals.

Ultrasound shear wave elastography (SWE) is another 
type of USG that has recently been used to measure 
respiratory muscle stiffness [23–26]. SWE is an objec-
tive, and reproducible method to quantify the mechani-
cal properties of soft tissues [27, 28], although there are 
some concerns regarding the validity of using SWE to 
measure biomechanical properties of the diaphragm [29]. 
Given the controversy, it is important to conduct a sys-
tematic review to summarize the reliability and validity of 
SWE in measuring respiratory muscle stiffness.

Against this background, the current systematic review 
aimed to summarize the evidence regarding the reli-
ability and validity of various types of USG (including 
SWE) in evaluating the thickness, excursion, stiffness, or 
strain rate of diaphragm, intercostal muscles or abdomi-
nal muscles in non-hospitalized patients and healthy 
individuals.

Methods
This review protocol was registered with PROSPERO 
(CRD42022322945) and was reported according to the 
guidelines of Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses [30].

Literature search
PubMed, Embase, SPORTDiscus, CINAHL and 
Cochrane Library were systematically searched from 
inception to May 30, 2022 to identify relevant studies 
without language restrictions. The main keywords were 
reliability, validity, ultrasonography, shear wave elastog-
raphy, and respiratory muscles. Relevant search strings 
with Boolean operators and linking terms were used 
(Supplementary File-S  1). Forward citation tracking of 
the included studies was conducted using Scopus. Back-
ward citation tracking was also conducted. The corre-
sponding authors were contacted by emails for additional 
relevant articles.

Eligibility criteria
Case–control, cross-sectional, and longitudinal studies 
were included if they investigated the reliability or validity 
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of various types of USG in measuring the morphometry, 
function, or mechanical properties of any respiratory 
muscles. Animal and cadaveric studies, reviews, case 
reports, commentaries, and letters to the editors were 
excluded. Two reviewers (FZ and XH) independently 
performed title and abstract screening of the identified 
citations according to the selection criteria. Between-
reviewer disagreements were reconciled by consensus, 
or by the jurisdiction of a third reviewer (AW). Relevant 
full-text articles were retrieved. The same procedure was 
repeated for the full-text screening. Between-reviewer 
agreements were evaluated by Kappa coefficients (κ).

Data extraction
Two independent reviewers (FZ and CH) extracted 
relevant information from the included studies: (1) 
authors’ information (e.g., names, publication year, 
country); (2) study characteristics (e.g., study design, 
setting); (3) assessor’s information; (4) participants’ 
demographics (e.g., gender, age, types of population); 
(5) measurements (e.g., types of USG used and assess-
ment locations); (6) outcomes (e.g., intra- or inter-rater 
reliability, which might be expressed as intra-class cor-
relation coefficients (ICCs) or kappa coefficients and the 
respective 95% confidence interval (95%CI); and con-
vergent/divergent validity). Any disagreements in data 
extraction were resolved by discussion or by the judg-
ment of the third reviewer (AW).

Quality assessments and quality of evidence
The Consensus-based Standards for the Selection of 
Health Measurement Instruments (COSMIN) checklist 
was used to evaluate the methodological quality of the 
included studies. Clinician‐Reported Outcome Measures 
(ClinROMs) checklist [31] was used to assess the quality 
of the included reliability studies. Patient‐Reported Out-
come Measures (PROMs) checklist [32] was used to eval-
uate the quality of validity studies (using Boxes 9a and 9b 
to evaluate studies investigating convergent validity and 
discriminative/known-groups validity, respectively). The 
methodological quality of the included studies was rated 
as “very good, adequate, doubtful, or inadequate” using 
the “worst-score counts” principle [31, 32].

Against the updated criteria for good measurement 
properties [32] (Supplementary File-S  2), the reliability 
and validity of various types of USG in each included 
study was rated as sufficient (“ + ”), insufficient (“-”), or 
indeterminate (“?)”. Likewise, the overall quality of evi-
dence for reliability and validity of various types of USG 
for a given muscle assessment was first checked against 
the criteria for good measurement properties [32] (Sup-
plementary File-S  2) to determine the overall consist-
ency of each measurement property as “sufficient ( +), 

insufficient (-), inconsistent ( ±), or indeterminate (?)”. 
Then, the quality of evidence for each measurement 
property in overall population and each subgroup (dif-
ferent populations in the included studies) was graded 
as “high, moderate, low, or very low” using the modified 
GRADE approach as suggested by COSMIN [32] (Sup-
plementary File-S 3). These processes were conducted by 
two independent reviewers (FZ and CH). Any disagree-
ments were resolved by discussion or by the judgment of 
a third reviewer (AW).

Data synthesis
Data were categorized and analyzed according to differ-
ent patient populations. Although meta-analysis using 
random effects models in RevMan 5 was planned, it was 
infeasible to conduct the meta-analysis because no out-
come of interest was evaluated under the same condition 
(e.g., USG modes, probe locations, participants’ posi-
tions, breathing phases) in two or more studies. There-
fore, a narrative review was conducted.

Results
Study selection
Of 1,110 identified citations from databases and other 
sources, 395 were included for the title and abstract 
screening after removing duplicates. Following the full-
text screening, 24 articles were included (Figure 1). The 
inter-rater agreement for title and abstract and full text 
screening were good (κ = 0.88, 95%CI: 0.80 to 0.96) and 
adequate (κ = 0.73, 95%CI: 0.57 to 0.88), respectively [33].

Study characteristics
The 24 included studies were published between 1998 
and 2021 involving 787 participants (aged: 12–70 years) 
(Table  1). Twenty-one included studies reported reli-
ability (20 on intra-rater and 13 on inter-rater reliabil-
ity) and eight reported validity (6 on convergent validity 
and 3 on discriminative/known-groups validity). Four 
included studies involved people with LBP (n = 73, 
aged: 20–50  years), two involved people with chronic 
obstructive pulmonary disease (COPD) (n = 63, aged: 
57–79 years), two involved teenagers with adolescent idi-
opathic scoliosis (AIS) (n = 48, aged: 12–17  years, Cobb 
angles ranging from 12°-47°), and the remaining studies 
involved healthy individuals (n = 603, aged: 11–70 years). 
Three respiratory muscles were investigated. Specifically, 
19 included studies examined the diaphragm (12 only on 
the right side, and 7 on both sides), three assessed inter-
costal muscles, and one evaluated abdominal muscles. 
Twelve included studies used B-mode USG to meas-
ure muscle thickness and nine used M-mode USG to 
measure muscle excursions. Four included studies used 
SWE to measure muscle stiffness. Two included studies 
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measured strain rate using speckle tracking imaging 
(STI), and one measured diaphragmatic motion veloc-
ity using tissue doppler imaging (TDI)). The examiners’ 
experiences ranged from experienced (n = 13), novice 
(n = 4), to unspecified (n = 9).

Ultrasound measurement approach
Eight included articles measured the thickness [35, 
38–41, 43, 48, 52], nine measured excursion [36, 37, 
42–45, 47, 49, 52], three measured stiffness [23, 24, 26], 
two measured strain [46, 47], and one measured motion 
velocity of diaphragm [50]; one included study measured 
the thickness [51], and one measured stiffness of inter-
costal muscles [25]; one included study measured the 
thickness of transverse abdominals and internus obliquus 
with different approaches [34]. The details of each meas-
urement approach are described in Supplementary 
File-S 4.

Reliability
Figures  2 and 3 illustrate the reliability of using differ-
ent types of USG to measure various respiratory mus-
cle characteristics in different populations. Tables 2 and 
Supplementary File-S  5 show the COSMIN scores and 
the rating of each study, as well as the quality of evi-
dence regarding the reliability of each type of respiratory 
muscle measurement based on all included studies and 

separated populations, respectively. Overall, moderate-
quality evidence supported sufficient within-day intra-
rater reliability measuring right diaphragm thickness and 
sufficient between-day intra-rater reliability measuring 
right diaphragm excursion with B-mode and M-mode 
USG. The quality of evidence for the measurement prop-
erties was low or very low.

Findings for different populations
Healthy individuals

Diaphragm thickness: intra‑ and inter‑rater reliabil‑
ity Seven included studies [35, 38–40, 43, 47, 48] exam-
ined the reliability of using B-mode USG for diaphragm 
thickness measurements in healthy individuals. Two 
included studies reported sufficient within-day intra-
rater reliability of measuring left hemidiaphragm thick-
ness by experienced operators (ICC = 0.72–0.94) [39, 43] 
but insufficient within-day intra-rater reliability for nov-
ice operators (ICC = 0.39) [39]. Likewise, two included 
studies reported sufficient within-day intra-rater reli-
ability of measuring right hemidiaphragm thickness by 
experienced operators (ICC = 0.75–0.93) [39, 43] or an 
operator of unknown experience (ICC = 0.84–0.90) [48], 
but insufficient within-day intra-rater reliability by novice 
operators (ICC = 0.61–0.95) [38, 39]. One included study 
reported sufficient between-day intra-rater reliability 

Fig. 1 Flow chart of study selection inclusion into the systematic review
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for an experienced operator to measure right hemidia-
phragm thickness (ICC = 0.98) [47]. Two included studies 
[47, 48] reported sufficient within-day inter-rater relia-
bility (ICC = 0.84–0.90) [48] of measuring right hemidi-
aphragm thickness by an operator of unknown experi-
ence, and sufficient inter-rater reliability (ICC = 0.95) 

[47] for experienced operators with unknown years of 
experience. Two included studies [39, 40] reported suf-
ficient between-day intra- and inter-rater reliability 
(ICC = 0.94–0.98; 0.97–0.98) [40] and insufficient inter-
rater (between an experienced and a novice operator) 
reliability (ICC = 0.55–0.68), although the measurement 
side was unspecified [39].

Fig. 2 Reliability of healthy population
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Four [35, 38, 43, 47] out of seven (57%) included studies 
were rated as doubtful for the methodological quality of 
measuring diaphragm thickness. Two [39, 40] were rated 
as adequate and one was rated as inadequate [48]. Collec-
tively, the quality of evidence for the intra- and inter-rater 
reliability of using B-mode USG to measure diaphragm 
thickness was very low.

Diaphragm excursion: intra‑ and inter‑rater reliabil‑
ity Four included studies [36, 37, 47, 49] reported the 
reliability of using M-mode USG to measure left [37] and 
right [36, 37, 47, 49] diaphragm excursion by experienced 
operators, but the methodological quality of these stud-
ies was doubtful. The between-day intra-rater reliabil-
ity was consistently reported as sufficient on both sides 
(ICC = 0.80–0.96) [37, 47]. However, the between-day 
inter-rater reliability was inconsistent (ICC = 0.63–0.78) 
because insufficient reliability (ICC = 0.63) was reported 
when measuring the diaphragm excursion during quiet 
breathing [49]. One included study reported intra-rater 
reliability without stating the side of the hemidiaphragm 
and the measurement interval (ICC = 0.79) [36]. There 

was low-quality evidence that the between-day intra-
rater reliability of M-mode USG in measuring bilateral 
diaphragmatic excursion was sufficient. The evidence for 
other excursion measurements was very low.

Diaphragm stiffness: intra‑ and inter‑rater reliabil‑
ity Two included studies [24, 26] reported the reliabil-
ity of using SWE to measure right diaphragmatic stiff-
ness. The within-day intra-rater reliability was sufficient 
(ICC = 0.93) [24], and the COSMIN rating was very good. 
One included study reported sufficient inter-rater reli-
ability (ICC = 0.96) without specifying whether it was 
within- or between-day measurements [26]. There was 
low-quality evidence that the within-day intra-rater reli-
ability of SWE in measuring right diaphragmatic stiffness 
was sufficient.

Diaphragm strain rate and motion velocity: intra‑ and 
inter‑rater reliability One included study [47] reported 
sufficient between-day intra-rater reliability of using STI 
to measure diaphragmatic strain rate (ICC = 0.96), but 
COSMIN rating was doubtful, and the evidence was very 

Fig. 3 Reliability of LBP, AIS, and COPD population
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low. One included study [50] which used TDI to meas-
ure diaphragmatic motion velocity without specifying the 
time interval, and reported sufficient reliability of intra 
and inter-rater reliability (ICC = 0.96–0.99; ICC = 0.89–
0.98), but its COSMIN rating was doubtful and evidence 
was very low.

Intercostal muscle thickness and stiffness: within‑day 
inter‑rater reliability One included study measured 
intercostal muscle thickness [22] and one measured 
intercostal muscle stiffness [25]. Both studies reported 
sufficient within-day inter-rater reliability (ICC = 0.92; 
ICC = 0.80). The COSMIN ratings of both studies were 
doubtful, and the evidence was very low.

Abdominal muscle thickness: within‑day intra‑ and 
inter‑rater reliability One included study [34] reported 
sufficient within-day intra-rater reliability (ICC = 0.76–
0.82; ICC = 0.78–0.87) but inconsistent within-day inter-
rater reliability (ICC = 0.52–0.71; ICC = 0.61–0.78) for 
using B-mode USG to quantify left transverse abdomi-
nals and internal obliquus thickness during different 
breathing phases. All the evidence was very low.

LBP

Diaphragm thickness: intra‑ and inter‑rater reliabil‑
ity Three included studies [41, 43, 52] reported suf-
ficient intra- and inter-rater reliability of using B-mode 
USG for bilateral diaphragmatic thickness measurements 
by experienced operators (left: ICC = 0.71–0.99; right: 
ICC = 0.87–0.99). The COSMIN ratings of the three stud-
ies were doubtful [43], adequate [52], and very good [41]. 
Overall, low-quality evidence supported that the within- 
and between-day intra- and inter-rater reliability of 
B-mode USG in measuring bilateral diaphragmatic thick-
ness in supine lying individuals with LBP was sufficient.

Diaphragm‑excursion: intra‑ and inter‑rater reliabil‑
ity Two included studies [42, 43] consistently reported 
sufficient within- (ICC = 0.74–0.76) and between-day 
intra-rater reliability (ICC = 0.78–0.92) of using M-mode 
USG to measure the right hemidiaphragm excursion. The 
COSMIN ratings of both studies were doubtful, and the 
quality of evidence was very low.

AIS

Diaphragm‑excursion and intercostal muscles‑stiffness: 
intra‑ and inter‑rater reliability Two included stud-
ies reported sufficient within-day intra- and inter-rater 

reliability of using M-mode USG to measure bilateral 
diaphragmatic excursion (ICC = 0.76–0.99) [44] and 
using SWE to measure right intercostal muscle stiffness 
(ICC = 0.80–0.90) [25] in teenagers with AIS. The COM-
SIN ratings of both studies were doubtful, and the rele-
vant evidence was very low.

COPD

Intercostal muscle thickness: intra‑ and inter‑rater reliabil‑
ity One included study [51] reported sufficient within-
day intra-rater reliability (ICC = 0.77–0.97) and inconsist-
ent within-day inter-rater reliability (ICC = 0.60–0.80) for 
measuring intercostal muscle thickness using B-mode 
USG. The insufficient result was reported in measur-
ing intercostal muscle thickness at right second and third 
intercostal levels. The COSMIN rating of this study was 
doubtful, and the evidence was very low.

Validity
The validity of relevant included studies, the methodo-
logical quality assessment of each study, and the relevant 
evidence are shown in Fig. 4 and Table 3.

Healthy

Convergent validity Four studies [23, 37, 45, 46] involv-
ing 243 healthy participants reported different convergent 
validity of using different types of USG to evaluate diaphrag-
matic morphometry or functions. Positive correlations were 
noted between the diaphragmatic excursion as measured 
by M-mode USG and radiographic imaging (X-ray) [45], 
between the diaphragmatic excursion and forced expiratory 
volume in the first second  (FEV1) or forced vital capacity 
(FVC) [37], as well as between diaphragmatic stiffness [23] 
or strain rate [46] and transdiaphragmatic pressure (Pdi). 
The methodological quality of these included studies was 
very good, and the validity values were rated as sufficient. 
There was high-quality evidence to support the conver-
gent validity between diaphragmatic excursion and  FEV1 or 
FVC, [37] while all others were low.

AIS

Discriminative/known‑groups validity One included 
study reported a significant difference in the left and 
right side diaphragmatic excursion among participants 
with a thoracic curve, with an adequate COSMIN rat-
ing [44]. Another included study reported no significant 
group difference in the stiffness of intercostal muscles 
between participants with and without AIS [25], but its 
COSMIN rating was doubtful. The quality of evidence for 
both conditions was low.
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Fig. 4 Validity of included studies

Table 3 Quality assessments and level of evidence – validity

Polupation Targeted 
Muscle

Convergent Discriminative/
known-groups

Study Sample Size Quality 
rating(COSMIN)

Results 
rating

Level of 
Evidence

Healthy Diaphragm-
Right

Excursion & 
Radiographic 
Image

Noh et al., 2014 14 Very good  + n = 14, low ( +)

Excursion & 
FEV1, FVC

Boussuges et 
al., 2009

180 Very good  + n = 180, high ( +)

Stiffness & Pdi Bachasson et 
al., 2019

15 Very good  + n = 15, low ( +)

Strain rate 
& Pdi

Oppersma et 
al., 2017

15 Very good  + n = 15, low ( +)

AIS Diaphragm-
Bilateral

Excursion: AIS 
Left & right side

Noh et al., 2016 32/32 Adequate  + n = 32, very low 
( +)

Intercostal 
muscle-Right

Stiffness: AIS & 
Healthy

Pietton et al., 
2021

16/19 Doubtful - n = 16, very 
low (-)

COPD Diaphragm-
Right

Stiffness & 
FEV1,FVC

Xu et al., 2021 43 Very good  + n = 43, low ( +)

Stiffness: COPD 
& Healthy

Xu et al., 2021 43/34 Doubtful  + n = 43, very low 
( +)

Intercostal 
muscle

Thickness & 
FEV1

Wallbridge et 
al., 2018

20 Adequate  + n = 20, very low 
( +)
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COPD

Convergent and discriminative/known‑groups valid‑
ity One included study [24] reported both discrimina-
tive/known-groups and convergent validity of diagram-
matic stiffness measurement. Shear wave velocity in the 
COPD group was significantly higher than that of the 
healthy controls, and shear wave velocity was negatively 
correlated with  FEV1 or FVC. Another included study 
[51] revealed a significant positive correlation between 
intercostal muscle thickness and  FEV1. All these results 
were rated as sufficient. The methodological quality of 
these two studies on convergent validity was rated as 
doubtful or adequate, and the overall quality of evidence 
was very low. While the methodological quality and qual-
ity of evidence of the first study [24] on discriminative/
known-groups validity was rated as very good and low, 
respectively.

Discussion
Our review found moderate-quality evidence to support 
sufficient within-day intra-rater reliability of B-mode 
USG in measuring right diaphragmatic thickness among 
people with LBP, sufficient between-day intra-rater reli-
ability of M-mode USG in measuring right diaphragmatic 
excursion in non-hospitalized individuals. The quality of 
evidence for all other measurements in relevant included 
studies and separated populations was low or very low. 
High-quality evidence supported the positive correlation 
between diaphragmatic excursion and  FEV1 or FVC in 
healthy individuals [37]. However, the quality of evidence 
for the validity between various USG measurement 
parameters and other comparators was low or very low.

There are several possible reasons for the observed 
low quality of evidence. According to the grading crite-
ria, most of the included studies were downgraded by 
their small sample sizes and poor methodological qual-
ity. Because the included studies were heterogeneous in 
terms of the position of participants, breathing phases 
during measurements, the definition of operators’ expe-
riences, and the types of ICC model, no meta-analysis 
was conducted. Therefore, the sample size for each meas-
urement parameter in each condition was very small. 
Additionally, most included studies were rated with 
doubtful methodological quality according to the lat-
est version of the ClinROMs checklist [31]. Unlike the 
COSMIN PROMs checklist (box  6 for reliability assess-
ment) [32], the ClinROMs checklist was developed for 
clinician‐reported outcome measures, which include 
readings from imaging modalities and ratings based on 
observations such as USG. Studies involving ClinROMs 
were more complicated because the involved patients, 
clinicians, and devices might affect the methodological 

quality. Therefore, the ClinROMs checklist adds items 
related to these factors. Most of our included studies lost 
scores on items 4 and 5 (related to professionals). Four 
included studies published in 2021 developed their study 
design based on the ClinROMs checklists. Therefore, 
they were rated as very good or adequate [24, 39, 52, 53]. 
Collectively, earlier research that followed the previous 
COSMIN checklist in designing their studies yielded low 
methodological quality.

As expected, the intra-rater reliability was higher than 
the inter-rater reliability, and the reliability of experi-
enced operators was higher than novice operators. The 
relatively lower inter-rater reliability in the current review 
concurs with previous findings on critically ill patients 
[19]. Novice operators have low reliability in performing 
USG measurements of muscles because USG is operator 
dependent. Specifically, the placement of a probe at the 
target location (zone of apposition, subcostal, intercos-
tal) and the selection of the best image on each measure-
ment highly depends on the operator’s experience. Such 
measurements are even more challenging for dynamic 
diaphragm measurements.

Although no meta-analysis was conducted, the reliabil-
ity of measuring right hemidiaphragm seems to be higher 
than that of the left side. Using any type of USG to inves-
tigate diaphragm needs adjacent structures to provide 
a good acoustic window. Liver provides a good acous-
tic window for the right hemidiaphragm investigation, 
whereas the measure on the left hemidiaphragm is more 
challenging for novice operators given the smaller spleen 
window and the interference of gas in the gastrointestinal 
tract [37, 54, 55].

The comparators in convergent validity studies 
included Pdi,  FEV1, and FVC. Pdi is a golden standard for 
evaluating diaphragm function but it is invasive [19]. The 
strong positive correlation between Pdi and diaphrag-
matic stiffness [23] or strain rate [46] suggest that SWE 
and STI may noninvasively assess diaphragm functions. 
 FEV1 and FVC are commonly used to quantify respira-
tory function of patients with COPD [56]. The sufficient 
correlations between  FEV1 or FVC and respiratory mus-
cle stiffness [24], thickness [51] and excursion [37] sug-
gest that the SWE, B-mode and M-mode USG can be 
used to assess respiratory functions. Further studies 
should explore the measurement properties of other non-
invasive measurements of respiratory muscle properties 
(e.g., magnetic resonance imaging).

The known-groups validity studies found that cer-
tain USG assessments of diaphragm parameters could 
be used to discriminate people with and without dis-
eases [24, 25, 44]. Notably, the reported discriminative/
known-groups validity in patients with AIS suggested 
that M-mode USG-measured diaphragmatic excursion 
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might help differentiate the bilateral hemi-diaphragmatic 
function in patients with different severity of the tho-
racic curve [44]. However, the intercostal muscle stiffness 
cannot differentiate people with and without AIS [25], a 
study on patients with COPD suggests that SWE-meas-
ured diaphragmatic stiffness can differentiate people with 
and without COPD [24].

The evidence regarding SWE, STI, and TDI was low 
summarized because of the limited number of included 
studies. SWE generates shear waves that propagate 
through tissues in the transverse plane causing shear 
displacements, which can be tracked to calculate shear 
wave velocity or shear modulus [27]. Shear wave velocity 
is faster in stiffer tissues, but decreases significantly with 
the thickness in thin tissues, especially when the thick-
ness is less than 1.5  cm [57, 58]. Therefore, shear wave 
velocity is affected by muscle mechanical properties and 
thickness in very thin tissues. Because both diaphragm 
and intercostal muscles are thin (0.13–0.76 cm) [59], the 
validity of using SWE to measure inspiratory muscle stiff-
ness should be interpreted with caution [29]. Further, the 
limited penetration depth, high sensitivity to sensor pres-
sure and angle, and the dependence of shear modulus 
on the probe orientation are the disadvantages of SWE 
[27, 60]. Future studies should take muscle thickness 
into consideration if SWE is used to measure respiratory 
muscle stiffness.

Both STI and TDI are strain rate imaging, which meas-
ure the differences in motion and velocity within tissues. 
They are commonly used in echocardiographic imaging 
to assess regional myocardial function [61, 62]. Speckles 
are small groups of tissue pixels with specific grayscale 
characteristics created by the interaction of ultrasound 
beams and tissues and can be used to calculate the tissue 
strain and strain rate [62]. STI technique identifies and 
tracks the same speckle throughout the movement cycle. 
While TDI measures the longitudinal strain and strain 
rate (one dimension, ultrasound beam should be paral-
lel to the direction of tissue motion), STI is independent 
of the angle and beam directions, and allows the tracking 
in two dimensions [63]. Therefore, STI is better than TDI 
in investigating the motion of diaphragm which may bet-
ter reflect diaphragmatic contractibility. More studies are 
warranted to use these two novel techniques to investi-
gate respiratory muscles.

Limitations
The current review had several limitations. First, the 
included studies were heterogenous, which precluded 
meta-analysis. Second, the use of the updated and stricter 
ClinROMs checklist led to the downgrade of the quality 
of evidence, although it was essential. Third, no included 

studies evaluated the responsiveness of various USG 
measurements, which may limit its clinical usage.

Conclusions
This is the first systematic review on the evidence 
regarding the measurement properties of using vari-
ous types of USG to evaluate respiratory muscle char-
acteristics in non-hospitalized populations. Although 
separate included studies revealed sufficient reliability 
and validity of using these USG technologies to assess 
the morphometry, function, and mechanical properties 
of respiratory muscles in non-hospitalized individuals, 
the respective quality of evidence was low due to the 
limited number of relevant studies. More high-qual-
ity large-scale studies are warranted to establish the 
reliability and validity of using various types of USG 
assessments to measure different respiratory muscle 
characteristics in different populations.
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