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ABSTRACT
Chronic Obstructive Pulmonary Disease (COPD) is a prevalent condition that poses a significant 
burden on individuals and society due to its high morbidity and mortality rates. The diaphragm is 
the main respiratory muscle, its function has a direct impact on the quality of life and prognosis of 
COPD patients. This article aims to review the structural measurement and functional evaluation 
methods through the use of diaphragmatic ultrasound and relevant research on its application in 
clinical practice for COPD patients. Thus, it serves to provide valuable insights for clinical monitoring 
of diaphragm function in COPD patients, facilitating early clinical intervention and aiding in the 
recovery of diaphragm function.

1.  Background

Chronic obstructive pulmonary disease (COPD) is a preva-
lent condition characterized by persistent airflow limitation. 
It has a global prevalence of 10.3% (95% CI 8.2–12.8) [1]. 
Currently, COPD ranks among the top three causes of death 
worldwide [2]. With the aging population, the prevalence of 
COPD is projected to rise. Due to the high prevalence, mor-
bidity, and mortality rates associated with COPD, a signifi-
cant burden is placed on both families and society. 
Unfortunately, prevention and treatment options for COPD 
are currently facing a challenge [3].

The primary clinical symptoms of COPD include dyspnea 
and reduced activity tolerance, with decreased respiratory 
muscle function being a leading cause of dyspnea in COPD 
patients [4]. The diaphragm is the primary inspiratory mus-
cle, responsible for 60–80% of all respiratory muscle func-
tion [5]. As a result, it significantly impacts the quality of 
life and prognosis of patients. The diaphragm is a muscular 
structure that separates the thoracic cavity from the abdom-
inal cavity. It is composed of all 3 muscle fiber types, and 
has a high percentage of fatigue-resistant muscle fibers [6]. 
It is impacted by various factors such as weight, nerves, 
metabolism, and muscles [7–9]. Patients with COPD experi-
ence pathophysiological changes due to factors, such as air-
flow obstruction, increased airway resistance, and lung 
hyperinflation. These changes can lead to diaphragm short-
ening, fiber contractile protein consumption, and oxidative 
stress, which can affect the structure, metabolism, and func-
tion of the diaphragm [10–13].

At present, the detection of the diaphragm includes lung 
function tests, chest X-ray, CT, MRI, ultrasound, pressure 
detection, electromyographic examination, and so forth [14].

Compared to other examinations, such as CT, diaphrag-
matic ultrasonography (US) has become a popular research 
tool because of its ability to noninvasively infer the dia-
phragmatic muscle mass [15], represent residual work capac-
ity, and predict the response to noninvasive ventilation 
(NIV) [16] and mechanical ventilation. In this article, the 
ultrasound evaluation method of the diaphragm and the 
application of diaphragm ultrasound in COPD are reviewed.

2.  Overview of diaphragmatic ultrasound

Ultrasonography (US) has been extensively researched and 
proven to be superior in assessing diaphragmatic function. 
Its reliability, validity, and reproducibility have also been rec-
ognized by some scholars [17,18]. Currently, different meth-
ods of ultrasonic evaluation of the diaphragm have been 
proposed including, measuring diaphragm thickness (DT) 
and mobility using 2D B-mode or M-mode. The following 
section describes the methods used to assess diaphragmatic 
function.

2.1.  Diaphragm thickness and diaphragm thickening 
fraction

To measure diaphragm thickness (DT) and thickening frac-
tion (TF), a high-frequency linear-array probe is used while 

© 2024 the author(s). Published with license by taylor & francis Group, llC

CONTACT Qunxia Zhang  300771@hospital.cqmu.edu.cn  Department of ultrasound, second affiliated hospital of Chongqing medical university, linjiang 
road 74, Chongqing 400010, Pr China.

https://doi.org/10.1080/15412555.2024.2331202

this is an Open access article distributed under the terms of the Creative Commons attribution license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. the terms on which this article has been published allow the posting of the accepted 
manuscript in a repository by the author(s) or with their consent.

ARTICLE HISTORY
received 18 December 2023
accepted 11 march 2024

KEYWORDS
Chronic obstructive pulmonary 
disease; diaphragm; ultrasound; 
ultrasound imaging

mailto:300771@hospital.cqmu.edu.cn
https://doi.org/10.1080/15412555.2024.2331202
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com


2 H. MU AND Q. ZHANG

the patient is in a supine or semi-recumbent position. The 
ultrasound probe is placed longitudinally parallel to the long 
axis of the body and perpendicular to the chest wall, typi-
cally between the eighth and tenth intercostal space, at the 
anterior axillary line or midway between the anterior and 
mid-axillary lines. The image displays three parallel hypere-
choic layers. The upper and lower hyperechoic layers corre-
spond to the pleura and peritoneal membranes while the 
middle hypoechoic layers represent the diaphragm (shown 
in Figure 1).

Ultrasound provides a noninvasive assessment of DT 
[19]. The DT can be obtained by measuring the distance 
between the two hyperechoic layers directly from the frozen 
B-mode images or M-mode images. The accuracy of US 
measurement of DT has been demonstrated [20,21]. In most 
studies, the right and left DTs have been measured as the 
distance from the middle of the pleural membrane to the 
middle of the peritoneal membrane. Alternatively, some 
studies have proposed measuring from the inner edges or 
the outer edges of the pleural and peritoneal membranes 
[22]. This article recommends measuring the inner-inner 
distance for DT, since values are fractions of a millimeter.

Researchers suggest using M-mode for measuring DT 
because it allows accurate detection of respiratory cycle vari-
ations and acquisition of end-expiration and end-inspiration 
measurements [23]. Diaphragmatic function has been related 
to inspiratory thickeness. So, for better detection of dia-
phragmatic dysfunction (DD), it is necessary to measure TF. 
TF can be calculated as follows: TF = (thickness at end 
inspiration – thickness at end expiration)/thickness at end 
expiration.

DT increased as lung volume increased, with a more 
rapid rate of thickening at the higher lung volumes [21]. It 
is noteworthy that the position of the subject affects the 
thickness of the diaphragm. Specifically, DT is more than 
20% higher in sitting and standing positions compared to 

the supine position at the end of maximal inspiratory and 
calm expiration (p < 0.05) [24]. Studies have determined the 
reference value of right DT in healthy individuals while in a 
seated position. DT varies depending on the sex and the 
stage of respiration, not body mass index or thorax circum-
ference [25]. At the end of calm expiration, DT is 
0.21 ± 0.04 cm for males and 0.19 ± 0.04 cm for females. At 
the end of calm inspiration, the thickness is 0.28 ± 0.06 cm 
for males and 0.25 ± 0.06 cm for females. At the end of max-
imum inspiration, the thickness is 0.43 ± 0.08 cm for males 
and 0.39 ± 0.08 cm for females [26]. While a study found that 
the reference values for supine DT at the end of calm expi-
ration were 0.19 ± 0.04 cm (95% CI 0.17–0.20 cm) for males 
and 0.14 ± 0.03 cm (95% CI 0.13–0.15 cm) for females 
(p = 0.01) [25]. It is important to note that although many 
researchers have come up with reference values for DT, there 
is no consensus due to the varied characteristics among 
populations and high individual differences.

Although the impact of COPD on diaphragm function 
has been established, studies examining DT in COPD 
patients have yielded mixed results, likely due to the com-
plexity of diaphragmatic function, inconsistent measurement 
methods, and the lack of reference values. Baria et  al. uti-
lized ultrasound to measure DT in 50 COPD patients and 
150 healthy controls, and found no significant difference in 
DT or TF between the two groups [27]. A study conducted 
by Ogan came to similar conclusions. Additionally, there was 
no significant difference in DT observed between COPD 
severity, changes in respiratory function, frequency of exac-
erbations, and symptom scores (mMRC) [28]. Similarly, a 
team did not find significant differences in diaphragm thick-
ening rates among patients with different disease severities, 
symptom severities, and frequencies of COPD attacks. 
However, the study lacked a control group [29].

Differently, a study including 38 patients with COPD and 
30 healthy volunteers with varying degrees of health, indi-
cated that the DT, thickness changes, and TF of COPD 
patients were lower than those of the healthy volunteers 
[30]. Similarly, Okura’s research indicates that individuals 
with COPD have lower DT and TF than healthy individuals 
during maximum spirometry tests [31]. Although there are 
controversy surrounding studies on DT in patients with 
COPD, it continues to be an important parameter for assess-
ing the diaphragm. Further research on DT has the potential 
to enhance the depth and scope of research content, ulti-
mately enabling a more significant role in clinical applications.

2.2.  Diaphragm excursion

To gain diaphragm mobility, a low-frequency (1–5 MHz) 
convex probe is used while the patient is in a supine or 
semi-recumbent position. The probe should be placed below 
the costal margin, between the midclavicular and anterior 
axillary lines. Using the liver as the acoustic window, the 
probe points to the medial, cranial, and dorsal side, so that 
the ultrasound beam reaches the right dome of the dia-
phragm perpendicularly. The ultrasound image shows the 
inferior vena cava on the right side of the screen and the 

Figure 1. Diaphragm. a high-frequency linear array probe is utilized to identify 
the diaphragm located between the eighth to tenth intercostal space. the 
resulting image typically displays three parallel high and low echo bands, with 
the upper and lower layers representing the pleural and peritoneal membranes, 
respectively, and the diaphragm located in the middle.
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gallbladder in the middle. Additionally, the right diaphragm 
appears as a thick and curved hyperechoic line. Once a good 
quality B-mode image is obtained, operators should adjust 
the M-mode interrogation line to be perpendicular to the 
movement of the hemidiaphragm. Recording the movement 
of the diaphragm, diaphragm excursion (DE) is the vertical 
distance from the baseline to the highest point at the end of 
inspiration and expiration (shown in Figure 2). The influ-
ence of lung gas and breathing can often make it difficult to 
use the standard M-mode. In such cases, anatomical 
motion-mode (AMM) US can be used to improve the situ-
ation. Several authors have concluded that AMM provides a 
more comprehensive record of the mobility of the two 
hemidiaphragms compared to the standard M-mode [32]. To 
detect left DE, position the probe under the costal margin 
or between the anterior axillary line and midaxillary line in 
the low intercostal space. Use the splenic window to obtain 
a clear 2D image of the left diaphragm and record in 
M-mode as described on the right.

Measuring DE in patients using M-mode has been shown 
to be a reliable method [33–36]. To objectively quantify DE 
and DT, at least three images should be evaluated and aver-
aged. It is worth noting that the right diaphragm has the 
liver as an acoustic window and is less disturbed, so it is 
more widely used in clinical practice. Additionally, studies 
have shown that DE varies based on body position, with 
higher mobility observed in the supine position compared to 
sitting or standing positions at the same inspiratory vol-
ume [37].

While there have been numerous studies conducted on 
DE, some scholars have established a reference value for DE 
in the standing position. However, it is worth noting that 
clinical patients often find it difficult to tolerate this posi-
tion. Therefore, this article focuses solely on the sitting posi-
tion. It is important to mention that reference values for the 
average DE in healthy individuals have been established 
[38]. During quiet respiration, the right DE is1.9 ± 0.5 cm for 
males and 1.7 ± 0.4 cm for females. During deep breathing, 

the right DE is 6.6 ± 1.3 cm for males and 5.4 ± 1.1 cm for 
females.

Patients with COPD have lower DE than normal due to 
prolonged air retention [39], a view shared by many scholars 
[40,41]. Recent studies suggest that DE may be linked to 
dyspnea scores and 6-m walking experiments in patients 
with COPD. Consequently, it is believed that DE can play a 
significant role in exercise tolerance and dyspnea in COPD 
patients [40]. Ongoing research in this area may lead to the 
development of a more widely used, accurate, and conve-
nient monitoring method for the diagnosis and prognosis of 
COPD patients.

2.3.  Other methods

2.3.1.  Tissue Doppler imaging
Tissue Doppler imaging (TDI) is a widely utilized ultra-
sound technique used to measure the velocity of myocardial 
movement. It utilizes the Doppler principle to measure 
high-amplitude, low-velocity signals of cardiac tissue move-
ment [42]. TDI measurements are both reliable and rela-
tively easy to obtain. As a result, some researchers have 
utilized TDI to evaluate the right diaphragmatic peak motion 
velocities in newborns and have found it to be a feasible and 
reliable method for assessing diaphragm function [43]. 
Previous studies have utilized TDI to assess both healthy 
individuals and ICU patients experiencing respiratory failure. 
These studies have discovered that individuals who experi-
ence weaning failure exhibit higher peak contraction and 
relaxation velocity, as well as higher relaxation rates, when 
compared to healthy subjects and successfully weaning 
patients. As a result, TDI has the ability to differentiate 
between patients who have failed a weaning trial and those 
who have succeeded, while also displaying a strong correla-
tion with Pdi-derived parameters [44].

Despite the potential benefits of TDI, there are still sev-
eral unanswered questions surrounding its accuracy in cap-
turing diaphragmatic muscle contraction velocity [45], the 
need for standardization of the method, and a better under-
standing of its capabilities and limitations [46]. However, as 
this technology continues to develop, TDI has the potential 
to become a reliable, noninvasive, and real-time assessment 
tool for diaphragm function.

2.3.2.  Elastography
Elastography is a novel technique used to measure tissue 
stiffness and is commonly applied in areas such as the thy-
roid or breast. When the diaphragm becomes abnormal, its 
stiffness changes, making elastography a promising, noninva-
sive method for assessing diaphragm function.

Previous studies have evaluated diaphragmatic shear 
moduli in healthy volunteers performing submaximal inspi-
ratory tasks at different inspiratory mouth pressure levels. 
They have shown that the diaphragmatic shear modulus 
increases with inspiratory mouth pressure [47]. In addition, 
a study has been conducted on the relationship between the 
gold standard trans-diaphragmatic pressure (Pdi) and the 
shear modulus of the diaphragm during the inspiration 

Figure 2. Diaphragm excursion. the m-mode is utilized to detect diaphragm 
movement. and diaphragm excursion refers to the vertical distance from the 
baseline to the highest point at the end of both inspiration and expiration.
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process of healthy volunteers. The findings suggest that 
changes in diaphragm stiffness evaluated by shear wave elas-
tography are reflective of changes in PDI [48]. Quentin 
Fossé conducted a study on 30 ICU patients who were 
mechanically ventilated. The patients were monitored using 
ultrasound evaluation and PDI to explore the possibility of 
its use. The study concluded that there was a correlation 
between changes in diaphragm shear modulus (ΔSMdi) and 
changes in PDI (R = 0.45, 95% CI [0.35–0.54], p < 0.001)[49]. 
There is not enough evidence of potential clinical applica-
tions, despite statistically significant correlations. Elastography 
has been utilized by scholars to assess the diaphragm in 
both COPD patients and normal individuals. A comparison 
of the two groups revealed that the diaphragm of COPD 
patients has a significantly higher shear wave velocity (SWV) 
at functional residual capacity [50]. CHEN conducted a 
study using elastography to evaluate the diaphragm and dis-
covered that diaphragm stiffness increases with disease 
severity in COPD patients and is closely linked to lung 
function [51].

Elastography is a relatively new technique for assessing 
the diaphragm, but it faces certain challenges, such as lim-
ited sample size and a lack of standardized sampling meth-
ods. Despite these obstacles, its potential clinical utility for 
evaluating diaphragm function and predicting disease prog-
nosis warrants further investigation.

2.3.3.  Strain imaging
Strain imaging is a technique that tracks ultrasound speckles 
over time, allowing for the precise measurement of anatom-
ical movement and deformation. This enables the calculation 
of tissue displacement, velocity, and deformation in two 
directions, regardless of the angle between the ultrasonic 
beam and the direction of tissue excursion [52]. Due to 
these advantages, strain imaging has proven to be an effec-
tive tool for assessing myocardial function. To expand the 
scope of its application and reap the potential benefits of 
strain imaging, researchers have utilized this technique on 
healthy volunteers to evaluate diaphragm function.

Orde et  al. found that strain on the right diaphragm 
aligns with traditional B and M modes in assessing dia-
phragm function, such as TF and caudal displacement [53]. 
Moreover, strain imaging may prove to be a simpler method 
for assessing left diaphragm function when compared to 
M-mode [54].

Assessing the contraction pattern of the diaphragm is also 
possible due to the benefits of strain. The right hemidia-
phragm can be divided into three segments, including the 
crura, the dome, and the zone of apposition. By using strain 
to assess the diaphragm of normal volunteers, Ye’s team 
observed that the shortening of the right hemidiaphragm 
(negative strain value) first appeared in the zone of apposi-
tion and then in the crura, while the dome of the diaphragm 
stretched passively (positive strain value). Furthermore, when 
breathing deeply, the longitudinal strain of the right hemid-
iaphragm was higher than that of the crura [55].

The utilization of Speckle tracking technology in healthy 
individuals receiving noninvasive pressure support ventilation 

has revealed a significant increase in both TF and transverse 
strain when utilizing continuous positive airway pressure 
(CPAP) and pressure-supported ventilation (PSV). Additionally, 
a strong correlation was observed between transverse strain 
and TF (r = 0.753; p < 0.001). Compared to M-mode, strain 
imaging is capable of capturing a wider range of diaphrag-
matic regions and has a higher accuracy in tracking motion, 
as shown by research [56]. Studies have also demonstrated 
that strain and strain rates have a strong correlation with PDI 
(strain R2 = 0.72, strain rate R2 = 0.80) and diaphragmatic 
electrical activity (strain R2 = 0.60; strain rate R2 = 0.66) in 
healthy volunteers with increased inspiratory load (0–50%) 
and are superior to TF [57].

Researchers have found that strain imaging can indeed be 
used to assess diaphragmatic function in surgical patients. 
Some scholars have even applied strain to patients after aor-
tocoronary artery bypass grafting and concluded that Speckle 
tracking US is superior to conventional ultrasound measure-
ment in assessing changes in diaphragm function after sur-
gery [58].

Strain imaging has the potential to be a valuable tool in 
the study of diaphragmatic function. However, currently 
available ultrasonographic machine software is designed for 
evaluating heart function and there is no machine specifi-
cally developed for studying diaphragmatic strain.

3.  Application of diaphragmatic ultrasound in COPD

3.1.  Diaphragmatic ultrasound for the diagnosis of 
COPD and determination of the severity

According to the GOLD COPD report, the diagnosis of 
COPD primarily relies on the presence of symptoms, such 
as cough, sputum production, dyspnea, and pulmonary 
function tests. It is crucial to note that the forced expiratory 
volume at the first second/forced vital capacity (FEV1/FVC) 
should be less than 0.70 after inhaling bronchodilators. The 
severity of airway obstruction and disease is judged based 
on lung function and questionnaire scores. The risk of exac-
erbation is estimated by the number of exacerbations and 
symptoms.

In order to better supplement the diagnosis of COPD, 
researchers have examined the M-mode index of obstruc-
tion (MIO), which measures the forced expiratory dia-
phragmatic excursion in the first second (FEDE1)/the 
maximum expiratory diaphragmatic excursion (EDEMax). 
The study found a statistical difference between the  
group of 124 patients with airway obstruction and the 
normal group. Airway obstruction was diagnosed using an 
MIO < 77, which had a sensitivity of 83.33%, specificity of 
96.61%, positive predictive value of 95.5%, and negative 
predictive value of 73.7% [59].

There are some challenges in using ultrasound to diagnose 
COPD. Further research is necessary to improve the accuracy 
and clinical utility of diaphragmatic ultrasound for COPD 
diagnosis. The research population should be expanded, the 
operation process standardized, and a population database 
established to determine diagnostic reference values.
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In judging the severity of the disease in 32 patients with 
COPD, scholars found that the thickness and thickness 
changes of the diaphragm are related to lung volume, and the 
diaphragm thickening value is associated with lung function 
FEV1 [60]. Similar studies have been conducted by other 
researchers who have concluded that DE and diaphragm 
thickening rate are correlated with lung function FEV1, while 
DT is not associated with FEV1 [61]. Taehwa scholars only 
agree with some of the above views, he believes that DT and 
DE are related to FEV1, but the correlation between DE and 
FEV1 is stronger than that of thickness. Additionally, the cor-
relation is higher on the right side compared to the left. It has 
also been suggested that a cutoff value of 6.7 cm for right DE 
should be used during heavy breathing, and there is a statis-
tically significant difference in FEV1% between the two groups 
[62]. Similarly, Evrin’s study not only supports a correlation 
between DE and FEV1 but also suggests that DE is linked to 
the frequency of exacerbations per patient per year [63].

A study evaluated patients with AECOPD within 72 h of 
exacerbation and after symptom improvement using dia-
phragmatic ultrasound. It showed that the right TF signifi-
cantly increased from the initial values to the follow-up 
values. The correlation between changes in mobility during 
stable and exacerbation phases was found to be positive with 
respect to the time until the next exacerbation and negative 

with respect to the time required for recovery from an exac-
erbation [64]. As a noninvasive tool for assessing diaphrag-
matic function, ultrasound can be practically useful in 
managing patients with AECOPD. Further research is needed 
for thorough validation.

In a study of 55 COPD patients, researchers divided them 
into stable and acute exacerbation phases based on their 
symptoms. The study found that the TFmax and DEmax 
models were as effective as FVC and FEV1 in diagnosing 
disease deterioration. TFmax was found to be highly specific 
(78.8%) while DEmax was extremely sensitive (95.2%). In a 
multivariate regression analysis of age, sex, BMI, and lung 
function, the researchers identified a significant association 
between AECOPD and low TFmax (OR 8.40; 95% CI 1.55–
45.56) as well as low DEmax (OR 11.51; 95% CI 1.15–
115.56) based on the cutoff grouping [65].

With advances in technology and standardization of pro-
cedures, diaphragmatic ultrasound may have great potential 
in diagnosing COPD and assessing its prognosis.

3.2.  Diaphragmatic ultrasound to assess diaphragmatic 
dysfunction in patients with COPD

Due to pathophysiological changes in the diaphragm, such 
as oxidative stress and inflammation, DD occurs in COPD 

Table 1. Characteristics and findings of articles using diaphragmatic ultrasound in niv.

study/year Population
number of 

patients niv mode

Diaphragm 
ultrasound 
parameters acquisition time findings

antenora f 
2017 [76]

aeCOPD 41 Pressure preset  
mode

tf admission
before starting niv

1. niv failure was found to be strongly associated 
with DD (p < 0.001)

2. the Δtdi% median value significantly higher in 
patients who were successful with niv

3. DD correlated with longer iCu stay, prolonged 
mv, and tracheotomy

marchioni a 
2018 [73]

aeCOPD 75 Pressure preset  
mode

tf admission
before starting niv

1. Patients with DD presented a higher risk for niv 
failure than patients without DD

2. DD correlated with higher short- and long-term 
mortality, longer stay in the riCu, prolonged 
mv, and higher tracheostomy rate

3.Δtdi < 20% showed higher accuracy in predicting 
niv failure than baseline ph < 7.25, and both 
changes in arterial blood ph and PaCO2 did 
within 2 h after niv was started

4.Δtdi < 20% demonstrated the same accuracy as 
Pdi sniff in identifying DD

Cammarota G 
2019 [75]

aeCOPD 21 Pressure support 
mode

right-sided De
bilateral 

thickness
bilateral tf

before starting niv 
(t0),

after 1 h (t1) of niv.
after 2 h (t2) of niv

1. a greater De in niv successes compared to that 
observed in niv failures at t0 (p = 0.02), t1 
(p = 0.007), and

t2 (p = 0 .008)
2. left-sided expiratory
thickness of niv successes at t2 was higher than 

that of niv failures at the same time point 
(p = 0.01)

3. the left expiratory Dt of niv successes increase 
at t2, whereas that of niv failures remains 
unchanged over the whole study period.

Kocyigit h 
2021 [77]

aeCOPD 60 Continuous positive 
airway 
pressure-pressure 
support volume 
mode

tf admission
before starting niv

in predicting niv failure, DD had a sensitivity of 
84.6%, specificity of 91.5%, positive predictive 
value of 73.3%, and negative predictive value of 
95.6%

Patel nb 2023 
[78]

aeCOPD 60 biPaP mode tf admission before 
starting niv (t1)

after 2 h of niv (t2)

the DD criterion of ≤35.3 (t2) had a better 
diagnostic profile and higher log odds and 
hazard ratio than other thresholds (<20; ≤19.04) 
in estimating niv failure.

niv: noninvasive ventilation; aeCOPD: acute exacerbations of Chronic Obstructive Pulmonary Disease: tf: thickening fraction: De: diaphragm excursion: DD: dia-
phragmatic dysfunction: Δtdi: diaphragm thickness change; iCu: intensive care units; riCu: respiratory intensive care units; mv: mechanical ventilation



6 H. MU AND Q. ZHANG

patients. According to a study, the prevalence of DD was 
found to be 24.3% during AECOPD. DD is a common 
occurrence in critically ill patients and has been linked to 
increased morbidity and mortality [66]. Additionally, it can 
result in prolonged mechanical ventilation and intensive care 
stays [67]. While the gold standard for testing diaphragmatic 
function is through measurement of PDI, it may not be 
effective in diagnosing unilateral diaphragmatic paralysis due 
to its poor sensitivity. This is because even with one effec-
tive hemidiaphragm, sufficient PDI can be generated during 
restful breathing. A study claimed that 6% of asymptomatic 
participants have a dyskinetic diaphragm [68].

Ultrasound is a safe, noninvasive, accurate, and conve-
nient technique widely used in intensive care. Scholars have 
demonstrated its feasibility and high reproducibility in 
detecting diaphragm dysfunction in critically ill patients 
[69]. However, there are deficiencies in the quantitative 
assessment of DD. A study has shown that ultrasound has a 
diagnostic sensitivity of 93% and a specificity of 100% for 
the detection of neuromuscular diaphragm dysfunction [70]. 
Commonly used methods for diagnosing diaphragmatic 
paralysis include measuring the DT, which should be less 
than 0.2 cm, and the TF, which should be less than 20% 
[71]. Diaphragmatic weakness and paralysis can be differen-
tiated based on the direction of diaphragm movement. 
Patients with diaphragmatic weakness exhibit decreased dia-
phragmatic movements during inspiration, while patients 
with diaphragmatic paralysis show paradoxical movements 
[72]. The optimal cutoff values for DE in the diagnosis of 
DD in mechanically ventilated adult patients range from 1.0 
to 1.4 cm during normal spontaneous breathing and 2.5 cm 
for maximum inspiratory force.

It is important to note that DE should only be used as an 
indicator of diaphragmatic function in spontaneously breath-
ing patients [69]. It also should be noted that the supine 
position may obscure the paradoxical movement of the dia-
phragm when assessing for hemidiaphragm dysfunction. So 
the DT should be measured to assess the function of the 
diaphragm. On the side of hemidiaphragm dysfunction, the 
DT will not be significantly thickened or may even became 
thinner [38].

3.3.  Diaphragmatic ultrasound predicts weaning 
outcomes in patients with COPD

In patients with COPD who experience an exacerbation of 
their illness due to infection, the use of either invasive or 
NIV is crucial. NIV is the preferred initial treatment for 
those with respiratory failure caused by AECOPD, although 
failure rates can range from 5 to 40% [73]. It is important to 
keep in mind that patients who require invasive mechanical 
ventilation after unsuccessful NIV treatment have a signifi-
cantly higher risk of mortality [74]. Therefore, numerous 
scholars have conducted research on the effectiveness of dia-
phragmatic ultrasound in predicting the outcome of NIV for 
AECOPD (Table 1). The DE was found to be greater in the 
successful NIV group before and after NIV than in the failed 
group [75]. NIV failure (p < 0.001, R2 = 0.27), prolonged ICU 
stay (p = 0.02, R2 = 0.13), prolonged mechanical ventilation 

(p = 0.023, R2 = 0.15), and tracheostomy requirement (p = 0.006, 
R2 = 0.20) have been noted in patients with DD. According to 
Kaplan–Meyer survival estimates, NIV failure in respiratory 
intensive care units (RICUs) was significantly associated with 
DD (log-rank test p = 0.001, HR = 8.09 (95% CI: 2.7–24.2)). 
Additionally, mortality was also significantly associated with 
DD (log-rank test p = 0.039, HR = 4.08 (95% CI: 1.0–16.4)) 
[76]. While this view is supported by other scholars, it is 
important to note that patients with DD have a higher risk 
of NIV failure compared to patients without DD (hazard 
ratio, 4.4; p < 0.001). The correlation between DT change 
(ΔTdi) and Pdi when sniffing respiration is also noteworthy 
(r = 0.81; p = 0.004). Moreover, ΔTdi < 20% is a more accurate 
predictor of NIV failure than initial pH, early changes in 
arterial pH and carbon dioxide partial pressure after NIV 
initiation [73]. In predicting NIV failure, DD had a sensitiv-
ity of 84.6% (95% CI: 54.6–98.1), specificity of 91.5% (95% 
CI: 79.6–97.6), positive predictive value of 73.3% (95% CI: 
51.2–87.8), and negative predictive value of 95.6% (95% CI: 
85.7–98.7) [77]. A study has indicated that the ratio of odds 
(OR) for NIV failure using the DD standard of TF ≤ 20 and 
the calculated new standard of TF ≤ 19.04 before NIV was 
6, respectively. After 2 h of NIV, the DD criterion of TF ≤ 
35.3 had a better diagnostic profile and higher log odds and 
hazard ratio than other thresholds (<20; ≤19.04) in estimat-
ing NIV failure [78].

Diaphragm ultrasound has a significant reference value in 
predicting the outcome of mechanical ventilation. Various 
studies have been conducted to predict the time of weaning 
by measuring DE and TF. A study included 54 weaned 
patients, of which 70.4% were COPD patients. After analysis, 
researchers have established that the critical values for DE, 
thickness at the end of inspiration and expiration and TF 
are 1.05 cm, 2.1 cm, 1.05 cm, and 34.2%, respectively. The 
sensitivity values were reported as 87.5%, 77.5%, 80%, and 
90%, while the specificity values were 71.5%, 86.6%, 50%, 
and 64.3%. When using a DE of ≥1.05 cm and a DT of 
≥2.1 cm at end-inspiration to assess the timing of weaning, 
the sensitivity decreased to 64.9%, but the specificity 
increased to 100% [79]. According to a study, in COPD 
patients undergoing a 30-min spontaneous breathing test, 
successful extubation can be predicted by evaluating both 
the 30-min DE and the difference between 30-min and 
5-min DE. The area under the receiver operator characteris-
tic (AUROC) was 0.867, sensitivity was 92% and specificity 
was 83.3% [80]. A study has shown that DE is a more reli-
able predictor of extubation success than TF [81]. However, 
this study is a small-sample, single-center study and cannot 
be broadly applied. To enhance the accuracy of weaning pre-
dictions, some researchers have proposed modification to 
the rapid shallow breathing index (RSBI), which is the ratio 
of respiratory rate (RR) to tidal volume (VT). Instead, they 
have replaced VT with DE and diaphragm thickening frac-
tion (DTF) to calculate two new indices: the diaphragmatic 
excursion rapid shallow breathing index (DE-RSBI, respira-
tory rate RR/DE) and the diaphragm TF rapid  
shallow breathing index (DTF-RSBI, RR/DTF). In the evalu-
ation of weaning, RSBI is used and the optimal cutoff  
values for predicting weaning failure are RSBI > 51.2 breaths/
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min/L, DE-RSBI > 1.38 breaths/min/mm, and DTF-RSBI > 
78.1 breaths/min/%. The study found that the AUROC curves 
for DE-RSBI and DTF-RSBI were significantly higher than 
those for RSBI (p = 0.004 and p < 0.001, respectively) [82].

In patients with acute exacerbations of COPD (AECOPD), 
some scholars have utilized the index of respiratory rate to 
diaphragmatic movement ratio. Their findings concluded 
that the diaphragm-related respiratory index had an AUROC 
curve of 0.97 (p < 0.001) and the RSBI had an AUROC curve 
of 0.67 (p < 0.06). Thus, the diaphragm-related index was 
found to be superior to the conventional RSBI in predicting 
weaning outcomes for patients with AECOPD [83]. A study 
has assessed the effectiveness of the excursion-time (E-T) 
index, which is the result of multiplying DE and inspiratory 
time. According to the study, a reduction of the diaphrag-
matic E-T index of less than 3.8% has a sensitivity of 79.2% 
and a specificity of 75% in predicting the success of extuba-
tion [84].

However, further research is needed in this area. With 
continued research, diaphragmatic ultrasound has the poten-
tial to become a dependable assessment method for deter-
mining the appropriate timing for weaning patients off of 
ventilatory support.

3.4.  Other applications of diaphragmatic ultrasound in 
ventilatory support

Diaphragmatic ultrasound is capable of evaluating respira-
tory effort. Various studies have indicated a significant cor-
relation between TF and invasive techniques like diaphragm 
and esophageal time-pressure product (PTPdi and PTPes). 
This correlation can establish a new noninvasive method for 
monitoring respiratory load during assisted mechanical ven-
tilation [69]. There are advantages to detecting atrophy in 
mechanically ventilated patients, including diaphragm thin-
ning that can occur within 48 h of initiation of mechanical 
ventilation, as well as a reduction in DT over time in each 
patient [85]. Therefore, it is recommended that measures be 
taken to prevent diaphragmatic atrophy when providing ven-
tilatory support.

3.5.  The role of diaphragmatic ultrasound in assessing 
pulmonary rehabilitation

Pulmonary rehabilitation is a comprehensive intervention that 
involves a thorough assessment of the patient. It is a therapy 
that is tailored to the individual and includes exercise train-
ing, education, and behavior change. The goal of pulmonary 
rehabilitation is to improve the physical and psychological 
condition of patients with chronic respiratory diseases and 
promote long-term adherence to healthy behaviors. Integrated 
management of patients with COPD is crucial due to the 
complexity of the disease, its multisystem manifestations, and 
common comorbidities. Thus, pulmonary rehabilitation plays 
a central role in this management [86]. The effects of pulmo-
nary rehabilitation are best evidenced by the improvement in 
symptoms, exercise performance, and overall quality of life in 
individuals diagnosed with COPD [87].

To objectively assess the effects of pulmonary rehabilita-
tion, scholars have utilized diaphragmatic ultrasound. In 
particular, some authors have examined DE in subjects with 
severe to very severe COPD both before and after rehabili-
tation. Results indicate that deep inspiration after rehabilita-
tion resulted in improved DE, with mean values increasing 
from 4.58 ± 1.83 cm to 5.45 ± 1.56 cm (p = 0.05) [88]. A study 
concluded that DE was a reliable predictor of improved 
exercise tolerance in patients with stable COPD who under-
went pulmonary rehabilitation [89]. According to previous 
studies, there is a correlation between the percentage change 
in diaphragm length after pulmonary rehabilitation in COPD 
patients with functional residual volume and the improve-
ment in their 6-min walking distance. The sensitivity and 
specificity for predicting exercise capacity improvement in 
pulmonary rehabilitation are 83% and 74%, respectively, 
with a length change cutoff of at least 10% [90].

Diaphragmatic ultrasound has the potential to serve as 
both a predictor of pulmonary rehabilitation efficacy and a 
real-time monitoring technique for respiratory muscle train-
ing during such rehabilitation.

3.6.  Predicting nocturnal oxygen saturation in patients 
with COPD

Patients with COPD frequently experience a reduction in their 
oxygen saturation levels during the night. Studies have shown 
that there is a notable connection between the mean arterial 
oxygen saturation at night and other factors such as maximal 
inspiratory port pressure (r = 0.65), maximal inspiratory 
trans-diaphragmatic pressure (r = 0.53), FEV1 (r = 0.61), arterial 
oxygen saturation (SaO2) (r = 0.75), and PaCO2 (r = −0.44) [91]. 
To investigate a more noninvasive and straightforward method, 
researchers examined the correlation between diaphragmatic 
ultrasound and blood oxygen saturation. A study involved 32 
male patients with varying degrees of COPD severity. The 
researchers measured DT, TF, and blood oxygen saturation lev-
els at the end of maximum inspiration and maximal expira-
tion. After conducting statistical analysis, the study found a 
positive correlation between nocturnal oxygen saturation and 
TF. There was a positive correlation between DTF (r = 0.70) 
and daytime PaO2 (r = 0.69). Additionally, the combination of 
these factors proved to be more effective in predicting noctur-
nal SaO2 in patients [92].

In the field of medicine, diaphragmatic ultrasound has the 
potential to complement other diagnostic tests, enabling more 
accurate prediction and assessment of oxygen saturation levels 
in patients with COPD. This noninvasive and simple method 
holds promise for improving patient care in the future.

4.  Limitations

Ultrasound is an evolving technique that has gained wide-
spread acceptance as a tool for assessing diaphragms. 
However, there are some limitations. First, the acquisition 
and analysis of ultrasound images rely on operators who 
need to possess a certain level of experience and knowledge 
to ensure accurate and comprehensive results. Standardized 
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training is necessary for operators to achieve this level of 
proficiency.

In addition, ultrasound, like other monitoring methods, 
can be affected by various factors within the body, such as 
lung and gastrointestinal gas, as well as disturbances caused 
by lesions in the observation area. These factors can also 
result in poor imaging of the left diaphragm. Due to the 
technical challenges involved in examining the left dia-
phragm, some researchers have limited their assessments to 
the right diaphragm in certain reports.

Besides, numerous studies have indicated the significant 
potential of diaphragmatic ultrasound. However, the major-
ity of these research projects have utilized single-center and 
small-sample studies, thus requiring further verification of 
the results.

Recent international guidelines have focused on the func-
tional assessment of the diaphragm to address or refine the 
differential diagnosis of respiratory failure in intensive care 
units but there is no universal approach to US characteriza-
tion of diaphragmatic function [18]. As each study has a 
different purpose, there may be variations in research meth-
ods and measurement standards. If diaphragmatic ultrasound 
is to be widely used in clinical practice, an accurate and 
reliable ultrasound guide is needed to help operators use the 
correct technology and evaluation methods. This is also a 
major focus of future research.

5.  Conclusions

Ultrasound can be used to assess diaphragm function through 
various techniques, such as conventional DT, TF, DE, elastog-
raphy, and strain imaging. This is crucial for the diagnosis, 
prognosis, and treatment monitoring of patients with COPD. 
Diaphragm ultrasound has the potential to become a precise, 
user-friendly, and non-intrusive technique for comprehensive 
evaluation of diaphragm function, as technology advances, 
operation improves, and research population grows.
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