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Background: Chronic obstructive pulmonary disease (COPD) patients often exhibit diaphragmatic dysfunction which can be
effectively assessed using ultrasonography. This study aims to evaluate diaphragmatic function in COPD patients through multimodal
ultrasound imaging and to identify key parameters.

Methods: This study consecutively enrolled 75 COPD patients and 75 healthy subjects. Measurements of diaphragm contraction,
motion-related parameters and tissue Doppler imaging (TDI) parameters were conducted and recorded. Clinically relevant data were
collected. Baseline demographics, spirometry results, and ultrasound data were compared between COPD patients and healthy
subjects. Receiver Operating Characteristic (ROC) curve was constructed to evaluate the diagnostic value of diaphragmatic ultrasound
parameters for COPD patients.

Results: Diaphragm at the end of tidal inspiration (DT _insp), diaphragm thickening fraction (DTF), diaphragmatic excursion during
deep breathing (DE_DB) were significantly lower in COPD patients than in healthy subjects, conversely diaphragmatic excursion
during quiet breathing (DE_QB), diaphragmatic contraction velocity during quiet breathing (DCV_QB), peak contraction velocity-
(PCV), peak relaxation velocity (PRV), velocity-time integral (VTI) were higher in COPD patients than in healthy subjects. DT _insp,
DTF, DE DB values decreased as COPD severity increased, conversely, DE_QB, DCV_QB, PCV, PRV and VTI exhibited an upward
trend with COPD severity. DTF was positively correlated with FEV1 predicted (r=0.713, P=0.000), DE_QB (r=—0.740 and —0.889),
PCV (r=—0.609 and —0.778), PRV (=—0.686 and —0.857) were negatively correlated with FEV1/FVC and FEV1 predicted (P=0.000).
Meanwhile, DE_QB, DCV_QB, PCV and PRV exhibited superior performance in predicting COPD, with AUC values of 0.906, 0.833,
0.859 and 0.833, respectively. DE_QB exhibited 81.33% sensitivity, while DTF, DE_QB, DE DB, PCV and PRV showed high
specificity (98.67%, 90.67%, 96.00%, 97.33% and 100%, respectively).

Conclusion: Multimodal ultrasound imaging offers a sensitive approach for detecting diaphragmatic dysfunction in COPD patients.
Diaphragm ultrasound parameters correlate with pulmonary function and COPD severity, indicating that these parameters can provide
valuable insights into disease progression and management.
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Introduction

Chronic obstructive pulmonary disease (COPD) represents a significant global public health challenge and poses a grave

risk to human health.' This condition is marked by a progressive obstruction of the airways, because the diaphragm

serves as the mainly principle muscle of inspiration, its function plays a critical role in the pathophysiology of COPD.
Evaluating diaphragm function is crucial for COPD patients, ultrasound offers a noninvasive, real-time visualization

method for assessing diaphragm function and is increasingly used in clinical practice.*”” The reliability of this technique
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10712 quggest that ultrasound can aid in evaluating and monitoring

has been extensively examined®’ and several studies
diaphragmatic dysfunction in COPD patients. Nonetheless, data specific to COPD patients remain limited. In this study,
we assessed various parameters related to diaphragm contraction and motion, as well as tissue Doppler imaging (TDI)
parameters. The aim of this study is to compare all of this diaphragm ultrasound parameters in COPD patients and
healthy subjects to investigate the effectiveness of the diaphragm ultrasound method for COPD patients and provide
valuable ultrasound parameters for clinical evaluation. In addition, examine the relationship between these parameters

and pulmonary function test parameters.

Methods
Study Procedure

We prospectively enrolled patients coming to the Department of Respiratory Diseases of Zhoupu Hospital in Pudong
New Area, Shanghai, during the period from January 2024 to December 2024. At the same time, healthy volunteers with
similar age and BMI and without any diagnosed disease were selected as the control group. Informed consent was
obtained from all subjects who agreed to participate in the observational study. All procedures were performed in
accordance with the Declaration of Helsinki, and the study has been approved by the Ethics Committee of Zhoupu
Hospital (2024-C-013-E01). Baseline characteristics data such as age, gender, body mass index (BMI) of all participants
were recorded, spirometry test results and diaphragm ultrasound were collected. The flowchart of the subject process is
shown in Figure 1.
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Figure | The flowchart of the subject process.
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Subjects

COPD patients were eligible if they had a confirmed COPD diagnosis by a specialist in accordance with the GOLD
guideline for COPD." Eligibility also required a post-bronchodilator spirometry result showing a forced expiratory
volume in one second (FEV1) to forced vital capacity (FVC) ratio of less than 70%. Eligibility had to be in a stable
condition with no exacerbation at least for the previous month. The exclusion criteria were as follows: (1) age < 18 years
old; (2) congestive heart failure, neuromuscular disease, history of cerebrovascular events; (3) recent use of systemic
steroids for a COPD exacerbation within the last month, and those receiving home oxygen therapy or noninvasive
mechanical ventilation. (4) patients with conditions such as apnea, active malignancy, or use of medications affecting
bone metabolism or muscle strength. (5) bioimpedance analysis (BIA) was contraindicated (eg, presence of
a cardiovascular stent, pacemaker, joint prosthesis, or visible oedema).

Healthy subjects without any diagnosed disease and nonsmokers were included in the study. Exclusion criteria: (1)
age < 18 years old; (2) pregnant women; (3) diaphragmatic palsy, phrenic nerve injury, diaphragmatic bulging; (4)
a history of chest and abdomen trauma in the past 3 months.

All volunteers unable to cooperate with deep inspiration and forced expiration manoeuvres were excluded in the
study.

Ultrasonic Diaphragmatic Examination
Ultrasonic diaphragmatic examination was performed after spirometry was well done and before therapy. In addition,
ultrasonic diaphragmatic examination on the right side of diaphragm in the liver as the acoustic window, volunteers take
supine position.

Resona 8 ultrasound system (Mindray Medical International, China), with convex array probe SC6-1, linear array
probe L11-3U, phased array probe MOCV was used for data collection; All the ultrasound data were collected by two
senior sonographers with 10 years of experience in lung ultrasound.

Diaphragm Contraction Related Parameters
The 3—-11 MHz linear array transducer was used for the assessment of diaphragm thickness (DT)and diaphragm
thickening fraction (DTF) in the right anterior axillary line at the 8-9 intercostal space. The diaphragm is
a hypoechoic tissue structure located between these two linear echoes and normally moves in the direction of the
probe during inspiration. DT was measured by placing electronic calipers just inside the two hyperechoic lines where the
lines were most parallel and the DT at the end of inspiration and expiration was measured by B-mode, respectively
(Figure 2). DTF was calculated as a percentage using the following formula:

DTF = [Diaphragm thickness at the end of tidal inspiration (DT-insp) — diaphragmatic thickness at the end of tidal
expiration (DT-exp)]/ DT-exp.

Diaphragmatic Motion-Related Parameters

The 1-6MHz convex array probe was held and placed at the intersection of the right midclavicular line or right anterior
axillary line and the lower edge of the costal arch, and pointed to the medial, cephalic and dorsal sides. After the patient
was asked to breathe smoothly, satisfactory two-dimensional images were obtained. The ultrasound beam was perpendi-
cular to the posterior 1/3 of the diaphragm, and M-ultrasound was used to monitor the movement of the right diaphragm.
Diaphragm excursion (DE) and time(T) in a single breath was obtained by using the menu of measurement speed
(Figure 3), which marked the trough and peak of the waves. Diaphragmatic contraction velocity (DCV) was calculated.

DCV=DE /T.

The data were measured separately during quiet and deep breathing, and the measurements were averaged three times.

TDI Parameters
The 9 MHz phased array probe was placed in the subcostal position between the mid-clavicular and anterior axillary lines as
the ultrasound beam to reach perpendicularly the middle or posterior third of the hemidiaphragm. The sample volume was
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Figure 2 Measurement of diaphragm thickness in B mode.
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Figure 3 Measurement of diaphragm mobility in M mode.
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Figure 4 Diaphragmatic Tissue Doppler Imaging (TDI) during quiet breathing. Diaphragmatic TDI exhibits two waves, one during diaphragmatic contraction (above the
baseline) and one during diaphragmatic relaxation (below the baseline).

initially selected at 20.0 mm to incorporate the whole range of diaphragmatic motion. The velocity scale used was 10 cm/sec to
match the lower velocity of the moving diaphragm. The TDI was commenced, and the data regarding diaphragm motion such
as peak contraction velocity (PCV), peak relaxation velocity (PRV), velocity-time integral (VTI) were collected (Figure 4).

Statistical Analysis

Statistical analyses were performed using SPSS (version 23.0) and MedCalc (version 20.104). Measurement data were
expressed as (x * s), and comparison between the two groups was analyzed using the group ¢ test. The count data were
expressed as relative numbers, and the comparison between the two groups was analyzed by chi-square test. Pearson
correlation analysis was conducted to examine the relationships between continuous variables. The predictive power of
each parameter for COPD was evaluated based on the AUC. The cut-off value was used as the diagnostic reference.
P<0.05 was considered statistically significant.

Results

General Conditions

There were 75 COPD patients (60 males and 15 females) and 75 healthy subjects (60 males and 15 females) completed
all data collection. Upon comparing the age, BMI, sex of individuals, there was no significant difference between COPD
patients and healthy subjects (p > 0.05). There was a significant difference between COPD patients and healthy subjects
in terms of FEV1/FVC and FEV, predicted (p < 0.05) (Table 1).

There were significant differences between the two groups in all diaphragm ultrasound parameters except DT exp
and diaphragmatic contraction velocity during deep breathing (DCV_DB) (p < 0.05) (Table 2). The DT insp, DTF,
diaphragm excursion during deep breathing (DE_DB) were significantly lower in COPD patients than in healthy subjects,
but the diaphragm excursion during quiet breathing (DE_QB), diaphragmatic contraction velocity during quiet breathing
(DCV_QB), PCV, PRV and VTI were higher in COPD patients than in healthy subjects, indicating a more pronounced
respiratory movement compared to healthy subjects during quiet breathing.
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Table | Basic Information Compared Between Healthy Subjects and Patients with

Stable COPD

Variables Healthy Subjects (75) | COPD Patients (75) P
Age (years) 69.72+6.99 69.04+7.72 0.573
Body mass index (kg/m?) 23.50+2.90 22.54+3.40 0.065
Sex [% (n)] 0.581
Female 20.0(15) 20.0(15)

Male 80.0(60) 80.0(60)

FEV\/FVC (%) 85.27+3.97 56.78+9.51 0.000
FEV, predicted (%) 95.64+3.30 55.10£20.70 0.000

Note: Data expressed as mean * standard deviation.
Abbreviations: FEV, forced expiratory volume in | second; FVC, forced vital capacity.

Table 2 Comparison of Healthy Subjects and Patients with Stable COPD
According to Ultrasound Measurements

Parameters Healthy Subjects (75) | COPD Patients (75) P
B-mode _Thickness (cm)

DT_exp (cm) 0.17+0.03 0.18+0.04 0.732
DT_insp (cm) 0.37+0.08 0.33£0.10 0.007
DTF (%) 112.25+18.64 87.28+33.33 0.000
M-mode_Excursion

DE_QB (cm) 1.350.11 1.91+0.48 0.000
DCV _QB (cmis) 1.16£0.31 1.75+0.66 0.000
DE_DB (cm) 5.77£0.81 5.21£1.28 0.002
DCV _DB (cm/s) 2.79+0.85 2.61+0.80 0.168
TDI parameters

PCV (cm/s) 1.94+0.24 3.06£1.31 0.000
PRV (cm/s) 1.83+0.25 3.34+1.56 0.000
VTI 1.87+0.39 2.35+0.67 0.000

Note: Data expressed as mean+standard deviation.

Abbreviations: DT-exp, Diaphragm thickness at the end of tidal expiration; DT-insp, Diaphragm thick-
ness at the end of tidal inspiration; DTF, Diaphragm thickening fraction; DE, Diaphragm excursion; DCV,
Diaphragmatic contraction velocity; QB, quiet breathing; DB, deep breathing; PCV, Peak contraction
velocity of the diaphragm; PRV, Peak relaxation velocity of the diaphragm, VTI, Velocity-time integral.

The diaphragm ultrasound parameters in COPD Patients of different severity is shown in Table 3. The values of
DT insp, DTF, DE_DB decreased as the severity of COPD increased, conversely, DE_QB, DCV_QB, PCV, PRV and
VTI increased with the severity of COPD(p < 0.05).

Variables Associated with COPD

The correlation between diaphragm ultrasound parameters and pulmonary function is shown in Table 4. The results
showed that DTF was positively correlated with FEV, predicted (r=0.713, P=0.000), DE_QB (r=—0.740 and —0.889),
PCV (r=-0.609 and -0.778), PRV (r=0.686 and —0.857) were negatively correlated with FEV1/FVC and FEV,
predicted (P=0.000).

Parameters Predictor of COPD

ROC curves with sensitivity, specificity, positive predictive value, negative predictive value to predict COPD were
calculated (Table 5). DTF was positively correlated with FEV1 predicted (r=0.713, P=0.000), DE_QB (r=—0.740 and
—0.889), PCV (r=—0.609 and —0.778), PRV (r=—0.686 and —0.857) were negatively correlated with FEVI/FVC and
FEV1 predicted (P=0.000). Meanwhile, DE QB, DCV_QB, PCV and PRV exhibited superior performance in predicting
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Table 3 Diaphragm Ultrasound Parameters in COPD Patients of Different Severity

Variable GOLD 1(12) | GOLD 2(32) | GOLD 3(20) | GOLD 4(I11) P
B-mode_Thickness (cm)

DT-exp 0.19+0.04 0.17+0.03 0.17+0.04 0.18+0.03 0.640 | 0.592
DT-insp 0.45+0.10 0.34+0.08 0.27+0.05 0.27+0.05 14.366 | 0.000
DTF 136.56+18.49 96.29+24.28 61.41+9.31 54.34+12.03 53.735 | 0.000
M-mode_Excursion

DE-CB (cm) 1.43+0.13 1.65+0.20 2.26+0.33 2.58+0.38 59.510 | 0.000
Velocity-CB (cm/s) 1.09£0.17 1.56+0.43 2.11£0.71 2.34+0.71 15.783 | 0.000
DE-DB (cm) 7.00x1.13 5.32+0.81 4.52+1.08 4.20+0.76 22.845 | 0.002
Velocity-DB (cm/s) 2.08+0.56 2.69+0.70 2.79+0.84 2.63+1.04 2.377 | 0.077
TDI parameters

PCV 1,63+£0.47 2.66+0.47 3.56+0.84 4.83+1.89 27.863 | 0.000
PRV 1.30£0.33 2.73+0.48 451£1.01 5.20+1.56 57.938 | 0.000
VTI 1.62+0.45 2.30+0.47 2.75+0.70 2.58+0.69 10.591 | 0.000

Note: Data expressed as meanistandard deviation.
Abbreviations: DT-exp, Diaphragm thickness at the end of tidal expiration; DT-insp, Diaphragm thickness at the end of tidal inspiration;
DTF, Diaphragm thickening fraction; DE, Diaphragm excursion; DCV, Diaphragmatic contraction velocity; QB, quiet breathing; DB, deep
breathing; PCV, Peak contraction velocity of the diaphragm; PRV, Peak relaxation velocity of the diaphragm, VTI, Velocity-time integral.

Table 4 Correlation Between Diaphragm Ultrasound
Parameters and Pulmonary Function

Parameters FEV,/FVC FEV,% predicted
r P P
DT_insp (cm) 0.270 | 0.001 0.387 0.000
DTF (%) 0.544 | 0.000 0.713 0.000
DE_QB (cm) —0.740 | 0.000 | —0.889 0.000
DCV_QB (cm/s) | —0.556 | 0.000 | —0.669 0.000
DE_DB (cm) 0.314 | 0.000 0515 0.000
PCV (cm/s) —0.609 | 0.000 | -0.778 0.000
PRV (cm/s) —0.686 | 0.000 | —0.857 0.000
VTI —0.463 | 0.000 | —0.566 0.000

Abbreviations: DT-insp, Diaphragm thickness at the end of tidal
inspiration; DTF, Diaphragm thickening fraction; DE, Diaphragm excur-
sion; DCV, Diaphragmatic contraction velocity; QB, quiet breathing;
DB, deep breathing; PCV, Peak contraction velocity of the diaphragm;
PRV, Peak relaxation velocity of the diaphragm, VTI, Velocity-time
integral.

Table 5 The Value of Diaphragm Ultrasound Parameters for Predicting COPD

Parameters AUC 95% CI Cut-Off Values | Sensitivity(%) | Specificity(%) | PPV(%) | NPV(%) P

DT_insp (cm) 0.653 | 0.571-0.729 <0.34 66.67 60.00 62.5 64.3 0.0007
DTF (%) 0.757 | 0.680-0.823 <85.19 57.33 98.67 97.7 69.2 <0.0001
DE_QB (cm) 0.906 | 0.847-0.947 >1.48 81.33 90.67 89.7 829 <0.0001
DCV_QB (cm/s) | 0.833 | 0.763-0.889 >1.27 74.67 80.00 789 75.9 <0.0001
DE_DB (cm) 0.664 | 0.583-0.739 <4.78 42.67 96.00 914 62.6 0.0003
PCV (cm/s) 0.859 | 0.792-0.910 >2.33 74.67 97.33 96.6 793 <0.0001
PRV (cm/s) 0.833 | 0.764-0.889 >2.4| 76.00 100.00 100.0 80.6 <0.0001
VTI 0.747 | 0.670-0.815 >2.07 69.33 74.67 732 70.9 <0.001

Abbreviations: DT-insp, Diaphragm thickness

at the end of tidal inspiration; DTF, Diaphragm thickening fraction; DE, Diaphragm excursion; DCV,
Diaphragmatic contraction velocity; QB, quiet breathing; DB, deep breathing; PCV, Peak contraction velocity of the diaphragm; PRV, Peak relaxation velocity
of the diaphragm; VTI, Velocity-time integral; PPV, Positive predictive value; NPV, Negative predictive value.
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COPD, with AUC values of 0.906, 0.833, 0.859 and 0.833, respectively. DE_QB exhibited 81.33% sensitivity, while
DTF, DE_QB, DE DB, PCV and PRV showed high specificity (98.67%, 90.67%, 96.00%, 97.33% and 100%, respec-
tively). Notably, PRV showed 100% positive predictive value.

Discussion

In COPD patients, prior research has documented alterations in diaphragmatic function compared to healthy
individuals.'® This study observed that DT-insp was reduced in COPD patients relative to healthy controls and further
diminished as the severity of COPD increased, a finding consistent with earlier studies.'”'* The underlying cause may
involve sarcomere adaptation in muscle fibers that maintains static diaphragm thickness, along with compensatory
hypertrophy due to overuse and hyperinflation associated with increasing COPD severity.'”> DTF is more sensitive
than diaphragm thickness measurement in reflecting diaphragm contraction, it was observed that DTF was lower in
COPD patients compared with healthy subjects and varied according to disease severity. This could be attributed to the
force-length relationship that restricts contractility.'®

During quiet breathing, DE was higher in COPD patients than in healthy subjects, likely due to increased
inspiratory effort resulting from pulmonary hyperinflation, which aligns with previous findings.'”'® Conversely, during
deep breathing, DE was lower in COPD patients, primarily because of air trapping, Shiraishi et al confirmed this
factor."®

TDI is a widely utilized ultrasound technique, using a low-pass filter to capture low-velocity, high-amplitude signals,
provides comprehensive insights into regional and global myocardial systolic and diastolic function. Soilemezi et al were
pioneers in applying TDI to evaluate diaphragm function.?® This study utilized TDI indices to assess diaphragmatic
contractile performance in COPD patients. Notably, PCV and PRV exhibited the highest area under the curve (AUC)
values, indicating excellent sensitivity and specificity. PRV, in particular, showed high positive predictive value.
Therefore, utilizing TDI enables the direct measurement of the diaphragmatic relaxation rate, indicating a promising
application for this non-invasive parameter in quantifying diaphragmatic function in routine clinical practice and its
utility in prognosis.

In this study, diaphragm ultrasound parameters were found to correlate with pulmonary function, DTF showed
a positive correlation with FEV predicted, while DE_QB, PCV exhibited negative correlations with both FEV1/FVC and
FEV, predicted, consistent with previous literature.?'*? It was concluded that a significant relationship between impaired
respiratory mechanics and the severity of abnormal pulmonary function in COPD patients.

The limitation of this study include a limited sample size and the inability to conduct a fine stratified study.
Additionally, influencing diaphragm activity, such as smoking, lifestyle, age, ethnic differences, were not statistically
analyzed. In order to gain deeper insights into the diaphragm ultrasound parameters associated with COPD and their
significance, we plan to conduct a comprehensive investigation through multi-center studies with larger sample
volume.

In conclusion, diaphragm ultrasound parameters are effective means of evaluating diaphragmatic function in COPD
patients, with changes correlating with the severity of COPD. These parameters also correlate with pulmonary function
test results, making diaphragm ultrasound suitable as a routine monitoring tool for COPD patients. However, it is
important to acknowledge certain limitations of this study. Firstly, the small patient cohort limits the establishment of
robust diagnostic reference values and stratified analysis; Secondly, the study fails to explore the potential impact of other

variables such smoking, lifestyle, age, BMI, ethnic differences and comorbidity on COPD assessment.

Conclusion
Multimodal ultrasound imaging offers a sensitive approach for detecting diaphragmatic dysfunction in COPD patients.
Diaphragm ultrasound parameters correlate with pulmonary function and COPD severity, indicating that these parameters

can provide valuable insights into disease progression and management.
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