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Background: Chronic obstructive pulmonary disease (COPD) is frequently accompanied by respiratory muscle dysfunction,
particularly involving the diaphragm and intercostal muscles. This may limit the feasibility of traditional pulmonary function testing.
Purpose: To investigate the association between ultrasound-derived respiratory muscle parameters and COPD severity, and to
evaluate the utility of respiratory muscle ultrasound for disease stratification.

Patients and Methods: This single-center, prospective study was conducted at Zhejiang Hospital between January 2024 and
June 2025, 78 COPD patients (35 mild-to-moderate, 43 severe) and 50 healthy volunteers were enrolled. Muscle thickness, thickening
fraction, excursion, and shear-wave elasticity of the diaphragm and intercostal muscles were measured. Group comparisons and
logistic regression analyses were performed. Repeatability was evaluated in the healthy cohort.

Results: All 128 participants completed the study. Ultrasound measurements demonstrated excellent repeatability (ICC coefficients
0.851-0.969). Gender (male vs female, OR = 4.934, P = 0.014), DE (OR=0.393, P=0.008), ICMTF (OR=10.053, P=0.025), and ICM-
SWV (OR=6.419, P<0.001) were predictive of screening-positive COPD, with an area under the curve (AUC) of 0.908. Within COPD
severity stratification, end-inspiratory diaphragmatic thickness (OR=0.041, P=0.014), diaphragmatic thickening fraction (DTF;
OR=0.188, P=0.027), and ICM-SWV (OR=5.662, P=0.024) were identified as independent predictors, with an AUC of 0.959.
Conclusion: Respiratory muscle ultrasound offers reproducible and clinically informative parameters that support both COPD
diagnosis and severity assessment, providing a potential complementary tool to pulmonary function testing in clinical practice.
Keywords: COPD, pulmonary function, respiratory muscle ultrasound, diaphragm, shear-wave elasticity

Introduction
Chronic obstructive pulmonary disease (COPD) is a heterogeneous respiratory disorder characterized by persistent
respiratory symptoms such as dyspnea, cough, and sputum production. It arises from progressive airflow obstruction
related to airway abnormalities (eg, chronic bronchitis, bronchiolitis) and/or alveolar destruction (eg, emphysema).'* As
the fourth leading cause of death worldwide, both the incidence and healthcare burden of COPD continue to rise.*"*

In clinical practice, accurate assessment of COPD severity remains challenging. Comorbidities, advanced disease, or
pronounced symptoms may limit the feasibility of pulmonary function testing, which is considered the diagnostic gold
standard. COPD is typically confirmed when the post-bronchodilator ratio of forced expiratory volume in one second to

forced vital capacity (FEV1/FVC) falls below 70%, after excluding alternative causes of airflow limitation. Disease
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severity is further staged according to the percentage of forced expiratory volume in one second relative to the predicted
value (FEV1%pred). However, some elderly, frail, or poorly cooperative patients are unable to undergo pulmonary
function testing, further complicating severity evaluation.””’ Moreover, pulmonary function parameters often lag behind
pathophysiological changes and are insensitive to early alterations in COPD. Compared with existing imaging modalities
such as CT or MRI, ultrasound provides a radiation-free, bedside, functional evaluation of respiratory muscles, which
may better support clinical decision-making.®°

Respiratory muscles play a central role in alveolar ventilation, and their dysfunction contributes to dyspnea,
respiratory failure, and increased mortality in COPD.'*"'! Timely and accurate evaluation of respiratory muscle function
is therefore of high clinical relevance. In recent years, ultrasound has emerged as a promising modality for assessing
diaphragmatic and intercostal muscle structure and function. It is non-invasive, widely available, reproducible, and
capable of providing real-time dynamic assessment.'?

Despite these advances, important limitations remain in the existing literature. Many prior studies were single-
parameter, included small or heterogeneous samples. Few studies have systematically combined structural, functional and
elasticity measures in the same cohort, and there is limited information on the reproducibility of such combined
assessments across different operators. In addition, intercostal muscles have been less frequently examined than the
diaphragm, although they contribute substantially to respiratory mechanics and may undergo different pathological
changes in COPD.

To address these gaps, we conducted a single-center prospective study that simultaneously assessed diaphragm and
intercostal muscle structure, function, and elasticity using two-dimensional and shear-wave elastography. By integrating
multiple indices and explicitly testing repeatability, we aimed to provide more robust evidence for the potential clinical
applicability of respiratory muscle ultrasound in COPD assessment.

Materials and Methods
Study Participants and Design

This single-center, prospective cross-sectional study was conducted at Zhejiang Hospital in China. COPD patients and
healthy volunteers were enrolled through voluntary recruitment. All participants underwent pulmonary function testing
followed by respiratory muscle ultrasound to assess the structural, functional, and elasticity parameters of the respiratory
muscles. To ensure the reliability of respiratory muscle ultrasound, we performed a repeatability assessment in healthy
subjects. The research procedure is detailed in the flowchart (Figure 1).

This study was approved by the Ethics Review Committee of Zhejiang Hospital (Approval Numbers: 2024-007K;
2025-070K), and written informed consent was obtained from all participants.

Sample Size Calculation

The sample size for the primary study was calculated using G*Power 3.1™ software. Binary logistic regression was used
to compare COPD patients with healthy controls and to differentiate between the mild-to-moderate and severe COPD
groups. Predictor variables were included in the multivariate logistic regression model. Sample size calculations followed
the event/variable ratio (EPV) method commonly used in logistic regression to minimize overfitting and ensure the
stability of coefficient estimates. We pre-specified an expected event rate of 0.5 and accounted for a 10% dropout rate,
resulting in a minimum requirement of 66 COPD patients and 33 healthy controls to ensure model stability.

For the repeatability analysis, the sample size was calculated using R version 4.4.2, based on the desired precision of
the intraclass correlation coefficient (ICC). We assumed a conservative ICC of 0.80, as reported in prior diaphragm
ultrasound studies.'® The target was to achieve a 95% confidence interval (CI) width of < 0.25, sufficient to detect
a clinically meaningful difference of 0.10."* Using Bonnett’s adjusted formula for multi-rater designs, a minimum of 45
participants was required to achieve 90% statistical power. To account for potential data loss, facilitate subgroup
analyses, and ensure robust Bland—Altman limits of agreement,'® the final target sample size was set at 50. This
enrollment provided > 95% power to detect ICC differences of > 0.10, with all 95% CI widths below 0.20.
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Two cohorts were independently recruited.

Section 1: Reliability and repeatability Section 2: Clinical correlational study
STEP 1: Subject recruitment ) 01 5025 to July 2025: From January 2024 to July 2025:
A total of 50 healthy individuals were recruited. A total of 78 subjects with COPD were recruited.
M . Two ultrasound physicians performed All subjects underwent pulmonary function
STEP 2: Data collection repeated measurements of the respiratory testing, clinical assessment, and measurement
muscles and collected general clinical data. of respiratory muscle ultrasound parameters.
v
STEP 3: Grouping Healthy subject Mild-moderate Severe COPD
(n=50) CODP (n=43)

il ] T e Compare the differences in parameters across
p the three groups, employing differential

STEP 4: Statistical analysis and ICC coefficients of two repeated analysis and multivariate logistic regression to

meraf#r?nr\?:;s ofltﬁac;: dl:\ljirdasolund identify key parameters for COPD screening
PEEIEE S, Tl and severity stratification.

- S

Based on the results of logistic regression, clinical prediction models
were constructed for both two-dimensional respiratory muscle
ultrasound parameters and two-dimensional combined shear wave

v elasticity parameters.

STEP 5: Evaluating Predictive Models
The diagnostic performance of the model within the cohort was
assessed using receiver operating characteristic curves. Cut-off
values were determined by maximising the Youden index, with
corresponding sensitivity, specificity, and accuracy calculated.

Figure | Subject Screening Flowchart.
Abbreviations: COPD, chronic obstructive pulmonary disease; ICCs, intraclass correlation coefficients.

Participants Recruitment
Subjects were recruited from Zhejiang Hospital, comprising 78 patients with COPD and 50 healthy subjects. An
additional assessment of the reproducibility of respiratory muscle ultrasound was conducted in the healthy cohort.

Healthy individuals were eligible if they met the following inclusion criteria: (1) no history of respiratory infection or
newly diagnosed cardiac disease within the past month; (2) the results of the pulmonary function tests are normal.
Healthy participants were excluded if they had any of the following conditions: (1) chronic respiratory or cardiovascular
diseases; (2) history of smoking; (3) current use of respiratory or neurological medications; (4) diaphragmatic or phrenic
nerve injury; (5) severe myasthenia gravis, stroke, or other conditions associated with central respiratory depression; (6)
history of chest wall surgery or trauma; (7) inability to breathe normally or cooperate during examinations; and (8)
inability to complete two full sessions of respiratory muscle ultrasound assessments.

Patients with COPD were included if they met the following criteria: (1) Clinically stable, defined as no acute
exacerbation, respiratory infection, hospitalization, or change in maintenance medication within the past 4 weeks;""'® (2)
Diagnosis of COPD confirmed by pulmonary function testing, defined as post-bronchodilator FEV1/FVC < 0.70
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according to the GOLD criteria." COPD patients were excluded if they had any of the following conditions: (1)
diaphragmatic or phrenic nerve injury; (2) lung malignancy; (3) history of chest surgery or trauma; (4) severe myasthenia
gravis, stroke, or other conditions associated with central respiratory depression; (5) restrictive lung disease; (6) severe
cardiac insufficiency; and (7) inability to complete two full sessions of respiratory muscle ultrasound assessments.

To ensure comparability across participants and avoid the confounding effects of acute exacerbations or systemic
corticosteroid exposure on respiratory muscle function, patients were required to be in a clinical stable condition for at
least 4 weeks and no use of systemic corticosteroids prior to enrollment. A washout period of more than 4 weeks after the
last systemic corticosteroid exposure was required before inclusion. Patients using maintenance inhaled corticosteroids
were not excluded, as these agents represent standard COPD therapy and have minimal short-term impact on respiratory
muscle function.

Ultrasound Assessment of Diaphragm and Intercostal Muscles (Figure 2)

All respiratory muscle ultrasound examinations were performed using the Mindray R9T system or Mindray M9 bedside
ultrasound scanner (Mindray Bio-Medical Electronics, Shenzhen, China). Subjects were positioned in the supine posture.
A linear array probe (L15-3WU) was placed perpendicular to the rib axis in the right anterior axillary line at the level of
the 8th—10th intercostal spaces. In B-mode, the diaphragm was identified between the pleural and peritoneal layers, and
diaphragm thickness (DT) was defined as the distance between these two boundaries. Subsequently, M-mode was applied

1 BR 036cm
2 BR 033em

Figure 2 Schematic diagram of ultrasonography of the diaphragm and intercostal muscles. (A) Use the L15-3 WU line array probe, B-mode ultrasound was employed to
measure diaphragm thickness across respiratory phases. (B) M mode was employed to measure changes in diaphragm thickness across respiratory phases, thereby
calculating DTF. (C) Shear wave elastography was used to measure diaphragm stiffness parameters, specifically the median values of diaphragm SWV. (D) M-mode ultrasound
measurement of intercostal muscle thickness during different respiratory phases, thereby calculating the ICMTFE. (E) Employing shear wave elastography to measure
intercostal muscle stiffness parameters, specifically the median values of intercostal muscle SWV. (F) Switch to the SP5-1U phased array probe, position it below the right
costal margin, using the liver as the acoustic window, and employ M-mode ultrasound to measure DE.

Abbreviations: DTF, diaphragm thickening fraction; SWYV, shear wave velocity; ICMTF, intercostal muscle thickening fraction; DE, diaphragm excursion.
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to record at least three respiratory cycles, from which the end-inspiratory thickness (DTei) and end-expiratory thickness
(DTee) were obtained. The diaphragm thickening fraction (DTF) was then calculated using the formula:

DTF = (DTei — DTee)/DTee x 100%

For the measurement of diaphragm excursion (DE), a phased array probe (SP5-1U) was positioned at the junction of
the right midclavicular line and the costal margin, using the liver as an acoustic window. With the M-mode sampling line
oriented perpendicular to the diaphragmatic dome, respiratory movement was displayed as a sinusoidal waveform, and
DE was determined as the vertical distance from the baseline to the peak of inspiration.

To evaluate intercostal muscle thickness, the L15-3WU probe was placed on the right anterior chest wall, perpendi-
cular to the ribs and chest surface, between the 2nd and 3rd intercostal spaces and approximately 2—4 cm lateral to the
sternum. The M-mode sampling line was aligned perpendicularly to the superficial and deep fascial layers of the
intercostal muscles, and at least three respiratory cycles were observed. Thickness was measured at end-inspiration
(ICMTei) and end-expiration (ICMTee), and the intercostal muscle thickening fraction ICMTF) was calculated using the
formula:

ICMTF = (ICMTei — ICMTee) /ICMTee x 100%

Shear Wave Elasticity Assessment of Diaphragm and Intercostal Muscles

Shear wave clastography (SWE) measurements were obtained using the Mindray RIT system. However, not all COPD
patients were able to undergo SWE. A total of 28 COPD patients were excluded from SWE assessment due to activity
limitations, including inability to maintain a semi-recumbent position, poor breath-hold cooperation, or general physical
weakness. These patients were evaluated only with B-mode ultrasound. Due to constraints on diagnostic equipment
funding within this institution, the Mindray M9 bedside system used for bedridden patients did not include an SWE
module, further contributing to unavailable SWE data in this subgroup.

For shear wave elastography, the L15-3WU linear probe was placed gently on the skin, with a sound-conducting pad
positioned between the probe and chest wall to minimize external pressure and enhance image stability. A longitudinal
view parallel to the orientation of diaphragmatic and intercostal muscle fibers was obtained throughout the respiratory
cycle. For diaphragmatic evaluation, measurements were performed close to the costal insertion of the diaphragm,
a region characterized by relatively smaller motion amplitude. After switching to two-dimensional shear wave elasto-
graphy (SWE) mode, the probe was kept steady at a constant depth, and a 1x1 mm region of interest (ROI) was placed at
the center of the diaphragm or intercostal muscle bundles. Subjects were instructed to suspend breathing at end-
inspiration while elasticity maps were recorded. Each acquisition was repeated three to five times, and the system
automatically provided the average values. Shear wave velocity (SWV) and Young’s modulus (E) were obtained for both
diaphragm and intercostal muscles, which were used to determine diaphragm stiffness (DS) and intercostal muscle
stiffness (ICMS).

Repeatability Assessment

To account for variability in disease progression and ensure the generalizability of reproducibility testing, assessments
were performed in healthy volunteers. Ultrasound examinations of the diaphragm and intercostal muscles were conducted
by two experienced operators using a Mindray Resona R9T system (Mindray Bio-Medical Electronics, Shenzhen, China),
with less than 30 minutes between sessions. Each operator performed the scans independently, without access to the
other’s measurements. After both assessments were completed, the ultrasound data from each subject were collected, and
reproducibility was quantified by calculating the intraclass correlation coefficient (ICC).

Pulmonary Function Tests
All COPD patients underwent pulmonary function testing and a bronchodilator challenge using 400 pg salbutamol
sulphate inhalation aerosol. Disease severity was classified using GOLD spirometric grading according to the 2025
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GOLD report,! which categorizes disease severity into four grades based on the FEV1%pred: GOLD 1 (FEV1%pred >
80%), GOLD 2 (50% < FEV1%pred < 80%), GOLD 3 (30% < FEV1%pred < 50%), and GOLD 4 (FEV1%pred < 30%).

In this study, to ensure adequate sample sizes across groups, we combined GOLD stages 1 and 2 into the mild-to-
moderate group (FEV1%pred > 50%) and combined GOLD stages 3 and 4 into the severe group (FEV1%pred < 50%).

Comprehensive Clinical Assessment of COPD
Additional clinical assessments were conducted using the BODE score to determine patients’ baseline status. The BODE
index was calculated using its four standardized components:>'"'* Body mass index (BMI; <21 kg/m*=1 point, >21 kg/
m?=0 points), airflow obstruction based on post-bronchodilator FEV,% predicted (>65%=0 points; 50-64%=1 point;
36—49%=2 points; <35%=3 points), dyspnea assessed by the modified Medical Research Council (mMRC) scale (0—-1=0
points; 2=1 point; 3=2 points; 4=3 points), and exercise capacity measured by the 6-minute walk test (6MWT; >350 m=0
points; 250-349 m=1 point; 150-249 m=2 points; <149 m=3 points), with total scores ranging from 0 to 10.

Total BODE scores were stratified into four severity grades: Grade 1 (0-2 points), Grade 2 (3—4 points), Grade 3 (5-6
points), and Grade 4 (7-10 points). These measures supported comprehensive clinical profiling but were not used to
define severity groups for analysis, which were based solely on the GOLD spirometric grading as described above.

Statistical Analyses

All data were analyzed using SPSS 26.0 (IBM Corp, Armonk, NY, USA) and R version 4.4.2 (R Foundation for
Statistical Computing, Vienna, Austria). Normal data are presented as mean + standard deviation (SD), and comparisons
between groups were performed using the independent samples z-test. Skewed data are presented as median with
interquartile range (IQR), and comparisons between groups were conducted using the Mann—Whitney U-test. A two-
sided P-value < 0.05 was considered statistically significant.

To ensure clarity, all intergroup comparisons were predefined as follows: healthy control group versus mild-to-
moderate chronic obstructive pulmonary disease (COPD) group; healthy control group versus severe COPD group; mild-
to-moderate COPD group versus severe COPD group. These groupings were consistently applied in baseline compar-
isons, correlation analyses, and logistic regression modelling. Three-group comparisons were first performed using global
tests (Kruskal-Wallis for continuous variables, and chi-square tests for categorical variables). When the overall test
reached statistical significance, post-hoc pairwise comparisons with Bonferroni correction were conducted.

Univariate and multivariate logistic regression analyses were used to identify significant determinants of respiratory
muscle ultrasound parameters for diagnosing COPD subgroups. Prior to logistic regression analysis, all data were
standardized using SPSS 26.0 to eliminate magnitude effects due to differences in the units and scale of the variables.
Employing a data-driven variable selection strategy, all variables with a p-value < 0.10 in univariate logistic regression
were incorporated into the multivariate model. Multivariate logistic regression was performed using stepwise regression
in R version 4.4.2 to construct predictive models. The diagnostic performance of respiratory muscle ultrasound
parameters was evaluated using receiver operating characteristic (ROC) curve analysis. Cutoff values were determined
to maximize the Youden index, and the corresponding sensitivity, specificity, and accuracy for each threshold were
calculated.

Spearman’s rank correlation coefficient (p) was used to assess the correlation between two skewed variables or
between a categorical variable and a skewed variable. Intraclass correlation coefficients (ICCs) were calculated to assess
the agreement between two respiratory muscle ultrasound measurements in repeatability assessments. The following
definitions were used to interpret the ICC values for absolute agreement: 0—0.5 as poor; 0.5-0.75 as fair; 0.75-0.90 as
good; and 0.90-1.0 as excellent.'*

Results

Baseline Characteristics
Between January 2024 and June 2025, a total of 78 COPD patients and 50 healthy volunteers were enrolled at Zhejiang
Hospital, based on the inclusion and exclusion criteria. According to the GOLD classification, 43 subjects were
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Table | Baseline Clinical Profile of Subjects

Variables Control Mild-to-Moderate Severe Statistic P
Group (n = 50) Group (n=35) Group (n=43)
Genders, n(%) ¥*=044 | 0.803
Female 12 (24.00) 7 (20.00) 8 (18.60)
Male 38 (76.00) 28 (80.00) 35 (81.40)
Age (y) 63.98 + 6.21 72.60 £ 10.02* 75.72 £ 9.92% F=12.83 <0.001
BMI (kg/m?) 21.25 + 3.58 21.81 £3.18 21.05 + 3.70 F=1.67 0.617
BMI score 0.00 (0.00, 1.00) 0.00 (0.00, 1.00) 0.00 (0.00, 1.00) H=2.46 0.741
mMRC score 0.00 (0.00, 1.00) 1.00 (0.00, 2.00)* 2.00 (2.00, 3.00y** | H=5.23 <0.001
6MWT score 1.00 (0.00, 1.00) 1.00 (1.00, 2.00) 3.00 (2.00, 3.00y** | H=7.49 <0.001
FEVI score 0.00 (0.00, 0.00) 1.00 (0.00, 1.00)* 3.00 (2.00, 3.00)** | H=14.27 | <0.00I
BODE grade 1.00 (1.00, 2.00) 3.00 (2.00, 3.00)* 4.00 (4.00, 4.00)* | H=9.42 <0.001

Notes: Data are expressed as mean * standard deviation, median with quartiles M (P25, P75) or number of cases (%).
Overall P values refer to comparisons among the three groups. Post-hoc pairwise comparisons were performed with
Bonferroni-adjusted Mann—Whitney U-tests (for non-normal variables), independent samples t-tests (for normally distrib-
uted variables), or Z’-tests (for categorical variables). Symbols: *indicate statistically significant differences compared with
the control group (P < 0.05, adjusted); *indicate statistically significant differences compared with the mild-to-moderate
group (P < 0.05, adjusted). Clarification: The specific scoring criteria for the mMRC score, 6SMWT score, FEVI score, and
BODE grade are detailed in the methodology section above.

Abbreviations: BMI, body mass index; mMRC, modified Medical Research Council; 6MWD, 6-min walk distance; FEVI,
forced expiratory volume in |s; BODE, Body-Mass Index, airflow Obstruction, Dyspnea, and Exercise Capacity Index.

assigned to the severe group, while 35 subjects were assigned to the mild-to-moderate group. Statistically significant
differences were observed between the mild-to-moderate group and the severe group in mMRC scores, 6SMWD scores
and BODE scores. No significant differences were found between the groups for other baseline characteristics, as
detailed in Table 1.

Repeatability Assessment Results

A total of 50 healthy participants were enrolled to evaluate the reliability of respiratory muscle ultrasound measurements
across different examiners. Intraclass correlation coefficients (ICCs) for repeated measurements of DTei, DTee, DTF, DE,
diaphragmatic SWYV, diaphragmatic E, ICMT, ICMTF, intercostal SWV, and intercostal E were 0.948, 0.953, 0.893, 0.877,
0.857,0.897, 0.969, 0.851, 0.903, and 0.912, respectively. These findings demonstrate that all evaluated ultrasound indices
exhibited high reproducibility and strong reliability in the functional assessment of respiratory muscles.

Differences Analysis of Respiratory Muscle Ultrasound Parameters Across Study Groups
Mann—Whitney U-tests and Spearman correlation analyses of two-dimensional ultrasound parameters revealed significant
differences between the mild-to-moderate group and the control group for DE (rs = 0.359, P < 0.001) and ICMTei (rs =
0.228, P = 0.036). Between the severe group and the control group, significant differences were observed for DTei (rs = 0.241,
P=0.020), DE (rs=0.579, P<0.001) and DTF (rs = 0.584, P <0.001). Meanwhile, between the mild-to-moderate and the severe
groups, significant differences were noted in DTei (rs = 0.414, P <0.001), DE (rs = 0.364, P = 0.001), and DTF (rs =0.429, P <
0.001).

Due to activity limitations in some COPD patients, bedside ultrasound devices could not be used to measure SWE
parameters. SWE data were collected from 22 severe, 28 mild-to-moderate COPD patients, and 50 controls. Statistical
analysis using independent samples t-tests, Mann—Whitney U-tests, and Spearman correlation revealed significant
intergroup differences in intercostal muscle mean SWV (rs = 0.369, P = 0.002) and intercostal muscle mean E (rs =
0.361, P = 0.002) between the mild-to-moderate and control groups. Between the severe and control groups, significant
differences were found in diaphragm mean SWV (rs = 0.190, P = 0.050), intercostal muscle mean SWV (rs = 0.569, P <
0.001) and intercostal muscle mean E (rs = 0.450, P < 0.001). Between the severe and the mild-to-moderate groups,
significant differences were observed in intercostal muscles mean SWV (rs = 0.354, P = 0.002) and the intercostal
muscles mean E (rs = 0.344, P = 0.004). These findings are summarized in Table 2.
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Table 2 Intergroup Differences in Two-Dimensional Ultrasound and Shear Wave Elasticity Parameters Respiratory Muscles

Variables Control Group Mild-to-Moderate Group Severe Group Statistic P
DTei (cm) 0.23 (0.17, 0.28) 0.25 (0.23, 0.30) 0.20 (0.15, 0.26)** H=14.15 | <0.001
DE (cm) 2.62 (1.83, 3.15) 1.80 (1.53, 2.24)* 1.10 (0.83, 1.96)** H=35.51 | <0.001
DTF 33.00% (28.00, 42.00) 32.00% (22.00, 41.00) 19.00% (11.00, 26.00)%* | H=32.64 | <0.00I
ICMTei (cm) 0.33 (0.28, 0.40) 0.39 (0.31, 0.49)* 0.36 (0.29, 0.50) H=4.74 0.094
ICMTF 10.00% (6.00, 12.00) 9.00% (5.00, 13.00) 10.00% (5.00, 17.00) H=4.87 0.088
Diaphragm mean SWV (m/s) 242 + 0.57 2,67 £ 061 282 £091* F=3.00 0.055
Diaphragm mean E (Kpa) 15.30 (12.76, 23.38) 18.12 (14.46, 23.06) 21.00 (15.57, 26.59) H=4.36 0.113
Intercostal muscle mean SWV (m/s) 2.0l £ 0.60 2.68 + 0.727 3.35 £ 0.73*% F=32.81 <0.001
Intercostal muscle mean E (Kpa) 18.10 (13.86, 21.15) 23.44 (14.34, 27.16)* 31.81 (25.43, 42.22)** | H=21.81 | <0.001

Notes: Data are expressed as median with quartiles M (P25, P75). Overall P values refer to comparisons among the three groups. Post-hoc pairwise comparisons were
performed with Bonferroni-adjusted Mann—Whitney U-tests (for non-normal variables), independent samples t-tests (for normally distributed variables), or 1-tests (for
categorical variables). Symbols: Findicate statistically significant differences compared with the control group (P < 0.05), *indicate statistically significant differences
compared with the mild-to-moderate group (P < 0.05). Clarification: Due to mobility restrictions in some patients, bedside equipment was unable to acquire shear wave
elastography data. Consequently, the elasticity data presented in the table represents only a subset of patients, with the specific patient numbers clarified in the “Shear
Wave Elasticity Assessment of Diaphragm and Intercostal Muscles” section.

Abbreviations: DTee, diaphragm thickness of end-expiratory; DTei, diaphragm thickness of end-inspiratory; DTF, diaphragm thickening fraction; DE, diaphragm
excursion; ICMT, intercostal muscle thickness; ICMTF, intercostal muscle thickening fraction; SWYV, shear wave velocity; E, young’s elastic modulus.

Multivariate Logistic Regression Analysis of Respiratory Muscle Ultrasound Indicators
for Screening and Stratified Diagnosis of COPD

Multiple variance tests were conducted on all included parameters, yielding VIF values of 1.088 for the gender variable,
1.07 for DE, 1.04 for ICMTF, and 1.07 for ICM-SWV. As all VIF values were below 5, multicollinearity was excluded.

Multivariate logistic regression was used to compare respiratory muscle ultrasound parameters between healthy
subjects and COPD patients. Among the two-dimensional parameters, gender (male vs female, OR = 5.252, P = 0.001),
DE (OR = 0.438, P = 0.002), and ICMTF (OR = 4.137, P = 0.022) were identified as independent diagnostic factors for
COPD. When combining two-dimensional parameters with elasticity parameters, gender (male vs female, OR = 4.934,
P = 0.014), DE (OR = 0.393, P = 0.008), ICMTF (OR = 10.053, P = 0.025), and ICM-SWV (OR = 6.419, P < 0.001)
emerged as independent predictors.

For distinguishing mild-to-moderate from severe COPD, among two-dimensional parameters, DTei (OR = 0.045, P = 0.005)
and DTF (OR = 0.159, P = 0.006) were identified as independent predictors for severe COPD. Combining two-dimensional
parameters with elasticity measures, DTei (OR = 0.041, P =0.014), DTF (OR = 0.188, P = 0.027), and intercostal muscle mean
SWV (OR = 5.662, P = 0.024) were independent predictors. These results are presented in Tables 3 and 4.

Table 3 Multivariate Logistic Regression Results for Respiratory Muscle Ultrasound Parameters Between the Control Group and
the COPD Patient Group

Variables Univariate Regression Multiple Factor Regression
B S.E z P OR (95% CI) B S.E z P OR (95% CI)
Two-dimensional ultrasound parameters
Gender
Female 1.000 (Reference) 1.000 (Reference)
Male 1.426 0.444 | 3.212 0.001 4.162 (1.744 ~ 9.935) 1.659 0.521 | 3.187 0.001 5.252 (1.894 ~ 14.568)
Age 0.289 0.063 | 4.560 0.003 1.335 (1.179 ~ 1.512) 0.141
BMI 0.032 0.014 | 0.721 0.591 0.754 (0.536 ~ 0.917)
DTei —0.012 | 0.201 | —0.062 | 0.95I 0.988 (0.666 ~ 1.465)
DTF —0.708 | 0.245 | —2.892 | 0.004 0.493 (0.305 ~ 0.796) 0.064
DE —0.816 | 0.241 | —3.386 | <0.001 | 0.442 (0.276 ~ 0.709) —0.825 | 0.266 | —3.095 | 0.002 0.438 (0.260 ~ 0.739)
ICMT 0.186 0.204 | 0910 0.363 1.204 (0.807 ~ 1.795)
ICMTF 0.940 0.461 | 2.040 0.041 2.559 (1.038 ~ 6.312) 1.420 0.621 | 2.287 0.022 4.137 (1.225 ~ 13.972)

(Continued)
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Table 3 (Continued).

Variables Univariate Regression Multiple Factor Regression
B S.E z P OR (95% CI) B S.E y A P OR (95% ClI)

Two-dimensional combined elasticity ultrasound parameters
Gender

Female 1.000 (Reference) 1.000 (Reference)

Male 1.426 | 0.444 | 3212 | 0.00I 4.162 (1.744 ~ 9.935) | 1.596 | 0.652 | 2.448 | 0.014 4.934 (1.374 ~ 17.712)
Age 0.289 | 0.063 | 4560 | 0.003 1.335 (1.179 ~ 1.512) 0.141
BMI 0.032 | 0.014 | 0.721 0.591 0.754 (0.536 ~ 0.917)
DTei —0.012 | 0.201 | —0.062 | 0.95I 0.988 (0.666 ~ 1.465)
DTF —0.708 | 0.245 | —2.892 | 0.004 0.493 (0.305 ~ 0.796) 0.064
DE —0.816 | 0.24] | —3.386 | <0.001 | 0.442 (0.276 ~ 0.709) | —0.935 | 0.353 | —2.649 | 0.008 0.393 (0.197 ~ 0.784)
ICMT 0.186 | 0.204 | 0.910 | 0.363 1.204 (0.807 ~ 1.795)
ICMTF 0.940 | 0461 | 2.040 | 0.041 2.559 (1.038 ~ 6.312) | 2.308 1.031 | 2.238 | 0.025 10.053 (1.332 ~ 75.869)
D-SWV 0.501 0.228 | 2.202 | 0.028 1.651 (1.057 ~ 2.580) 0.254
ICM-SWV | 1.724 | 0.354 | 4869 | <0.001 | 5.610(2.802 ~ 11.230) | 1.859 | 0.436 | 4264 | <0.001 | 6.419 (2.731 ~ 15.087)

Table 4 Multivariate Logistic Regression Results for Respiratory Muscle Ultrasound Parameters Between the Mild-to-Moderate
Group and the Severe Group

Variables Univariate Regression Multiple Factor Regression

B S.E z P OR (95% ClI) B S.E y 4 P OR (95% ClI)

Two-dimensional ultrasound parameters

Gender
Female 1.000 (Reference)
Male 0.930 0.749 | 1.241 0.215 2.533 (0.584 ~ 10.996)
Age 0.118 0.041 | 2.874 0.004 1.125 (1.038 ~ 1.220) 0.239
BMI —0.059 | 0.067 | —0.883 | 0.377 0.942 (0.826 ~ 1.075)
DTei —2.396 | 0.740 | —3.238 | 0.001 0.091 (0.021 ~0.388) | —3.112 | 1.118 | —2.785 | 0.005 | 0.045 (0.005 ~ 0.398)
DTF —1.482 | 0.446 | —3.321 | <0.001 | 0.227 (0.095 ~ 0.545) | —1.838 | 0.670 | —2.744 | 0.006 | 0.159 (0.043 ~ 0.592)
DE —0.649 | 0.348 | —1.864 | 0.062 0.522 (0.264 ~ 1.034) 0.526
ICMT —0.204 | 0.293 | —0.697 | 0.486 0.815 (0.459 ~ 1.448)
ICMTF —0.126 | 0.298 | —0.424 | 0.672 0.881 (0.492 ~ 1.580)

Two-dimensional combined elasticity ultrasound parameters

Gender
Female 1.000 (Reference)
Male 0.930 0.749 | 1.241 0.215 2.533 (0.584 ~ 10.996)
Age 0.118 0.041 | 2.874 | 0.004 1.125 (1.038 ~ 1.220) 0.995
BMI —0.059 | 0.067 | —0.883 | 0.377 0.942 (0.826 ~ 1.075)
DTei —2.396 | 0.740 | —3.238 | 0.001 0.091 (0.021 ~0.388) | —3.193 | 1.304 | —2.449 | 0.014 | 0.041 (0.003 ~ 0.528)
DTF —1.482 | 0.446 | —3.321 | <0.001 | 0.227 (0.095 ~ 0.545) | —1.674 | 0.756 | —2.215 | 0.027 | 0.188 (0.043 ~ 0.825)
DE —0.649 | 0.348 | —1.864 | 0.062 0.522 (0.264 ~ 1.034) 0.867
D-SWv 0.204 0.292 | 0.699 0.485 1.226 (0.692 ~ 2.171)
ICMT —0.204 | 0.293 | —0.697 | 0.486 0.815 (0.459 ~ 1.448)
ICMTF —0.126 | 0.298 | —0.424 | 0.672 0.881 (0.492 ~ 1.580)

ICM-SWYV | 1.087 0.397 | 2.734 0.006 2.964 (1.360 ~ 6.460) | 1.734 0.766 | 2.263 0.024 | 5.662 (1.261 ~ 25.421)
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Figure 3 Diagnostic performance evaluation of the ultrasound parameter prediction model for respiratory muscles. (A) Receiver operating characteristic (ROC) curves for
identifying COPD using logistic regression models derived from respiratory muscle ultrasound parameters. The purple curve represents the model based solely on two-
dimensional (2D) parameters, and the yellow curve represents the combined 2D with shear-wave elastography (SWE) model. (B) Calibration curve of the 2D-based model
for COPD screening corresponding to (A). (C) Calibration curve of the combined 2D with SWE model corresponding to (A). (D) ROC curves for stratifying COPD
severity (mild-moderate vs severe) using logistic regression models. The purple curve represents the 2D-based model, while the yellow curve represents the combined 2D
with SWE model. (E) Calibration curve of the 2D-based severity-stratification model corresponding to (D). (F) Calibration curve of the combined 2D with SWE severity-

stratification model corresponding to (D).

Diagnostic Performance of Respiratory Muscle Ultrasound in Screening and Stratified

Diagnosis of COPD

A multiple variance test was conducted on all included parameters, yielding VIF values of 1.191 for DTei, 1.202 for DTF,
and 1.013 for ICM-SWV. As all VIF values were below 5, multicollinearity was excluded.

For differentiating COPD patients from healthy controls, the logistic regression model based on two-dimensional
ultrasound parameters achieved an area under the curve (AUC) of 0.804 (95% CI: 0.721-0.887), accuracy of 0.730 (95%
CI: 0.632-0.814), sensitivity of 0.860 (95% CI: 0.764—0.956), and specificity of 0.600 (95% CI: 0.464-0.736). By
contrast, the model combining two-dimensional and elasticity parameters yielded an AUC of 0.908 (95% CI:
0.852-0.964), accuracy of 0.860 (95% CI: 0.776-0.921), sensitivity of 0.900 (95% CI: 0.817-0.983), and specificity
of 0.820 (95% CI: 0.714-0.926) (Figure 3 and Table 5).

For stratifying COPD severity, the logistic regression model using two-dimensional ultrasound parameters achieved
an AUC of 0.916 (95% CI: 0.835-0.997), accuracy of 0.880 (95% CI: 0.757-0.955), sensitivity of 0.786 (95% CI:

Table 5 Diagnostic Performance of Ultrasound-Based Predictive Models for Respiratory Muscles

Model Grouping AUC (95% Cl) Accuracy (95% CI) | Sensitivity (95% CI) | Specificity (95% CI) PPV (95% CI) NPV (95% CI)

Screening for COPD patients

2D ultrasound model

Joint ultrasound model

0.804 (0.721-0.887)
0.908 (0.852-0.964)

0.730 (0.632-0.814)
0.860 (0.776-0.921)

0.860 (0.764-0.956)
0.900 (0.817-0.983)

0.600 (0.464-0.736)
0.820 (0.714-0.926)

0.683 (0.568-0.797)
0.833 (0.734-0.933)

0.811 (0.685-0.937)
0.891 (0.801-0.981)

COPD Severity Stratifi

ication Model

2D ultrasound model

Joint ultrasound model

0.916 (0.835-0.997)
0.959 (0.907-1.000)

0.880 (0.757-0.955)
0.920 (0.808-0.978)

1.000 (1.000-1.000)
0.857 (0.728-0.987)

0.786 (0.634-0.938)
1.000 (1.000-1.000)

0.786 (0.634-0.938)
1.000 (1.000-1.000)

1000 (1.000-1.000)
0.846 (0.707-0.985)
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0.634-0.938), and specificity of 1.000 (95% CI: 1.000—1.000). In comparison, the combined two-dimensional and
elasticity parameter model further improved diagnostic performance, with an AUC of 0.959 (95% CI: 0.907—-1.000),
accuracy of 0.920 (95% CI: 0.808—0.978), sensitivity of 0.857 (95% CI: 0.728-0.987), and specificity of 1.000 (95% CI:
1.000-1.000) (Figure 3 and Table 5).

Discussion

Our study demonstrated that respiratory muscle ultrasound provides reliable and clinically meaningful parameters for
evaluating COPD. Among all measurements, DE, DTF, DTei, ICMTF, and ICM-SWYV showed the strongest associations
with both the presence of COPD and disease severity. These findings align with previous research indicating that
traditional pulmonary function parameters alone may not fully capture disease complexity and that additional physiolo-
gical markers are needed for more comprehensive assessment.”>* By providing quantitative information on both
diaphragm and intercostal muscle function, respiratory muscle ultrasound may serve as a useful complementary tool
in situations where pulmonary function testing is limited or unavailable.

Striated muscle dysfunction is a common complication of COPD, manifesting as systemic skeletal and respiratory
muscle atrophy. This dysfunction reduces exercise tolerance and weakens pulmonary ventilation. Increased airway
resistance, oxidative stress, systemic inflammation, hypercapnia, hypoxia, and acidosis activate proteolytic mechanisms,
leading to respiratory muscle atrophy and dysfunction, which further exacerbates pulmonary ventilation impairment. This
creates a vicious cycle of respiratory muscle wasting and worsened respiratory function.*> %>

Ultrasound offers distinct advantages in respiratory muscle function assessment due to its real-time, non-invasive, and
convenient nature.'>?* 2% In recent years, the development of advanced ultrasound techniques—such as SWE and tissue
Doppler imaging—has further expanded its capability to quantify muscle mechanics, tissue stiffness, and contractile
performance.'>**>° Building on these technical advances, an increasing number of studies have investigated the
relationship between respiratory muscle ultrasound parameters and pulmonary function in COPD. Schulz et al observed
140 COPD patients and found that DE was significantly positively correlated with pulmonary function parameters
reflecting ventilatory muscle strength, while DTF was significantly correlated with FEV1%pred.*' Algahtani et al
conducted a systematic review of 35 studies, revealing markedly reduced DE and DT in COPD patients, both of
which were negatively correlated with disease severity.>> Chen et al compared shear wave elastography results with
pulmonary function outcomes in 219 COPD patients and 20 healthy adults, found that diaphragmatic stiffness and
intercostal muscle stiffness were positively correlated with disease severity.*> These technological advancements directly
underpin the rationale of our study, which integrates both two-dimensional ultrasound and SWE to evaluate respiratory
muscle structure, function, and elasticity. By applying these updated imaging techniques, our work provides new
evidence supporting the use of respiratory muscle ultrasound as a multidimensional and more sensitive tool for assessing
COPD severity.

This study analyzed differences in respiratory muscle ultrasound parameters between groups using differential
testing and multiple regression analysis. Statistically significant differences in DE were observed across all three
groups. DE reflects the amplitude of diaphragmatic movement during the respiratory cycle and serves as an
indicator of diaphragmatic ventilatory function, which is closely correlated with pulmonary ventilation.
Diaphragm thickness and DTF exhibited a marked reduction in the severe COPD group, showing statistically
significant differences when compared to the mild-to-moderate group and the control group. These findings suggest
that severe COPD patients experience varying degrees of diaphragmatic dysfunction and atrophy as the disease
progresses. Numerous studies have indicated that diaphragmatic dysfunction correlates with poorer prognosis and
elevated mortality risk in COPD patients.** The difference in ICMTei between the control group and the mild-to-
moderate group was statistically significant. This may be attributed to the intercostal muscles, which act as the
primary accessory inspiratory muscles and can compensate for early diaphragmatic dysfunction. Some researchers
have suggested that increased intercostal muscle work could serve as an early indicator of diaphragmatic atrophy.*”
However, no significant differences in ICMTei were found in the severe COPD group, nor were there differences in
ICMTF across all groups. This may suggest a limited compensatory role of the intercostal muscles in patients with
severe COPD.
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In the shear wave elasticity data, the diaphragm mean SWYV is markedly elevated in the severe group, which may be
attributed to diminished diaphragmatic contractility. Reduced myofibrillar sliding, along with proliferative changes in the
muscle interstitial connective tissue, contributes to increased diaphragmatic stiffness. Additionally, both the mean SWV
and Young’s modulus of the intercostal muscles increased significantly with worsening COPD severity, potentially due to
mechanisms such as prolonged tissue hypoxia and inflammatory extravasation. These factors can lead to remodeling of
the intermuscular connective tissue, thereby increasing intercostal muscle stiffness. Interestingly, these alterations were
more pronounced than changes in diaphragm elasticity parameters and appeared earlier in the disease course.*®

This study developed prediction models based on two-dimensional ultrasound parameters and combined two-dimensional
ultrasound and elasticity parameters to distinguish COPD patients from healthy controls and to stratify COPD severity. The
results demonstrated that models incorporating combined two-dimensional ultrasound and elasticity parameters exhibited
higher AUC values and superior diagnostic performance compared to models using only two-dimensional ultrasound
parameters. A noteworthy finding was that intercostal muscle shear wave velocity emerged as an independent influencing
factor in both combined models, exhibiting a high odds ratio. This represents a novel observation, highlighting the significant
potential of intercostal muscle shear wave elasticity in respiratory muscle ultrasound for COPD patients. This parameter may
reflect early alterations in respiratory muscle function, potentially preceding detectable changes in pulmonary function.

Despite the strengths of this prospective study, several limitations should be noted. Firstly, as a single-center, cross-
sectional study with geographical and demographic constraints, the findings require validation through multicenter
studies with larger sample sizes. Secondly, while we included a healthy control group and COPD patients with varying
severity, the sample size may limit the statistical power and robustness of the models. Thirdly, due to constraints on
equipment and funding at our institution, our bedside ultrasound devices lacked shear wave elastography modules,
leading to missing shear wave elasticity data for some patients with limited mobility. Therefore, further research is
needed to evaluate the feasibility and application of bedside shear wave elastography in COPD patients requiring
prolonged bed rest. Lastly, although clinical parameters such as gender, age, and BMI were incorporated into our logistic
regression analysis, the limited sample size may have hindered the identification of independent influencing factors.
Further large-scale studies are needed to investigate these confounding variables more comprehensively. These aspects
will be explored in our subsequent studies.

Conclusions

Two-dimensional and shear wave elastography respiratory muscle ultrasound demonstrate good correlation and consistency in
assessing the severity of COPD. They exhibit favorable feasibility and diagnostic efficacy in screening for COPD and
stratifying its severity. Clinically, respiratory muscle ultrasound may serve as a practical complementary tool—particularly for
elderly, bedridden, or non-cooperative patients who are unable to complete pulmonary function tests—by providing an
accessible bedside method to assist diagnosis, guide severity assessment, and support individualized disease management.
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