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Purpose: To evaluate the degree of lung hyperinflation (LH) in patients with stable chronic obstructive pulmonary disease (COPD) by
lung ultrasound score (LUS) and assess its value.

Patients and Methods: We conducted a study of 149 patients with stable COPD and 100 healthy controls recruited by the Second
Affiliated Hospital of Fujian Medical University. The pleural sliding displacement (PSD) was measured, the sliding of the pleura in
different areas was observed, and LUS was calculated from both of them. The diaphragm excursion (DE), residual capacity (RV), total
lung capacity (TLC), inspiratory capacity (IC) and functional residual capacity (FRC) were measured. We described the correlation
between ultrasound indicators and pulmonary function indicators reflecting LH. Multiple linear regression analysis was used. The
ROC curves of LUS and DE were drawn to evaluate their diagnostic efficacy, and De Long method was used for comparison.
Results: (1) The LUS of patients with stable COPD were positively correlated with RV, TLC, RV/TLC and FRC and negatively
correlated with IC and IC/TLC (7,=0.72, r,=0.41, r3=0.72, r4=0.70, rs=—0.56, r=—0.65, P < 0.001). The correlation was stronger than
that between DE at maximal deep inspiration and the corresponding pulmonary function indices (r;1=—0.41, r,=—0.26, 5=-0.40, r,=
—0.43, r5=0.30, rs=0.37, P <0.001). (2) Multiple linear regression analysis showed that LUS were significantly correlated with [C/TLC
and RV/TLC. (3) With IC/TLC<25% and RV/TLC>60% as the diagnostic criterion of severe LH, the areas under the ROC curves of LUS
and DE at maximal deep inspiration for diagnosing severe LH were 0.914 and 0.385, 0.845 and 0.543, respectively (P < 0.001).
Conclusion: The lung ultrasound score is an important parameter for evaluating LH. LUS is better than DE at maximal deep
inspiration for diagnosing severe LH and is expected to become an effective auxiliary tool for evaluating LH.
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Introduction
Chronic obstructive pulmonary disease (COPD) is a common chronic respiratory disease characterized by incomplete
reversible airflow limitation and progressive development.' Due to airflow limitation, the air trapped in the lungs during
exhalation in COPD patients easily causes lung hyperinflation (LH) and increased intrathoracic pressure. LH can be
divided into static lung hyperinflation (sLH) and dynamic lung hyperinflation (dLH). It is characterized by an increase in
functional residual capacity (FRC) and a decrease in inspiratory capacity (IC), which eventually lead to dyspnea® and
reduce exercise capacity.* It also can affect the ventilatory load and respiratory muscle capacity, and even affect the
cardiovascular system in severe cases.” Therefore, the assessment of LH is of great help in the treatment, exercise
endurance, and quality of life of COPD patients.

Pulmonary function tests are commonly used to evaluate LH in clinical practice. Total lung capacity (TLC), reserve
volume (RV), IC, RV/TLC, IC/TLC, etc., can reflect LH to varying degrees.éf8 Usually, the change in the IC in COPD
patients during exercise is monitored to assess dLH,” but this method assumes that the TLC value remains the same,
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when in fact COPD exacerbations and bronchial relaxation affect the TLC; therefore, this method has certain limitations.
Among these pulmonary function indicators, RV/TLC > 60% and IC/TLC < 25% are indicators of severe LH and are also

9! and their value for evaluating LH has been widely recognized. In

prerequisites for lung volume reduction surgery,
addition to the lung function indicators described above for evaluating LH, the area under the forced expiratory flow-
volume loop (AreaFE) is expressed as a percentage of the reference value (AreaFE%), and manual/metronome paced
tachypnea (MPT), metronome-paced incremental hyperventilation (MPIH) and the impulse moisturizer oscillometry
system (IOS) can also be used to evaluate LH.'*"'7 However, the above evaluation methods have their own short-
comings, such as a lack of large-sample-size research verification, lack of unified standards for reference values,
relatively few comparative studies, and easy overdiagnosis. Therefore, RV/TLC and IC/TLC are still more commonly
used in pulmonary function tests to evaluate LH.

Pulmonary function tests require the cooperation of patients, which is time-consuming and is likely to make the
patients uncomfortable.'® Whether there is a more convenient auxiliary examination method for assessing the severity of
LH in COPD patients has become a key issue in clinical research. Ultrasound has the advantages of no radiation, simple
operation, and real-time observation, which has a certain research prospect. Compared with the extensive research
performed on the application of ultrasound in COPD,"? the study on ultrasound assessment of LH is less well established
and needs further evaluation. Because LH can promote the decline of diaphragm contractility in COPD patients,° current
research has focused on diaphragm excursion (DE) and similar phenomena.?' Relevant study22 has found that pleura
sliding displacement (PSD) can be reduced and the pleura sliding can be weakened or disappeared in COPD patients with
the increase in lung capacity indicators reflecting LH such as TLC and RV. This inspires us that lung ultrasound is
expected to predict the severity of LH in COPD patients to a certain extent, which is worthy of further research.

Materials and Methods

Participants

A total of 149 patients with stable COPD were selected from the ultrasound department of our hospital from
December 2020 to August 2023, and 100 healthy adults were randomly selected as the control group. Inclusion criteria
for stable COPD patients: According to the 2020 edition of the Global Initiative for Chronic Obstructive Pulmonary
Disease (GOLD), the diagnosis was confirmed based on clinical symptoms, signs, chest X-ray or CT, lung function and
other examinations. The exclusion criteria for the stable COPD group were as follows: (1) history of chronic respiratory
diseases other than COPD; (2) history of pleural and peritoneal diseases; (3) history of chest or abdominal trauma or
surgery; (4) chronic metabolic disease; (5) history of drug use affecting the skeletal muscle tissue structure; (6) inability
to cooperate with clinical examinations (such as HRCT, ultrasound, etc.), threatening the integrity of the clinical data;
and (7) history of respiratory infection in the month prior to study. The inclusion criteria for the control group were as
follows: forced expiratory volume in one second (FEV,)/forced vital capacity (FVC) >70% and FEV>80% of the
predicted value. Participants with no previous history of respiratory disease were eligible. The other inclusion criteria
were the same as those in the stable COPD group. The general data of the subjects, including sex, body mass index, age
and smoking, were collected, and all participants completed the COPD Assessment Test (CAT), modified Medical
Research Council (mMRC) Dyspnea Scale, pulmonary function tests and ultrasound. This study was approved by the
hospital ethics committee, and all subjects agreed to undergo the examinations and signed the informed consent form.

Instruments and Methods

A color Doppler ultrasound diagnostic apparatus (Mindray Resona 19S, Shenzhen, China) was used to detect the pleural
sliding displacement (PSD) and observe the pleural sliding condition with a high-frequency linear array probe (frequency 4—
15 MHz). Sliding of the pleura was observed by scanning the anterior chest wall, lateral chest wall and posterior chest wall in
72 intercostal spaces, and the chest wall was divided into 16 lung regions, as shown in Figure 1. The probe was scanned
longitudinally and vertically in each intercostal space. (1) Anterior chest wall and lateral chest wall examination: The patient
was placed in the supine position or lateral position, and the hands were held to widen the intercostal space. The patient was
observed along the bilateral parasternal line, midclavicular line, anterior axillary line, and midaxillary line from top to bottom
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Figure | Zones of lung ultrasound score measurement. A 72 intercostal spaces scan of bilateral anterior, lateral, and posterior chest wall, in which we divided the entire
chest into 16 zones as shown.
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according to the prescribed intercostal space. (2) Posterior chest wall examination: The patient was in a sitting position, with
hands crossed and folded in front of the torso, and the body was bent forward so that the scapula was moved up and the
posterior intercostal space was widened as far as possible. The patient was observed along the bilateral spinal paravertebral
line, scapular line, and posterior axillary line from top to bottom according to the prescribed intercostal space. To detect PSD,
the probe was placed in the midaxillary line of the diaphragm section of the patient, and the movement of the pleura and lung
tissue toward or away from the liver was observed, along with the respiratory movement. The distance between the junction of
the lung and the liver and the left edge of the acoustic window of the ultrasound instrument was measured along the direction
of the pleural line at the end of expiration and the end of inspiration, respectively, and the difference between the two was the
PSD, as shown in Figure 2. The normal critical value of PSD was < 12 mm for males and < 10 mm for females. The patients
were scored according to the following lung ultrasound scoring criteria: 0 points: normal pleural sliding and PSD> normal
low; 1 point: PSD < normal low and no pleural sliding sign in either lung area; 2 points: PSD < normal low value and
disappearance of the pleural sliding sign in 1-4 lung areas; 3 points: PSD < normal low value and disappearance of the pleural
sliding sign in 5-8 lung areas; 4 points: PSD < normal low value and disappearance of the pleural sliding sign in 9—12 lung
areas; and 5 points: PSD < normal low value and disappearance of the pleural sliding sign in more than 12 lung regions.
Diaphragm excursion scan: A 5-MHz convex array probe was placed between the mid-clavicular line under the right costal
margin of the subject in the supine position. The probe direction was oblique to the head side during scanning. Due to the
different movements of the diaphragm, it was necessary to adjust the direction of the probe in real time during the examination.
The diaphragm excursion was measured at this position. The diaphragm excursion was measured as the vertical distance
between the trough and the peak of the wave. The measurement was performed during the two phases of tidal inspiration and

maximal deep inspiration of the subject, and the average value was taken from 3 scans, as shown in Figure 3.

Figure 2 Pleural sliding displacement (PSD) measurement method. (A) The distance between the lung-liver junction and the left edge of the acoustic window of the
ultrasound instrument was measured along the pleural line at the end of expiration. (B) The distance between the lung-liver junction and the left edge of the acoustic
window of the ultrasound instrument was measured along the pleural line at the end of inspiration. The difference between the two values is the PSD.

Figure 3 Measurement of diaphragmatic excursion. (A) The diaphragm excursion in one respiratory cycle of tidal inspiration is the vertical distance h. (B) The diaphragm
excursion in one respiratory cycle of maximal deep inspiration is the vertical distance H.
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According to the standards of the European Respiratory Society, the values of pulmonary function parameters such as
TLC, RV, IC, RV/TLC, IC/TLC, functional residual capacity (FRC), FEV/FVC, and FEV, predicted value were recorded.”

Statistical Analysis

SPSS (version 19.0; SPSS) was used for all of the analyses. Normally distributed measurement data are expressed as the mean
+SD. The inspection level a was 0.05. Nonnormally distributed data are presented as the median [IQR] or n (%), as appropriate.
Measurement data that were normally distributed were compared between groups by the two-independent-sample ¢ test. The
Mann—Whitney U-test was used for comparisons between groups that did not conform to the normal distribution. For count data,
the chi-square test was used for comparison between groups. Pearson’s correlation coefficient was calculated between ultrasound
results and pulmonary function measurement data that were normally distributed. Spearman correlation coefficient was calculated
between ultrasound and pulmonary function measurement data that were nonnormally distributed. The correlations were
compared by the Z test. Multiple linear regression analysis was used to analyze the factors affecting LH. Taking RV/TLC >
60% and IC/TLC < 25% as the criteria for the diagnosis of severe LH, receiver operating characteristic (ROC) curves of lung
ultrasound score (LUS) and DE at maximal deep inspiration for the diagnosis of severe LH were constructed, and the
corresponding sensitivity and specificity were calculated. The area under the curve (AUC) in each case was calculated, and the
DeLong method was used to compare them. P < 0.05 was considered statistically significant.

Results

Basic Clinical Measurement and Lung Function

Table 1 compares clinical baseline measures and lung function measures between patients with stable COPD and
controls. The two groups were similar in terms of sex, age and body mass index. Compared with the control group, the
FEV % predicted value, FEV{/FVC, IC and IC/TLC of the COPD group were lower, and the number of smoking years,
TLC, RV, RV/TLC, FRC, CAT score and mMRC score were higher.

Changes in Ultrasound Parameters in Patients with Stable COPD

The ultrasound parameters between the control group and stable COPD patients were compared. There was no significant
difference in DE at tidal inspiration between the COPD stable group and the control group. Compared with the control group,
PSD and DE at maximal deep inspiration were decreased and LUS were increased in stable COPD patients. (Table 2).

Table | Clinical Characteristics of Participants

Characteristics Stable COPD (n=149) | Control (n=100) | p value
Age (years) 66.39+9.19 66.56+10.93 0.815
Male subject, n (%) 134 (89.9%) 90 (90%) 0.986
Body mass index (kg/m?) 20.70+2.54 20.49+2.09 0.491
Smoking (pack-years)* 35 (25, 45) 0 (0, 18.75) <0.001
mMRC score* 1 (1,2) 0 (0, 0) <0.001
CAT score* 23 (13, 31) 5.50 (0.25, 8.00) <0.001
FEV,% predicted value* 64.00 (35.00, 85.00) 90.50 (86.00, 92.00) | <0.001
FEV|/FVC (%) * 55.00 (46.00, 60.00) 81.00 (78.00, 82.00) | <0.001
RV (L) 2.55+0.61 1.94+0.33 <0.001
TLC (L) 5.81+0.55 5.61+0.34 0.001
RV/TLC 2.99+0.41 0.34+0.05 <0.001
FRC (L) * 3.40 (3.00, 4.25) 2.60 (2.40, 2.87) <0.001
IC (L) 2.1620.71 2.99£0.41 <0.001
IC/TLC 0.38£0.13 0.53+0.06 <0.001

Notes: Data are presented as n (%) or mean £ SD unless otherwise noted. *Median (interquartile range)
values for nonnormally distributed data.

Abbreviations: COPD, chronic obstructive pulmonary disease; mMRC, modified Medical Research
Council; CAT, COPD Assessment Test; FEV, forced expiratory volume; FVC, forced vital capacity; RY,
residual volumetotal; TLC, total lung capacity; FRC, functional residual capacity; IC, inspiratory capacity.
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Table 2 Ultrasound Characteristics of Participants

Characteristics Stable COPD (n=149) | Control (n=100) | p value
Lung ultrasound score* 2(1,4) 0(0,0) <0.001
PSD (mm) * 12.10 (7.80, 13.60) 15.10 (13.0, 17.60) | <0.001
DE at tidal inspiration (mm) 21.24+6.36 21.45£9.13 0.598
DE at maximal deep inspiration (mm) 38.61£10.54 59.47%15.76 <0.001

Notes: Data are presented as n (%) or mean  SD unless otherwise noted. *Median (interquartile range) values for
nonnormally distributed data.
Abbreviations: COPD, chronic obstructive pulmonary disease; PSD, pleura sliding displacement; DE, diaphragm excursion.

Correlation Analysis of the Ultrasound Parameters and Pulmonary Function Indices

Reflecting LH

The LUS of patients was negatively correlated with IC/TLC and IC and was positively correlated with RV/TLC, RV,
TLC and FRC. The correlations were stronger than those of DE at maximal deep inspiration. PSD was positively
correlated with IC/TLC and IC and negatively correlated with RV/TLC, RV, TLC and FRC. There was no significant
correlation between DE at tidal inspiration and any pulmonary function index (Table 3).

Correlation Analysis of the Ultrasound Parameters and COPD Score

The LUS of patients was positively correlated with mMRC score and CAT score. PSD and DE at maximal deep
inspiration were negatively correlated with mMRC score and CAT score. There was no significant correlation between
DE at tidal inspiration mMRC score and CAT score (Table 4).

Multiple Linear Regression Analysis

With IC/TLC as the dependent variable, 9 factors were selected as independent variables for linear regression, including
LUS, PSD, FEV% predicted value, FEV/FVC, age, smoking years, mMRC score, CAT score, and DE at maximal deep
inspiration, according to the clinical significance and the results of single-factor analysis. RV, TLC, FRC, IC, and RV/

Table 3 Correlation Between the Ultrasound Parameters and Pulmonary Function Indexes Reflecting LH

Lung Ultrasound Score PSD DE at Tidal Inspiration | DE at Maximal Deep Inspiration
r P r P r P r P
RV 0.72 <0.001 —0.56 | <0.001 —0.11 0.08 —0.41 <0.001
TLC 0.41 <0.001 —0.28 | <0.001 —0.08 0.22 —0.26 <0.001
FRC 0.70 <0.001 —0.63 | <0.001 —0.02 0.74 —0.43 <0.001
IC —0.56 <0.001 0.57 | <0.001 —0.01 0.94 0.30 <0.001
RV/TLC 0.72 <0.001 —0.58 | <0.001 —0.10 0.12 —0.40 <0.001
IC/TLC —0.65 <0.001 0.62 | <0.001 0.0l 0.89 0.37 <0.001

Abbreviations: PSD, pleura sliding displacement; DE, diaphragm excursion; RV, residual volumetotal; TLC, total lung capacity; FRC, functional residual
capacity; IC, inspiratory capacity.

Table 4 Correlation Between the Ultrasound Parameters and COPD Score

Lung Ultrasound Score PSD DE at Tidal Inspiration | DE at Maximal Deep Inspiration
r P r P r P r P
mMRC score 0.70 <0.001 —0.59 | <0.001 —0.12 0.05 —0.60 <0.001
CAT score 0.69 <0.001 —0.54 | <0.001 —0.12 0.05 —0.61 <0.001

Abbreviations: PSD, pleura sliding displacement; DE, diaphragm excursion; mMRC, modified Medical Research Council; CAT, COPD Assessment Test.
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Table 5 Multiple Linear Regression Analysis of Influencing Factors of LH Index IC/TLC

Items B SE B t P B (95% CI) R? F
Constant term 0249 | 0.044 - 5696 | <0.001 | 0.163~-0.335 | 0.599 | 121.891
Lung ultrasound score | —0.027 | 0.006 | —0.348 | —4.801 | <0.001 | —0.038 ~—0.016

PSD 0.009 | 0.002 | 0285 | 4468 | <0.001 | 0.005~0.013

FEV,/FVC 0.002 | 0000 | 0228 | 3910 | <0.001 | 0.001 ~0.003

Abbreviations: PSD, pleura sliding displacement; FEV/, forced expiratory volume; FVC, forced vital capacity.

TLC were excluded because the condition index was > 30, the variation composition was > 0.5, and there was
multicollinearity between the corresponding variables. Multiple linear regression analysis (stepwise method) was
performed. The results showed that the LUS, PSD and FEV/FVC were significantly correlated with IC/TLC
(Table 5). The regression model was significant and could explain 59.9% of the total variation (R* = 0.599, F =
121.891, P < 0.001). In another multiple linear regression with RV/TLC as the dependent variable, LUS, PSD, FEV;
% predicted value, FEV/FVC, age, smoking years, mMRC score, CAT score, and DE at maximal deep inspiration were
tested as independent variables, given their clinical significance and the results of the single-factor analysis. RV, TLC,
FRC, IC, and RV/TLC were excluded because they each had a condition index > 30, the variation composition was > 0.5,
and there was multicollinearity between the corresponding variables. This multiple linear regression analysis (stepwise
method) showed that LUS, mMRC score and CAT score were significantly correlated with RV/TLC. (Table 6). The
regression model was significant and could explain 59.9% of the total variation (R* = 0.610, F = 127.599, P < 0.001).

Comparison of the Efficacy of Lung Ultrasound Score and DE at Maximal Deep

Inspiration in the Assessment of Severe LH

With IC/TLC < 25% as the diagnostic criterion of serious LH, the AUC for the diagnosis of severe LH by the LUS was
greater than that by DE at maximal deep inspiration (P <0.001). With RV/TLC > 60% as the diagnostic criterion of
severe LH, the AUC for the diagnosis of severe LH by the LUS was again greater than that by DE at maximal deep
inspiration (P <0.001) (Figure 4 and Table 7).

Discussion

In COPD patients, chronic inflammation involves the atmospheric tract and small airways (especially small airways),
resulting in obstruction and stenosis of small airways, coupled with alveolar damage caused by inflammation, which
easily leads to lung overinflation.”*?> Lung hyperinflation in COPD patients is closely related to the evaluation of their
prognosis, dyspnea and exercise ability,”® so whether there is a more convenient way to evaluate lung hyperinflation in
COPD patients is of great clinical significance.

In recent years, several studies have proposed the use of IC/TLC, RV/TLC and IC as indicators to evaluate lung
hyperinflation.”” The worth of IC/TLC in evaluating LH in COPD patients is well recognized, as it reflects end-
expiratory lung volume.”®** With the progression of COPD, IC and the IC/TLC ratio gradually decrease, reflecting
the aggravation of lung hyperinflation.®** IC/TLC corrects for the value of TLC to eliminate errors caused by different
TLC values. It not only reflects the level of functional residual capacity - static lung hyperinflation - but also reflects the

Table 6 Multiple Linear Regression Analysis of Influencing Factors of LH Index RV/TLC

B SE B t P B (95% CI) R? F
Constant term 0.347 | 0.005 - 63282 | <0.001 | 0.337 ~0.358 | 0.610 | 127.599
Lung ultrasound score | 0.027 | 0.003 | 0.561 9.858 | <0.00I 0.022 ~ 0.033
mMRC score 0.031 | 0.006 | 0.445 5516 | <0.001 | 0.020 ~ 0.043
CAT score -0.001 | 0.001 | -0.173 | —2.071 | 0.039 | —0.002 ~ 0.000

Abbreviations: MMRC, modified Medical Research Council; CAT, COPD Assessment Test.
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Figure 4 ROC curve of lung ultrasound score and DE at maximal deep inspiration for diagnosis of severe LH. (A) With IC/TLC < 25% as serious LH diagnostic criteria, the
ROC curve of severe LH was diagnosed by lung ultrasound score and DE at maximal deep inspiration. (B) With RV/TLC > 60% as serious LH diagnostic criteria, the ROC
curve of severe LH was diagnosed by lung ultrasound score and DE at maximal deep inspiration.

inspiratory reserve of patients with COPD.''*! RV/TLC > 60% and IC/TLC < 25% are considered criteria for severe LH
and can be used to determine the surgical indications for lung volume reduction surgery.” ' Therefore, ICV/TLC and
RV/TLC were selected as diagnostic criteria for LH in our study.

However, the above pulmonary function examination operation is complicated, time-consuming and laborious and
requires the patient’s cooperation.'® Ultrasound examination, with its advantages of simple operation, safety, practicality,

Table 7 Efficacy of Lung Ultrasound Score and DE at Maximal Deep Inspiration in the Diagnosis of Severe LH

Diagnostic Lung Ultrasound Score DE at Maximal Deep Inspiration z* P
Criteria
Sensitivity | Specificity Cut-off AUC | Sensitivity | Specificity Cut-off AUC
(%) (%) value (%) (%) value
IC/TLC<25% 92.0 84.7 3.0 0914 92.0 20.2 29.0 0.385 | 8.223 | <0.001
RV/TLC>60% 87.5 91.5 4.0 0.845 25.0 98.6 57.0 0.543 | 2.887 | <0.004

Notes: *The AUC was compared between lung ultrasound score and DE at maximal deep inspiration in the diagnosis of severe LH.
Abbreviations: DE, diaphragm excursion; LH, lung hyperinflation; AUC, area under curve; IC, inspiratory capacity; TLC, total lung capacity; RV, residual volumetotal.
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bedside operation and real-time observation, has unique advantages as a supplementary examination method in the assessment
of lung hyperinflation. So far, ultrasound evaluation of lung hyperinflation has been limited to DE and related variables.?'

Lung hyperinflation shortens the diaphragm muscle, which is the main power source of the respiratory pump, and its
shape changes from arched to flat, which weakens its contraction ability, seriously affects the effective respiratory
movement,”® and reduces the tidal volume and other indicators. Therefore, the diaphragm movement index DE is
negatively correlated with lung hyperinflation, so it well reflects the development of COPD,?' especially the development
of shortness of breath. However, ultrasound detection of DE still requires patients to take deep breaths, which may make
it less useful in patients with more serious conditions. Therefore, our team has explored lung ultrasound evaluation
methods that are easier to operate and not affected by patients’ breathing ability.

During respiratory movements, the visceral pleura moves with the expansion and retraction of the lung, while the
parietal pleura moves with the expansion and retraction of the thoracic cavity, and the magnitude of visceral pleura
sliding is generally larger than that of parietal pleura, resulting in the pleural sliding sign visible to the naked eye during
ultrasound examination.*> LH causes excessive expansion and weak retraction of the lung, and the movement of visceral
pleura weakened. While the movement of parietal pleura, which is more affected by the expansion and retraction of
thoracic cavity, is weakened relatively insignificantly, resulting in the weakening of the relative movement of the visceral
pleura and parietal pleura, which means the weakening of pleural slip. When COPD patients are not complicated with
infection, the A-line dominates both lungs, and the pleural slip sign weakens or even disappears to varying degrees.*
Patients with severe bronchial asthma who have characteristics similar to COPD, such as lung hyperinflation, may have
a reduced or absent pleural slip.>*~* Therefore, the weakening or even disappearance of pleural slip may have some
connection with LH, which is worth further exploration.

In the judgment of a mildly weakened pleural slip, there may be some error based only on the subjective judgment of
the examining physician of the pleural slip sign.*®> Zhao* found that TLC and RV increased in COPD patients, tidal
volume decreased significantly and PSD decreased during inspirations. Although PSD is not equivalent to the traditional
pleural slip sign, PSD can clearly reflect the situation of pleural slipping,> and PSD can help judge the weakening of
pleural slip. Referring to the results of relevant studies® and the results of the control group in this study, the normal
critical value of PSD was < 12 mm for males and < 10 mm for females.

Related studies®® also found that the disappearance of pleural sliding was related to subpleural pulmonary bullae,
which was confirmed by CT results. With the progression of lung hyperinflation, the incidence of pulmonary bullae in
patients with COPD increases. Its essence is that the pressure in the alveolar cavity is increased for a variety of reasons,
and no gas moves in or out with respiratory movement. The pulmonary bullae that can be observed by ultrasound are
located under the pleura, and the typical ultrasound indication is the disappearance of the A-line with the sliding of the
pleura, while the distribution range of the focal A-line does not change with respiration.>” However, the wide distribution
of the A-line in the lungs of COPD patients makes it difficult to distinguish their subpleural pulmonary bullae, so we
often only observe the disappearance of the focal pleural sliding sign. Pulmonary bullae may increase end-expiratory
lung volume in COPD patients,*® which is closely related to RV/TLC.*® Therefore, the disappearance of pleural sliding
caused by pulmonary bullae is also related to pulmonary function indicators reflecting LH and may have certain value in
the evaluation of LH.

Therefore, in our study, a PSD less than the normal critical value combined with the disappearance of pleural sliding
in each lung area caused by lung hyperinflation and subpleural bullae was used to calculate a comprehensive LUS. This
study showed that in patients with COPD, PSD decreased, and pleural sliding often weakened or disappeared. The LUS
based on pleural sliding and PSD increased with increasing RV/TLC, an indicator of lung hyperinflation, and increased
with decreasing IC/TLC, an indicator of lung hyperinflation. It is also closely related to lung volume indicators. This
further suggests that the LUS may be an effective ultrasound evaluation system for the evaluation of lung hyperinflation.

Our results show that the LUS based on pleural slip and PSD had a stronger correlation with pulmonary function
indicators reflecting lung hyperinflation than did diaphragm excursion in patients with COPD. LH causes excessive
expansion of the lung, and weak retraction directly causes the weakening of pleural friction. By reducing the ability of
the diaphragm to form flow and pressure, LH indirectly leads to decreased mobility of the diaphragm. In addition, the
diaphragm has a strong compensatory function, and the compensatory phenomenon can partially offset the adverse
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effects of LH on the contractility and inspiratory effect of the diaphragm in COPD patients.*” Therefore, the LUS can
reflect LH more directly, so its correlation with LH is stronger than that with DE.

Our study also found that lung ultrasound scores were significantly correlated with RV/TLC and IC/TLC through
multiple linear regression analysis. At the same time, the diagnostic efficacy of severe LH based on the pulmonary function
index (RV/TLC > 60% and IC/TLC < 25%) was better than that of DE at maximal deep inspiration, and the area under the
ROC curve was significantly greater than that of DE at maximal deep inspiration deep breathing (P < 0.05). We speculated
that the reason why LUS had better diagnostic efficacy than DE at maximal deep inspiration may be that the assessment of
the former was more comprehensive. This involved an assessment of pleural sliding in 16 lung zones and the PSD, which
could be used for a more comprehensive assessment of excessive expansion and weak retraction of the lung caused by LH.
However, the assessment of DE at maximal deep inspiration was limited because it involved only the diaphragm. For
patients with severe COPD, pulmonary function examination is often unable to be performed in clinical practice due to the
patient’s inability to cooperate. The lung ultrasound scoring system constructed in this study is expected to become a new
auxiliary examination means, providing an effective reference for clinical follow-up observation of the basic situation of
lung hyperinflation in COPD patients and helping to guide treatment. Combining our results with previous ones, we
speculate that lung ultrasound scoring may be a better imaging method to supplement and assist with pulmonary function
examination, especially in the evaluation and follow-up of patients with severe COPD.

The results of our study showed that LUS was positively correlated with RV, TLC, and RV/TLC and negatively
correlated with FRC and IC, which suggested that lung ultrasound may be used to monitor the deterioration of lung
function in COPD patients. Longitudinal studies can be conducted in the future to explore the monitoring effect. In
addition, our study focused mainly on patients with stable COPD, and LUS can also be used in the future to monitor the
process of acute exacerbation in COPD patients and thereby explore the role of LUS in acute exacerbation of COPD.

Related studies®* have shown that factors such as chronic obstructive pulmonary disease (COPD) and pneumonia
easily lead to pleural thickening and a decrease in PSD compared with those in healthy controls. Therefore, to exclude
the interference of non-COPD factors (such as pneumonia, pleurisy, pleural effusion, and other diseases causing
abnormal pleural thickening) in our study, patients with a history of chronic respiratory diseases other than COPD,
a history of pleural disease, or a history of respiratory infection in the month before the study were excluded at the time
of enrolment. However, the above non-COPD factors may play a certain role in the sensitivity and specificity of
detection, especially in patients with acute exacerbation of COPD, which is often complicated with pneumonia, pleural
effusion, pleural changes, etc. Therefore, future studies need to pay attention to the influence of these factors.

Our study revealed that LUS was correlated with commonly used scores that reflect the pathophysiology of COPD
(mMRC score, CAT score), which suggests that LUS can be used as a new tool in daily medical practice to assist medical
staff (doctors, nurses, etc.) in assessing patients’ dyspnoea and comprehensive symptoms. Compared with relevant
questionnaires,' lung ultrasound can reduce the subjective influence of patients and evaluate the condition of COPD
patients more objectively, which has certain advantages. In the future, medical staff will be able to evaluate the effect of
pulmonary rehabilitation in COPD patients under the guidance of lung ultrasound, which is helpful for improving the
relevant nursing work, accelerating the rehabilitation process and improving the prognosis.

There are some limitations to our study. First, this is a single-center study that lacks longitudinal comparison. Second,
ultrasound examination is limited to respiratory muscle, pleura, and subpleural lung parenchyma and cannot involve deep lung
tissue. CT examination has advantages in this field, and the combination of these two examinations might be better for the
evaluation of COPD.

In summary, the LUS constructed from pleural slip in different regions and PSD can be used to evaluate LH in stable
COPD patients. We expect this score to be an effective auxiliary tool for evaluating LH in COPD patients.

Conclusion

This clinical study showed that the LUS, based on pleural slip in different regions and PSD, was increased in stable COPD
patients, which was correlated with pulmonary function indicators reflecting LH. Its correlations were stronger than those of
DE at maximal deep inspiration. The diagnostic efficacy of pulmonary ultrasound scoring in the diagnosis of severe LH is
better than that of DE at maximal deep inspiration, so it can be used to evaluate LH in stable COPD patients.
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