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Introduction: Diaphragmatic dysfunction is common in patients with chronic obstructive pulmonary disease (COPD). This study
aimed to assess the prognostic significance of impaired diaphragmatic movement at rest and after exercise.

Methods: This was a prospective study of patients with stable COPD. Diaphragmatic movements were examined at rest and after
a 6-minute walking test (60MWT) with a convex transducer with a frequency of 3.5-5-7.5 MHz. Maximal movement of the diaphragm
was measured in both right and left diaphragm, and the side with higher amplitude was selected for further analysis. Measurements
obtained were evaluated for their prognostic value for a composite endpoint of moderate and severe COPD exacerbations and death in
1 year time period was assessed. In addition, postbronchodilator spirometry, symptoms, quality of life, and demographic and clinical
information were collected.

Results: A total of 96 patients were analyzed (62.5% male, mean age 65.1 years (standard deviation (SD): 8.1), mean FEV1 (%
predicted): 55.8%, SD: 18.3%, mean CAT: 15.6 units, SD: 9.2). Sixty-four patients (67%) presented the composite endpoint. In the
multivariate Cox analysis, FVC (HR = 0.944, p = 0.005), CAT score (HR = 1.133, p = 0.011), previous severe exacerbations (HR =
5.446, p = 0.004) and diaphragmatic movement at rest (HR = 0.932, p = 0.033) were found to be predictors of the composite endpoint.
This model correctly classified 86.5% (83/96) of the patients.

Conclusion: Non-invasive assessment of diaphragmatic movement by ultrasound measurement both at rest and after exercise could
contribute to the assessment of disease severity and prognosis of COPD.
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Introduction
Patients with chronic obstructive pulmonary disease COPD have reduced exercise capacity, which is a consequence of
both impaired lung function and the extrapulmonary or systemic effects of the disease.! Airway obstruction, reduced
elastic forces of the lung parenchyma, which result in an expiratory collapse of small airways with auto-positive end-
expiratory pressure, high ventilatory stimulus, and shortened expiration time (tachypnea) lead to an increase in air
trapping and dynamic hyperinflation of the lungs with subsequent deterioration of diaphragmatic function.
Non-invasive assessment of diaphragmatic function by ultrasound measurement of diaphragm movement may
contribute to the assessment of disease severity.”” Few studies have examined diaphragmatic movement in COPD,
with no complete description of their relationship with the course of the disease. Moreover, to the best of our knowledge,

no studies have examined the change in diaphragmatic movement after exertion and its relationship with relevant COPD

outcomes.
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This study aimed to assess the prognostic significance of diaphragmatic movement at rest and after exercise in
predicting a composite endpoint of moderate and severe COPD exacerbations or death over one year. We also analyzed
the association of the diaphragmatic movement with the quality of life and the severity of the disease.

Methods

This was an observational, prospective study. Patients were recruited from an outpatient clinic of one university hospital
in Bulgaria, Sofia. The primary outcome was a composite endpoint consisting of time to the first moderate or severe
exacerbation or death of any cause.

Moderate exacerbation was defined as an acute increase in respiratory symptoms requiring ambulatory treatment with
antibiotics and/or systemic corticosteroids. When the episode required treatment in a hospital setting or assistance in the
emergency room for at least 24 hours it was considered severe.* Frequent exacerbator was considered any patients who
suffered 2 or more moderate exacerbations or at least one severe exacerbation in the previous year.’

The present study complies with the requirements of the Helsinki declaration for studies with human beings. The
study was approved by the Ethics Committee of the Specialized Hospital for Active Treatment of Pulmonary Diseases
“Sveta Sofia” (Sofia, Bulgaria) and all the participants provided signed informed consent and received the usual treatment
schedule according to the criteria of the attending physician.

Patients over 40 years of age, current or former smokers with more than 10 pack-years of smoking and diagnosed
with COPD with a postbronchodilator FEV1/FVC <0.7 were included. They had to be in a stable condition with no
exacerbation at least for the previous month. Exclusion criteria were the presence of other lung diseases (cystic fibrosis,
severe bronchiectasis, cancer, or restrictive lung disease), systemic inflammatory disease, and lack of compliance with
the procedures (eg quality of life questionnaires, 6-minute walking test (6MWT)).

During the inclusion visit demographic characteristics, such as age and sex, and clinical characteristics of the
disease — post-bronchodilator spirometry, and the number of exacerbations in the previous year were collected.
Shortness of breath was assessed with the modified Medical Research Council (mMRC) dyspnea scale and quality of
life with the COPD Assessment Test (CAT) questionnaire. Patients with 2 or more moderate exacerbations or 1 or more
severe exacerbations (hospitalization) were considered “frequent exacerbators”.

For assessment of the inspiratory movement of the diaphragm, a convex transducer with a frequency of 3.5-5-7.5
MHz was used. Maximal movement of the diaphragm was measured at rest in both right and left diaphragm and the side
with higher amplitude was selected for further analysis. Afterward, patients performed a 6MWT according to the
American Thoracic Society guidelines® and the measurement of diaphragmatic movement was repeated right after the
test. The ultrasound examinations and measurements were performed by one investigator (RP) who is a certified expert in
thoracic ultrasound with more than 20 years of experience. Direct measurement of the motion of the diaphragm is
performed using a B-mode. Probe location on the lower intercostal spaces between anterior and posterior axillary lines
allows a perpendicular ultrasound beam direction to the diaphragm movement and minimizes bowel gas interference in
the left hemidiaphragm. The highest point of the cupola is marked at its highest location during maximal expiration and
at its lowest location during maximal inspiration.’

Patients were followed for 12 months with clinical visits scheduled at 6 and 12 months, during which information was
collected about the number and severity of exacerbations suffered during that period with a structured questionnaire.
A patient was considered lost to follow-up if data could not be obtained for the one-year prospective observation time.

Statistical Analysis

An exploratory analysis was performed on the impact of diaphragmatic movement at rest and after exertion on disease
parameters. All results are expressed as mean = SD. Quantitative variables were analyzed with Student’s #-test. Qualitative
variables were analyzed with frequencies and proportions. Kaplan-Meier survival analysis was used for the time to the
primary endpoint. Receiver-operating characteristic (ROC) curves were used for performance evaluation of the diaphrag-
matic movement at rest and after 6SMWT and area under the curve (AUC) were calculated. The selection of optimal cut-off
points for diaphragmatic movement was done using the cutpointr package (https://cran.r-project.org/web/packages/cutpointr/

vignettes/cutpointr.html) with a target to maximize the metric function “accuracy” (method = maximize_metric, metric =
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accuracy). The calculated cut-off value was used for dividing the groups and performing analysis for the remaining
parameters. Univariate and multivariate analyses were performed for examining the predictive value of the movement.
Variables with a significance <0.2 in the univariate analysis were included as independent variables. A multivariate Cox
model was developed using backward stepwise logistic regression analysis. The data were analyzed with RStudio v1.4.1103.

Results

Population Characteristics

A total of 96 patients with COPD were included. The mean age was 65.1 (standard deviation (SD): 8.1) years, the mean
FEV1 was 55.8% (SD: 18.3%). Table 1 summarizes the characteristics of the patients included. No patients were lost and
3 patients (3/96, 3.1%) died during the follow-up.

Diaphragmatic Movement

The results for maximal movement between the left and right diaphragms did not differ significantly. Mean diaphrag-
matic movement at rest was 48.1 mm (SD: 11.4 mm) and after 6MWT was 41.9 mm (SD:14.8 mm). The difference of
6.1 mm was significant, p <0.0001 (Figure 1). Mean diaphragmatic movement for the left diaphragm at rest was 47.6 mm
(SD: 11.9 mm) and after 6MWT was 41.1 mm (SD:15.5 mm). The results will be presented only for the movement of the
right diaphragm. Diaphragmatic movement correlates positively with FEV1 (Figure 2).

Diaphragmatic Movement and the Primary Endpoint
Sixty-four patients (67%) presented the composite endpoint. They were older, with worse pulmonary function and quality
of life compared with those without the endpoint (Table 1).

The patients with the primary endpoint had significantly lower diaphragmatic movement at rest. The optimal cut-off
points which provide the maximum accuracy were 55 mm for diaphragmatic movement at rest (accuracy 72.9%) and
53 mm after exertion. ROC curves are shown in Figure 3. Patients with diaphragmatic movement <55 mm were at
increased risk for developing the primary endpoint (77.9% vs 39.3% patients, HR: 1.98, p= 0.00024, Figure 4).

The diaphragmatic movement after 6MWT possesses the same accuracy (72.9%). Patients with diaphragmatic
movement after SIMWT <53 mm were also at increased risk for developing the primary endpoint (75% vs 35% patients,
HR: 2.14, p=0.0013) (Figure 5).

Diaphragmatic Movement and Frequency of Exacerbations

Diaphragmatic movements at rest and after 6MWT were higher in infrequent exacerbators (50.0 = 12.2 and 44.9 +
15.6 mm, respectively) compared to frequent exacerbators (45.4 = 10.1 and 37.7 £ 12.5 mm, respectively, p = 0.047 in
rest and p = 0.01 after 6MWT) (Figure 6). Moreover, patients with reduced diaphragmatic movement had a higher
incidence of moderate exacerbations both at rest (1.06 + 0.93 vs 0.39 + 0.63, p = 0.0001) and after 6MWT (0.97 + 0.89
vs 0.45 + 0.83, p = 0.019). In addition, patients with reduced diaphragmatic movement after 6MWT experienced more
severe exacerbations (0.54 + 0.94 vs 0.1 + 0.31, p = 0.0009).

Diaphragmatic Movement and Symptoms

The mean CAT score was 15.6 points and the mMRC scores of 0, 1, 2, 3 and 4 had 11 (11.5%), 15 (15.6%), 28 (29.2%),
41 (42.7%) and 1 (1%) patients, respectively (Table 1). The dyspnea level was associated with diaphragmatic movement
at rest and after OMWT (Figure 7). The presence of more symptoms (CAT >10) was also associated with impaired
diaphragmatic movement after exertion (87.3% specificity).

Univariate and Multivariate Analysis

In the univariate analysis age, pack-years of smoking, FEV1 (% predicted), FVC (% predicted), 6MWT distance, CAT
score, moderate and severe exacerbations in the previous year, and diaphragm amplitude at rest and after exertion were
predictors for the primary outcome (Table 2).
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Table | Patient and Disease Characteristics

Characteristics All Patients Patients with Patients without P-value

(n=96) Primary Primary

Outcome (n=64) | Outcome (n=32)

Age, years; mean (£SD) 65.1 8.1 664 +7.8 62.5 £ 82 0.028
Male, n (%) 60 (62.5) 38 (594) 22 (68.8) 0.37
Active smokers, n (%) 33 (344) 21 (32.8) 12 (37.5) 0.66
Smoking pack-years, mean (+SD) 285 + 149 30.7 £ 158 24.1 £ 11.7 0.016
FEVI (%), mean (+SD) 558 £ 183 492+ 173 69 % 12 <0.001
FVC (%), mean (£SD) 779 £225 69.2 + 188 95 % 19 <0.001
Distance at 6MWT, mean (xSD) 372+ 110 343 £ 100 431 = 107 0.0002
CAT score, mean (+¥SD) 15.6 +9.2 192 +85 84+58 <0.001
mMRC score:
0 I (11.5%) 3 (4.7%) 8 (25%) NA
| 15 (15.6%) 6 (9.4%) 9 (28.1%)
2 28 (29.2%) 15 (23.4%) 13 (40.1%)
3 41 (42.7%) 39 (60.9%) 2 (6.3%)
4 I (1%) I (1.6%) 0
Moderate exacerbations in the previous year - mean (+SD) 0.73 + 0.84 091 +0.85 0.38 + 0.71 <0.001
Severe exacerbations in the previous year- mean (+SD) 0.97 + 0.87 1.18 + 0.95 0.56 + 0.62 <0.001
Moderate exacerbations during follow-up, mean - mean (+SD) | 0.86 * 0.90 1.31 £0.8 0 NA
Severe exacerbations during follow-up, mean - mean (xSD) 0.45 + 0.87 0.69 + 0.99 0 NA
Right diaphragm amplitude at rest, mm 48.1 £ 11.4 448 = 10.5 54.7 + 10.3 <0.001
Right diaphragm amplitude after exertion, mm 419 + 148 38+ 137 498 + 139 <0.001
Left diaphragm amplitude at rest, mm 476 = 11.9 455+ 114 51.8 £ 12.1 0.017
Left diaphragm amplitude after exertion, mm 41.1 £ 157 38.1 £15.2 47 £ 15.2 0.0049

Abbreviations: CAT, COPD assessment test; FEV |, Forced expiratory volume in | second; FVC, Forced vital capacity; NA, Not assessed; 6MWT, Six-minute walking test;
SD, Standard deviation.

In the multivariate Cox analysis, FVC, CAT score, previous severe exacerbations, and diaphragmatic movement at rest were
found to be predictors of the primary outcome during follow-up (Table 2). This model correctly classified 86.5% of the patients.

Discussion
Skeletal and respiratory muscle dysfunction is considered to be a major effect influencing disease progression.®’
Systemic inflammation, sedentary lifestyle, oxidative stress, eating disorders, heart failure, hypoxemia, and hypercapnia
lead to muscle loss.'® In addition, hyperinflation causes displacement from the optimal position of the diaphragm, which
reduces the movement and generated pressure during work. The long-term use of corticosteroids (even in low doses) for
COPD could also contribute to respiratory muscle dysfunction, particularly of the diaphragm.'':'?

One of the first ultrasound (US) studies reported mean right diaphragm movement in healthy subjects of 53 mm.'?
Patients with COPD had a smaller amplitude of diaphragmatic excursions compared to the control group (36 mm versus
46 mm), depending on the distance at 6MWT.'* Corbellini et al'®

breathing was higher in patients with COPD compared with healthy individuals (2.09 = 0.8 cm versus 1.27 + 0.3 cm), but

showed that diaphragmatic movement during tidal

it was lower during deep inspiration (4.75 + 1.58 cm versus 6.93 + 1.15 cm). On the other hand, one study reported that
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Figure | Maximal excursion of the right diaphragm at rest and after 6MWT. p<0.001 for both (A) vs (C) and (B) vs (D). The box represents the interquartile range (IQR).
The horizontal black line in the box shows the median. The red dot shows the mean value. The vertical black line shows minimum (QI - 1.5%IQR) and maximum (Q3 +
1.5¥IQR) values (whiskers). (A) Maximal right diaphragm movement at rest in patients without the primary outcome. (B) Maximal right diaphragm movement after 6MWT
in patients without the primary outcome. (C) Maximal right diaphragm movement at rest in patients with the primary outcome. (D) Maximal right diaphragm movement
after 6MWT in patients with the primary outcome.
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Figure 2 Diaphragmatic movement at rest and after 6MWT according to the GOLD stage. The box represents the interquartile range (IQR). The horizontal black line in the
box shows the median. The vertical black line shows minimum (QI - 1.5¥IQR) and maximum (Q3 + I.5*IQR) values (whiskers).

the diaphragm thickness, movement, and zone of apposition were significantly reduced in mild to moderate COPD but
increased in severe COPD.'® The authors could not explain these results but suggested that severe airflow obstruction
could lead to hypoxia with hyperventilation and subsequent increase in diaphragmatic movement.

Our study found that diaphragmatic movement at rest and after 6MWT was a significant predictor of developing an
exacerbation or death. Moreover, reduced diaphragmatic movement (<53 mm) after 6MWT had 89.1% sensitivity of
classifying the patients into this risk group. This could change the disease management with subsequent improvement of
the clinical outcomes. Diaphragm US assessment demonstrated to be a useful prognostic marker of pulmonary
rehabilitation outcomes in COPD patients.'”
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Figure 3 ROC curves for diaphragmatic movement at rest (left) and after 6MWT (right).

Strata =+ DM<55mm =+ DM=55mm

0.75
=) —‘_\—\_
E
w
0
o
5050
©
=
=
3
@
0.25

p =0.00024
0.00

o 1 2 3 4 s 6 7 8 9 10 1 12

Time in months

Number at risk
%— 681681625039 3> 132 130128222019 1F
Demi 28 28 27 26 26 26 26 25 21 1918118 tF

0 1 2 3 4 5 3 7 8 9 10 11 12
Time in months

Figure 4 Survival curve for reaching the primary endpoint (time to exacerbation or death) stratified by diaphragmatic movement at rest (255 vs <55 mm).
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Figure 7 Diaphragmatic movement at rest (left) and after 6MWT (right) according to mMRC group.

The relationship between diaphragmatic movement, its decrease after exercise, and FEV1 was expected and already
described in relation with the dynamic hyperinflation.'*"'* In addition, we have observed that exacerbations are more

frequent in patients with impaired diaphragmatic function and therefore, diaphragmatic movement at rest could be used

Table 2 Cox Multivariate Analysis to Determine Factors Associated with the Primary Outcome (Exacerbation

or Death)

Variable Univariate* Multivariate
HR 95% CI P-value HR 95% CI P-value

Age, years 1.036 1.002-1.07 0.04
Gender, male 0.80 0.49-1.33 0.4
Active smoker 0.85 0.50-1.43 0.5
Smoking pack-years 1.023 1.006-1.04 0.01
FEVI, % predicted 0.96 0.94-0.97 <0.0001
FVC, % predicted 0.96 0.95-0.98 <0.0001 0.944 | 0.904-0.984 0.005
Distance at 6MWT 0.996 | 0.993-0.998 | 0.0006
CAT score 1.075 1.045-1.106 | <0.0001 1.133 1.037-1.23 0.011
Moderate exacerbations in the previous year 1.76 1.33-2.34 <0.0001
Severe exacerbations in the previous year 2.16 1.61-2.93 <0.0001 5.446 4.33-6.59 0.004
Right diaphragm amplitude at rest 0.96 0.94-0.98 0.0004 0.932 0.867-0.997 0.033
Right diaphragm amplitude after exertion 0.97 0.95-0.99 0.0007

Notes: P values are based on the null hypothesis that all HRs relating to an explanatory variable equal unity (no effect). *Factors showing an
association in the univariate analyses (P <0.2) were incorporated in the multivariable model. Final variable selection was performed using the
backward stepwise selection method (likelihood ratio).

Abbreviations: CAT, COPD assessment test; FEVI, Forced expiratory volume in | second; FVC, Forced vital capacity; 6MWT, Six-minute
walking test; SD, Standard deviation.
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as a prognostic marker for increased risk of exacerbations or death. Although diaphragmatic movement after exertion
may provide some complementary information, it was not a better predictor than diaphragmatic movement at rest, and in
most cases does not justify the additional performance of a 6MWT to obtain this variable.

The present study characterizes for the first time the impact of diaphragmatic dysfunction in the course of COPD.
Moreover, this is the first study to examine the change in diaphragmatic movement on exertion and its relationship to
several disease parameters. Nevertheless, our study has some limitations. It should be noted that the “optimal cut-off
point” was calculated based on the sample in the study. Thus, the calculated values may not be optimal in other
populations; this urges subsequent studies to validate the presented results in other populations. In addition, exacerbations
were self-reported by the patients during clinical visits, and this may be subjected to some recall bias; however, this bias,
if it really existed, should not affect differently the two subgroups of study, and should not significantly influence the
results.

Skeletal muscle dysfunction is frequent in patients with COPD'® and diaphragmatic dysfunction may be a good
marker of a more generalized dysfunction that can be assessed by means of a non- invasive technique. Other authors have
proposed the evaluation of muscle function by means of the computed tomography scans,'® but they produce radiation,
are more expensive and their availability is reduced compared with echography. Therefore, the simple evaluation of
diaphragmatic excursion at rest in COPD patients may be a simple, cheap, and safe prognostic measurement in clinical
practice. It remains to be demonstrated whether it can be improved with rehabilitation of exercise®® and if this

improvement may result in a reduction in the risk of future exacerbations.

Conclusions

Diaphragmatic dysfunction is common in patients with COPD. Diaphragmatic movement at rest and the drop in
diaphragmatic movement after exertion show a significant relationship with the probability of exacerbation or death in
a one-year follow-up. Non-invasive assessment of diaphragmatic movement by ultrasound at rest could be included in the

complex assessment of disease severity.

Abbreviations

AUC, Area under the curve; CAT, COPD Assessment Test; COPD, Chronic obstructive pulmonary disease; DM,
Diaphragmatic movement, FEV1, Forced expiratory volume in one second; FVC, Forced vital capacity; GOLD,
Global Initiative for Obstructive Lung Disease; HR, Hazard ratio; MHz, Megahertz; IQR, Interquartile range; mMRC,
Modified Medical Research Council; Q, Quartile; ROC, Receiver-operating characteristics; SD, Standard deviation; US,
Ultrasound; 6MWT, Six-minute walking test.
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