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Abstract: Body plethysmography (BP) is the standard pulmonary function test (PFT) in pulmonary
emphysema diagnosis, but not all patients can cooperate to this procedure. An alternative PFT,
impulse oscillometry (IOS), has not been investigated in emphysema diagnosis. We investigated the
diagnostic accuracy of IOS in the diagnosis of emphysema. Eighty-eight patients from the pulmonary
outpatient clinic at Lillebaelt Hospital, Vejle, Denmark, were included in this cross-sectional study.
A BP and an IOS were performed in all patients. Computed tomography scan verified presence of
emphysema in 20 patients. The diagnostic accuracy of BP and IOS for emphysema was evaluated
with two multivariable logistic regression models: Model 1 (BP variables) and Model 2 (IOS variables).
Model 1 had a cross-validated area under the ROC curve (CV-AUC) = 0.892 (95% CI: 0.654-0.943),
a positive predictive value (PPV) = 59.3%, and a negative predictive value (NPV) = 95.0%. Model
2 had a CV-AUC = 0.839 (95% CI: 0.688-0.931), a PPV = 55.2%, and an NPV = 93.7%. We found no
statistically significant difference between the AUC of the two models. I0S is quick and easy to
perform, and it can be used as a reliable rule-out method for emphysema.

Keywords: pulmonary emphysema; impulse oscillometry; body plethysmography; diagnostic
accuracy; pulmonary function test; computed tomography; chronic obstructive pulmonary disease

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a disease characterized by airflow
limitation and respiratory symptoms usually caused by exposure to noxious gases and
particles [1]. It is increasingly recognized as a complex and heterogenous disease, and
patient phenotypes within COPD has been studied using various approaches [2,3], and
currently accepted clinical phenotypes include the eosinophilic phenotype and the em-
physema phenotype [4]. Emphysema is characterized by destruction of lung parenchyma,
resulting in an abnormal increase in space distal to the terminal bronchioles [5]. The pheno-
typing of emphysematous COPD is usually based on computed tomography (CT), which is
currently the most precise procedure [6,7]. The distinction is important, because patients
with emphysema have worse prognosis [8,9], different characteristics [10-12], and other
potential treatment options compared to patients with non-emphysematous COPD [13].

The role of pulmonary function tests (PFT) in diagnosing and monitoring the devel-
opment of pulmonary emphysema is of great interest, as these tests hold the potential to
reduce the need for CT scans. The most widely used and tested PFT is spirometry [14], and
the ratio of forced expiratory volume in the first second (FEV1) over forced vital capacity
(FVC) is an essential criterion in the diagnosis of COPD. A combination of symptoms and
spirometry has recently been shown to identify COPD patients with high likelihood of
having emphysema [15]. Body plethysmography (BP) provide additional characteristics
such as lung residual volume (RV) and total lung capacity (TLC). RV, TLC, and the ratio of
RV/TLC can be used to determine the degree of hyperinflation [16], which is indicative of
pulmonary emphysema.
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Impulse oscillometry (IOS) is a PFT that measures airway resistance and reactance
by oscillating sound waves of different frequencies through the respiratory system [17,18].
The resistance at 5 Hz (R5) represents the total airway resistance, and the resistance at
20 Hz (R20) represents the resistance of the proximal/large airways. The resistance of the
distal/small airways is therefore R5 minus R20 (R5-20). X5 is the reactance at 5 Hz, and the
frequency response (Fres) is the frequency at which the total reactance is zero. The reactance
area (Ax) is the total reactance at all frequencies from X5 to Fres. IOS is performed during
normal tidal breathing and requires minimal patient cooperation. In contrast, spirometry
can be challenging for elderly and patients with cognitive impairments, poor motor skills,
and breathing difficulties [19-24].

IOS has been described in COPD [25-29], but no previous studies have investigated
the diagnostic value of IOS in emphysema. We evaluated the diagnostic accuracy of 10S
for emphysema, compared to BP, in a pulmonary outpatient clinic.

2. Materials and Methods
2.1. Study Design

One hundred consecutive patients with pulmonary symptoms of all causes were
included in a cross-sectional study to investigate the additional value of IOS in the investi-
gation of pulmonary symptoms at the pulmonary outpatient clinic at Lillebaelt Hospital,
Vejle, Denmark, between October 2018 and March 2019. A CT scan was performed in
88 of the patients. These 88 patients were included in the present study, which specifically
investigates the diagnostic accuracy of 10S in emphysema.

2.2. Data Collection

Data were collected retrospectively via patient records. A clinical assessment was
performed in all patients on the day of inclusion, including disease history, a BP with
hemoglobin-adjusted diffusing capacity for carbon monoxide (DLCOc % of predicted), and
an IOS. BP was performed with the Jaeger MasterScreen Body, and IOS was performed with
the Vyntus IOS, both combined with the SentrySuite software. Variables for symptoms were
collected as binary variables (yes/no) according to presence or absence of the symptom.
Comorbidities were collected in the same way, with one or more diseases within a defined
domain resulting in a “yes”. Smoking history was defined as never smoker, former smoker,
and current smoker. For this study, we have computed a binary variable of smoking
history, where former and current smoker was combined and defined as having a positive
smoking history.

2.3. Computed Tomography Scans

CT scans were performed either in relation to the present investigation or in rela-
tion to investigation of pulmonary symptoms prior to inclusion. Scans performed up to
3 years prior to study inclusion were included and evaluated by both a radiologist and
an experienced pulmonologist (OH). They were visually scored for emphysema severity
on a scale from 0 to 3 (0: No emphysema, 1: Mild emphysema, 2: Moderate emphysema,
3: Severe emphysema). For this study, we have computed a binary variable for the presence
or absence of emphysema.

2.4. Statistical Analysis

The population was stratified based on the presence of emphysema on the CT scan.
The two groups were compared using two-sample f-test or Wilcoxon rank-sum test for
continuous variables and Fischer’s exact test for categorical variables.

We considered a selected range of variables for multivariable logistic regression anal-
yses based on relevance for the diagnosis of emphysema. The aim was to obtain simple,
comparable, and generalizable models. Clinical variables were age, sex, body mass index
(BMI), dyspnea, cough, and smoking history. BP variables were FEV1 % of predicted,
FEV1/EVC, RV, TLC, and DLCOc % of predicted. IOS variables were R5 % of predicted,
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R5-20, Fres, X5, and Ax. The diagnostic accuracy of each of these variables was evaluated
individually, with area under the ROC curve (AUC) for continuous variables and sensi-
tivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) for
categorical variables. For continuous variables, where higher values were associated with a
lower probability of emphysema, the values were inverted.

We then constructed two logistic regression models. Model 1 consisted of clinical
variables and BP variables. Model 2 consisted of clinical variables and IOS variables. We
included all considered variables and performed a stepwise backwards elimination, using
likelihood ratio testing for nested models and Akaike Information Criterion (AIC) for
non-nested model comparison. All clinical variables could be eliminated without affecting
the models, except for smoking history in Model 2, and we included smoking history in
both models.

The remaining variables showed high multicollinearity, and we eliminated multi-
collinear variables based on AIC and link test for model specification. Overall goodness
of fit was evaluated with Stukel’s test. In Model 1, we included the combined variable of
RV/TLC, instead of RV and TLC individually. FEV1 % of predicted and FEV1/FVC were
highly collinear, and we included only FEV1/FVC in the final model. In Model 2, R5 %
of predicted and R5-20 were highly collinear. We included only R5 % of predicted based
on lower AIC, better model specification, and a significantly higher AUC. Ax and X5 were
highly collinear, and only Ax was included in the final model.

We computed sensitivity, specificity, PPV, and NPV for both models, based on the
cut-off point where sensitivity and specificity intersected. The AUCs were compared using
the DeLong test for comparison of ROC curves. We then performed 5-fold cross-validated
AUCs (CV-AUC).

To explore potential bias in the exclusion of the 12 patients without a CT scan, we
evaluated the difference in PFT parameters between the excluded patients and the included
patients (Table Al in Appendix A). Only DLCOc % of predicted showed a statistically
significant difference, and the excluded group had a DLCOc % of predicted comparable
to the non-emphysematous group. We also computed logistic regression models for all
100 patients under the assumption that the 12 excluded patients did not have emphysema.
These models were not significantly different from the models with 88 patients (Table A2
and Figure Al in Appendix A).

STATA 17 was used for all statistical analyses.

3. Results

Patient characteristics stratified by presence of emphysema can be seen in Table 1. In
total, 20 patients had emphysema (9 had mild emphysema, 8 had moderate emphysema,
and 3 had severe emphysema). There were no differences in sex, age, BMI, cough, and
comorbidities between the two groups. Sixteen patients (80%) had dyspnea in the group
with emphysema, compared to 35 patients (51%) in the group without emphysema. Sixteen
patients (80%) had a positive smoking history in the group with emphysema, compared to
26 patients (38%) in the group without emphysema. Although the patients included had
different causes for their respiratory symptoms, there were no significant differences with
regards to CT scan results between the two groups. All variables from BP, apart from FVC,
were significantly different between the two groups, and all variables from IOS, apart from
R5% of predicted, were significantly different between the two groups.

The diagnostic accuracy of all the individual variables considered for the regression
models is displayed in Table 2. Age and BMI had AUCs of 0.539 (95% CI: 0.408-0.670)
and 0.547 (95% CI: 0.399-0.696), respectively. The PPVs of all categorical variables were
<40%. The NPVs of having female sex, dyspnea, cough, and a positive smoking history
were 75% (95% CI: 59-87), 89% (95% CI: 75-97), 79% (95% CI: 67-89), 91% (95% CI: 78-98),
respectively.
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Table 1. Patient characteristics stratified on presence of emphysema.

Emphysema (n=20) No Emphysema (n = 68) p*

Clinical variables n (%) n (%)
Female sex 9 (45) 36 (53) 0.62
Positive smoking history 16 (80) 26 (38) <0.01
Dyspnea 16 (80) 35 (51) 0.04
Cough 8 (40) 18 (26) 0.27
Comorbidities
- Cardiovascular 7 (35) 27 (40) 0.80
- Neurological 2 (4) 3 (10) 0.32
- Musculoskeletal 3 (15) 11 (16) 1.00
- Endocrinological 4(20) 7 (10) 0.26
- Gastroenterological 3 (15) 8(12) 0.71
- DPsychiatric 5(7) 2(10) 0.66
- Active cancer 2(3) 1(5) 0.37
CT scan results
- Bronchiectasis 10 (50) 19 (28) 0.10
- Airtrapping 11 (55) 20 (29) 0.06
- Sarcoidosis 0(0) 11 (16) 0.06
- Infection 1(5) 6 (9) 1.00
- Fibrosis 5 (25) 14 (21) 0.76

Median (IQR) Median (IQR)
Age (years) 63 (52-72) 62 (47-72) 0.60
BMI 26.6 (23.3-31.2) 26.3 (23.3-29.7) 0.50
Body Plethysmography Median (IQR) Median (IQR)
FEV1 1.7 (0.9-2.6) 2.8(2.2-3.2) <0.01
FEV1 % of predicted 67 (43-83) 97 (83-107) <0.01
FVC 3.1(2.2-4.1) 3.6 (3.2-4.2) 0.07
FVC % of predicted 99 (77-112) 104 (95-112) 0.02
FEV1/FVC 52.7 (46.2-63.3) 75.3 (70.2-80.4) <0.01
TLC 7.0 (5.3-7.8) 5.8 (5.2-6.8) 0.04
TLC % of predicted 109 (100-132) 97 (88-107) <0.01
RV 3.5 (2.6-4.7) 2.4 (2.0-3.0) <0.01
RV % of predicted 153 (129-217) 114 (93-131) <0.01
RV/TLC 0.52 (0.44-0.64) 0.40 (0.34-0.48) <0.01
DLCOc % of predicted 56 (43-63) 73 (65-82) <0.01
Impulse Oscillometry Median (IQR) Median (IQR)
R5 % of predicted 108 (80-141) 98 (77-120) 0.06
R5-20 0.14 (0.06-0.25) 0.06 (0.03-0.10) <0.01
X5 —0.15 (—0.28-—0.09) —0.10 (—0.13-—0.07) <0.01
Fres 21.17 (15.46-24.16) 14.08 (10.50-18.16) <0.01
Ax 1.18 (0.29-2.90) 0.32 (0.16-0.81) <0.01

* Calculated with two-sample t-test or Wilcoxon Rank-sum test for continuous variables as appropriate. Fischer’s
exact test was used for categorical variables. Abbreviations: IQR, inter quartile range; BMI, body mass index; FEV1,
forced expiratory volume in the first second; FVC, forced vital capacity; TLC, total lung capacity; RV, residual
volume; DLCOc, hemoglobin-adjusted diffusing capacity for carbon monoxide; R5, resistance at 5 Hz; R5-R20,
resistance at 5 Hz minus resistance at 20 Hz; X5, reactance at 5 Hz; Fres, frequency response; Ax, reactance area.
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Table 2. Diagnostic accuracy of each individual variable considered for logistic regression compared
to reference standard outcome *.

Sensitivity, % o o Specificity, % o o o

(95% CI) PPV, % (95% CI) (95% CI) NPV, % (95% CI) AUC (95% CI)
Clinical variables
Age - - - - 0.539 (0.408-0.670)
BMI - - - - 0.547 (0.399-0.696)
Female sex 45 20 47 74 -

(23-69) (10-35) (35-60) (59-87)
Dyspnea 80 31 49 89 )

ysp (56-94) (19-46) (36-61) (75-97)

Cough 40 31 74 81 )

(19-64) (14-52) (61-84) (69-90)
Positive smoking 80 38 61 91
history (56-94) (24-54) (48-72) (78-98) )

Body Plethysmography

FEV1 % of
predicted **
FEV1/FVC**
RV/TLC
DLCOc % of
predicted **

Impulse Oscillometry

R5 % of predicted
R5-20

X5 *%

Fres

Ax

0.842 (0.728-0.955)

(
- - - - 0.874 (0.766-0.981)
0.743 (0.621-0.865)
(

0.795 (0.682-0.908)

0.592 (0.431-0.754)
. . - . 0.718 (0.568-0.867)
0.630 (0.462-0.798)
0.742 (0.603-0.881)
0.704 (0.537-0.870)

* Reference standard outcome: Emphysema present on CT scan. ** Values inverted. Abbreviations: PPV, positive
predictive value; NPV, negative predictive value; AUC, area under the ROC curve; CI, confidence interval; BMI,
body mass index; FEV1, forced expiratory volume in the first second; FVC, forced vital capacity; TLC, total lung
capacity; RV, residual volume; DLCOc, hemoglobin-adjusted diffusing capacity for carbon monoxide; R5Hz,
resistance at 5 Hz; R5-R20Hz, resistance at 5Hz minus resistance at 20 Hz; X5Hz, reactance at 5 Hz; Fres, frequency
response; Ax, reactance area.

The AUC for the BP parameters, FEV1 % of predicted, FEV1/FVC, RV/TLC, and
DLCOc % of predicted, were 0.842 (95% CI: 0.728-0.955), 0.874 (95% CI: 0.766-0.981), 0.743
(95% CI: 0.621-0.865), and 0.795 (95% CI: 0.682-0.908), respectively. The AUC for the IOS
parameters, R5 % of predicted, R5-20, X5, Fres, and Ax, were 0.592 (95% CI: 0.431-0.754),
0.718 (95% CI: 0.568-0.867), 0.630 (95% CI: 0.462-0.798), 0.742 (95% CI: 0.603-0.881), and
0.704 (95% CI: 0.537-0.870), respectively.

Table 3 shows the results of the two logistic regression models. Smoking history
was a significant predictor of emphysema in Model 2 (IOS), but not in Model 1 (BP). In
Model 1, the variables FEV1/FVC and DLCOc % of predicted were significant predictors of
emphysema, with odds ratios (OR) of 0.86 (95% CI: 0.79-0.94) and 0.95 (95% CI: 0.90-0.995),
respectively. RV/TLC was not a significant predictor in this model. Diagnostic accuracy
of Model 1: AUC = 0.905 (95% CI: 0.805-1.00), CV-AUC = 0.892 (95% CI: 0.654-0.943),
sensitivity = 84.2%, specificity = 83.8%, PPV = 59.3%, and NPV = 95.0%. In Model 2, the
variables R5 % of predicted and Ax were significant predictors of emphysema, with ORs
of 0.97 (95% CI: 0.94-0.995) and 9.12 (95% CI: 1.76-47.36), respectively. Fres was not a
significant predictor in this model. Diagnostic accuracy of Model 2: AUC = 0.861 (95% CI:
0.767-0.955), CV-AUC = 0.839 (95% CI: 0.688-0.931), sensitivity = 80.0%, specificity = 80.9%,
PPV =55.2%, and NPV = 93.7%. When R5-20 was included instead of R5 % of predicted,
the AUC changed from 0.861 to 0.783, which was a significant decrease (p = 0.037).

The ROC curves for the regression models are shown in Figure 1 Model 1 had a slightly
larger AUC, but the difference between the two models was not significant (p = 0.37).
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Table 3. The two multivariate logistic regression models to discriminate between presence and

absence of emphysema on CT scan.

Model 1 (BP) Model 2 (I0S)

OR (95% CI) p OR (95% CI) p
Positive smoking history 1.45 (0.28-7.45) 0.66 4.39 (1.11-17.39) 0.04
FEV1/FVC 0.86 (0.79-0.94) <0.01 - -
RV/TLC 5.80 (0.002-20,480.37) 0.42 - -
DLCOc % of predicted 0.95 (0.90-0.995) 0.04 - -
R5 % of predicted - - 0.97 (0.94-0.995) 0.03
Fres - - 1.00 (0.81-1.25) 0.97
Ax - - 9.12 (1.76-47.36) <0.01

Diagnostic accuracy (95% CI)

AUC 0.905 (0.805-1.00) 0.861 (0.767-0.955)
CV-AUC 0.892 (0.654-0.943 *) 0.839 (0.688-0.931 *)
Sensitivity, % 84.2 (50.0-94.1 %) 80.0 (61.9-94.7 *)
PPV, % 59.3 (35.5-77.8 %) 55.2 (40.0-73.1 %)
Specificity, % 83.8 (64.3-91.5%) 80.9 (53.6-93.2 %)
NPV, % 95.0 (85.7-98.2 %) 93.7 (87.5-97.7 )

* Bootstrap bias corrected CI. Abbreviations: OR, odds ratio; AUC, area under the ROC curve; CV-AUC, k-fold
cross-validated AUC; PPV, positive predictive value; NPV, negative predictive value; CI, confidence interval;
FEV1, forced expiratory volume in the first second; FVC, forced vital capacity; TLC, total lung capacity; RV,
residual volume; DLCOc, hemoglobin-adjusted diffusing capacity for carbon monoxide; R5Hz, resistance at 5 Hz;
R5-R20Hz, resistance at 5Hz minus resistance at 20 Hz; X5Hz, reactance at 5 Hz; Fres, frequency response; Ax,
reactance area.
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Figure 1. ROC curves for the two logistic regression models of body plethysmography (BP) and
impulse oscillometry (IOS) variables.

4. Discussion

We have evaluated the diagnostic accuracy of IOS for pulmonary emphysema in a
population of patients with respiratory symptoms of all causes. 10S was compared to
BP, including oxygen diffusing capacity, and it showed an excellent discriminatory ability
(AUC > 0.80) [30]. Although BP had a higher AUC than IOS, we did not find the difference
to be statistically significant.
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IOS has mainly been investigated in asthma, especially in children, because of its
minimal requirement for patient cooperation [31,32]. However, IOS has also been inves-
tigated in COPD as an alternative to spirometry, and the interest in IOS is expected to
increase further [31,33]. Several studies have shown correlation between IOS parameters
and both spirometry parameters and COPD severity [25,28,34,35], and 10S may even detect
early manifestations of COPD better than spirometry can [29,36]. However, IOS is not
yet recommended as a PFT in the diagnosis of COPD for several reasons, e.g., the lack of
accepted reference values and evaluation under different disease conditions [37].

A key feature of 10S is its effectiveness in the detection of small airways disease (SAD),
which is highly related to emphysema [38], and it may be more effective in this aspect than
spirometry [31,37]. A study by Su et al. found IOS to be superior to spirometry in detecting
SAD in COPD, where especially Fres and R5-20 were of importance [39], and IOS has been
shown to discriminate better than spirometry between central and peripheral obstruction
in emphysema [40]. However, Crim et al. found only a modest correlation between IOS
parameters and severity of emphysema on CT in the largest study on IOS and COPD to
date, with 2054 patients from the ECLPISE study [28].

The inclusion of R5 % of predicted in Model 2 resulted in a significantly better
AUC than when including R5-20. This contrasts with the univariate ROC curve analyses
seen in Table 2, where R5-20 is one of only two predictors with AUC > 0.7. In previous
studies examining IOS in COPD, R5-20 was more strongly correlated with spirometry
obstruction parameters than was R5Hz [25,34], and a recent study has also found R5-20
to be correlated with emphysema on CT [41]. Our results indicate that the diagnostic
accuracy of 10S is more dependent than BP on clinical parameters, such as age, sex, and
BMI. These parameters are already adjusted for in the R5 % of predicted variable, why
the R5 % of predicted variable may be more important than R5-20 in the multivariable
analysis that excludes the clinical variables. This may also explain why smoking history
is significant only in Model 2.

Spirometry and BP have also been investigated in relation to emphysema. A sys-
tematic review from 2012 investigated the correlation between CT emphysema measure-
ments and airway obstruction parameters in spirometry [42]. Both FEV1 % of predicted
and FEV1/FVC were significantly correlated with CT emphysema measurements, with
FEV1/FVC showing the strongest association. This agrees with results from our present
study (Table 2). Several studies have shown that TLC measured by BP correlates with
the degree of emphysema on CT [43—46]. The correlation between emphysema, including
emphysema severity, and RV/TLC is also well established [47,48]. Our current study
confirms this relationship; RV, TLC, and RV /TLC were significant univariate predictors of
emphysema (Table 1). However, our data suggest that RV/TLC is not a significant predic-
tor of pulmonary emphysema when the diffusing capacity and the ordinary spirometry
variable FEV1/FVC are also included, and this also agrees with existing literature. Studies
have shown a stronger association between emphysema and diffusion capacity than be-
tween emphysema and lung volume parameters, including RV /TLC [47-49]. Furthermore,
Kahnert et al. found that BP may be redundant in the evaluation of emphysema, when
compared to the combination of spirometry and diffusion capacity [11], and our results
further acknowledges this understanding.

In our study population, 9 patients had mild emphysema, 8 had moderate emphysema,
and 3 had severe emphysema. It is difficult to determine how this distribution could affect
our results, as the literature on IOS in emphysematous copd is extremely limited. As IOS
may be better in detecting SAD than spirometry, and SAD is linked to emphysema with SAD
likely preceding emphysematous destruction of lung tissue [38], it may be speculated that
IOS is better at detecting mild and early emphysema. On the other hand, the BP parameters
RV, TLC, and DLCOc are likely affected only when emphysema has progressed to a certain
degree, and BP might be advantageous in detecting moderate-to-severe emphysema. This
is, however, only speculation.
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There are some limitations to this study. The small study sample increases the risk of
type 2 errors, and the study population is heterogenous. The study includes 88 patients with
pulmonary symptoms of different causes, and the results may not be directly applicable
in a population of patients with COPD. However, this study also has several strengths.
Because of the small study sample, we created diagnostic models that are small and simple,
which enhances replicability and generalizability. This has the added value of being easily
understandable and applicable by clinicians in the daily setting. Another strength of the
study is the cross validation of the AUCs, which further enhances generalizability.

5. Conclusions

In conclusion, IOS showed excellent diagnostic accuracy for emphysema. BP showed
a higher AUC than did IOS in the discrimination between presence and absence of em-
physema, but the difference was not statistically significant. IOS is both quick and easy
to perform, and it can be used when BP is not possible and as a reliable rule-out method
for emphysema in clinical settings where time and space is limited. IOS may be a helpful
alternative tool in the detection and management of emphysematous COPD, and studies
investigating these qualities in a selected population of patients with COPD may elevate
the usefulness of 10S in COPD.
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Appendix A

Appendix A contains the results of our sensitivity analysis when including all 100 patients
(Tables A1 and A2, and Figure Al).

Table A1l. Comparison of the excluded and included patients.

Excluded Patients Included Patients

*
n=12) (n=88) P
Clinical variables n (%) n (%)
Female sex 8 (67) 45 (33) 0.37
Positive smoking history 8 (67) 42 (47) 0.36
Dyspnea 9 (75) 51 (58) 0.35
Cough 1(8) 26 (30) 0.17
Median (IQR) Median (IQR)

Age (years) 65 (51-70) 63 (49-72) 0.71

BMI 29.0 (24.6-32.1) 26.4 (23.3-29.8) 0.46
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Table Al. Cont.

Excluded Patients

Included Patients

*
(n=12) (n=88) P

Body Plethysmography Median (IQR) Median (IQR)

FEV1 % of predicted 91 (72-112) 95 (76-103) 0.49
FVC % of predicted 94 (91-123) 102 (93-112) 0.59
FEV1/FVC 73 (66-80) 73 (65-79) 0.77
TLC % of predicted 109 (88-114) 99 (91-110) 0.94
RV % of predicted 129 (91-144) 120 (96-145) 0.94
RV/TLC 0.44 (0.36-0.49) 0.44 (0.34-0.51) 0.95
DLCOc % of predicted 87 (71-100) 70 (58-79) <0.01
Impulse Oscillometry Median (IQR) Median (IQR)

R5 % of predicted 101 (74-117) 99 (77-126) 0.57
R5-R20 0.08 (0.04-0.11) 0.07 (0.03-0.12) 0.93
X5 —0.11 (—0.14--0.09) —0.1 (-0.16—0.07) 0.63
Fres 15.20 (11.25-18.01) 15.13 (10.87-20.00) 0.79
Ax 0.45 (0.24-0.66) 0.42 (0.17-1.07) 0.99

* Calculated with two-sample t-test or Wilcoxon Rank-sum test for continuous variables as appropriate. Fischer’s
exact test was used for categorical variables. Abbreviations: IQR, inter quartile range; BMI, body mass index;
FEV1, forced expiratory volume in the first second; FVC, forced vital capacity; TLC, total lung capacity; RV,
residual volume; DLCOc, hemoglobin-adjusted diffusing capacity for carbon monoxide; R5Hz, resistance at 5 Hz;
R5-R20Hz, resistance at 5 Hz minus resistance at 20 Hz; X5Hz, reactance at 5 Hz; Fres, frequency response; Ax,

reactance area.

Table A2. Diagnostic accuracy of the logistic regression models when all 100 patients were included.

Model 1 (BP) Model 2 10S)
AUC 0.905 (0.811-0.998) 0.847 (0.751-0.943)
Sensitivity, % 78.9 (60.0-92.3 %) 70.0 (44.4-88.2 %)
PPV, % 50.0 (37.5-61.9 %) 50.0 (36.0-70.0 %)
Specificity, % 81.3 (64.7-85.1 %) 82.5 (66.2-94.1 %)
NPV, % 94.2 (89.4-97.2 %) 91.7 (86.0-95.8 %)

* Bootstrap bias corrected CI. Abbreviations: OR = Odds ratio. AUC = Area under the ROC curve. PPV = Positive
predictive value. NPV = Negative predictive value.
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Figure A1. ROC curves for the two regression models when all 100 patients were included.



J. Clin. Med. 2023, 12, 1547 10 of 11

References

1. Global Initiative for Chronic Obstructive Lung Disease. Global Strategy for the Diagnosis, Management, and Prevention of Chronic
Obstructive Pulmonary Disease; 2020 report; Global Initiative for Chronic Obstructive Lung Disease: Brussels, Belgium, 2020.

2. Marques, A.; Souto-Miranda, S.; Machado, A.; Oliveira, A.; Jacome, C.; Cruz, J.; Enes, V.; Afreixo, V.; Martins, V.; Andrade, L.;
et al. COPD profiles and treatable traits using minimal resources: Identification, decision tree and stability over time. Respir. Res.
2022, 23, 30. [CrossRef]

3. Lange, P; Halpin, D.M.; O'Donnell, D.E.; MacNee, W. Diagnosis, assessment, and phenotyping of COPD: Beyond FEV. Int. |.
Chronic Obstr. Pulm. Dis. 2016, 11, 3-12. [CrossRef]

4. Yousuf, A.; McAuley, H.; Elneima, O.; Brightling, C.E. The different phenotypes of COPD. Br. Med. Bull. 2021, 137, 82-97.
[CrossRef]

5. Pahal, P; Avula, A ; Sharma, S. Emphysema. In StatPearls; StatPearls Publishing LLC.: Treasure Island, FL, USA, 2022.

6. Barr, R.G.; Berkowitz, E.A.; Bigazzi, F.; Bode, F,; Bon, ]J.; Bowler, R.P.; Chiles, C.; Crapo, ].D.; Criner, G.J.; Curtis, ].L.; et al. A
combined pulmonary-radiology workshop for visual evaluation of COPD: Study design, chest CT findings and concordance with
quantitative evaluation. COPD ]. Chronic Obstr. Pulm. Dis. 2012, 9, 151-159. [CrossRef]

7. Newell, ].D,, Jr.; Hogg, J.C.; Snider, G.L. Report of a workshop: Quantitative computed tomography scanning in longitudinal
studies of emphysema. Eur. Respir. ]. 2004, 23, 769-775. [CrossRef]

8. Smith, B.M,; Pinto, L.; Ezer, N.; Sverzellati, N.; Muro, S.; Schwartzman, K. Emphysema detected on computed tomography and
risk of lung cancer: A systematic review and meta-analysis. Lung Cancer 2012, 77, 58-63. [CrossRef]

9. Johannessen, A.; Skorge, T.D.; Bottai, M.; Grydeland, T.B.; Nilsen, R.M.; Coxson, H.; Dirksen, A.; Omenaas, E.; Gulsvik, A,;
Bakke, P. Mortality by level of emphysema and airway wall thickness. Am. ]. Respir. Crit. Care. Med. 2013, 187, 602-608.
[CrossRef]

10. Kitaguchi, Y.; Fujimoto, K.; Kubo, K.; Honda, T. Characteristics of COPD phenotypes classified according to the findings of HRCT.
Respir. Med. 2006, 100, 1742-1752. [CrossRef]

11.  Kahnert, K; Jobst, B.; Biertz, F.; Biederer, J.; Watz, H.; Huber, RM.; Behr, ]J.; Grenier, P.A.; Alter, P.; Vogelmeier, C.E; et al.
Relationship of spirometric, body plethysmographic, and diffusing capacity parameters to emphysema scores derived from CT
scans. Chronic Respir. Dis. 2019, 16, 1479972318775423. [CrossRef]

12.  Von Siemens, M.S.; Alter, P,; Lutter, J.I.; Kauczor, H.U.; Jobst, B.; Bals, R.; Trudzinski, F.C.; Sohler, S.; Behr, J.; Watz, H.; et al. CAT
score single item analysis in patients with COPD: Results from COSYCONET. Respir. Med. 2019, 159, 105810. [CrossRef]

13. Herth, E]J.E; Slebos, D.J.; Criner, G.J.; Shah, P.L. Endoscopic Lung Volume Reduction: An Expert Panel Recommendation—Update
2017. Respiration 2017, 94, 380-388. [CrossRef]

14. Venkatesan, P. GOLD report: 2022 update. Lancet Respir. Med. 2022, 10, e20. [CrossRef]

15. Kellerer, C.; Jorres, R.A.; Schneider, A.; Alter, P.; Kauczor, H.U; Jobst, B.; Biederer, J.; Bals, R.; Watz, H.; Behr, J.; et al. Prediction
of lung emphysema in COPD by spirometry and clinical symptoms: Results from COSYCONET. Respir. Res. 2021, 22, 242.
[CrossRef]

16. Criée, C.P; Sorichter, S.; Smith, H.].; Kardos, P.; Merget, R.; Heise, D.; Berdel, D.; Kéhler, D.; Magnussen, H.; Marek, W.; et al.
Body plethysmography—Its principles and clinical use. Respir. Med. 2011, 105, 959-971. [CrossRef]

17.  Shirai, T.; Kurosawa, H. Clinical Application of the Forced Oscillation Technique. Intern. Med. 2016, 55, 559-566. [CrossRef]

18.  Bickel, S.; Popler, J.; Lesnick, B.; Eid, N. Impulse oscillometry: Interpretation and practical applications. Chest 2014, 146, 841-847.
[CrossRef]

19. Enright, P; Lehmann, S. Spirometry in old age: Feasibility and interpretation. In Respiratory Diseases in the Elderly; European
Respiratory Society: Lausanne, Switzerland, 2009; pp. 25-34.

20. Pezzoli, L.; Giardini, G.; Consonni, S.; Dallera, I.; Bilotta, C.; Ferrario, G.; Sandrini, C.M.; Annoni, G.; Vergani, C. Quality of
spirometric performance in older people. Age Ageing 2003, 32, 43—46. [CrossRef]

21. De Filippi, E; Tana, F; Vanzati, S.; Balzarini, B.; Galetti, G. Study of respiratory function in the elderly with different nutritional
and cognitive status and functional ability assessed by plethysmographic and spirometric parameters. Arch. Gerontol. Geriatr.
2003, 37, 33-43. [CrossRef]

22. Bellia, V;; Pistelli, R.; Catalano, F.; Antonelli-Incalzi, R.; Grassi, V.; Melillo, G.; Olivieri, D.; Rengo, F. Quality control of spirometry
in the elderly. The SA.R.A. study. SAlute Respiration nell’Anziano = Respiratory Health in the Elderly. Am. J. Respir. Crit. Care
Med. 2000, 161, 1094-1100. [CrossRef]

23. Czajkowska-Malinowska, M.; Tomalak, W.; Radliniski, J. Quality of spirometry in the elderly. Adv. Respir. Med. 2013, 81, 511-517.
[CrossRef]

24. Frei, ].; Jutla, J.; Kramer, G.; Hatzakis, G.E.; Ducharme, EM.; Davis, G.M. Impulse oscillometry: Reference values in children 100
to 150 cm in height and 3 to 10 years of age. Chest 2005, 128, 1266-1273. [CrossRef]

25. Wei, X,; Shi, Z,; Cui, Y,; Mi, J.; Ma, Z.; Ren, ].; Li, J.; Xu, S.; Guo, Y. Impulse oscillometry system as an alternative diagnostic
method for chronic obstructive pulmonary disease. Medicine 2017, 96, e8543. [CrossRef]

26. Piorunek, T.; Kostrzewska, M.; Cofta, S.; Batura-Gabryel, H.; Andrzejczak, P.; Bogdarnski, P.; Wysocka, E. Impulse oscillometry in
the diagnosis of airway resistance in chronic obstructive pulmonary disease. Adv. Exp. Med. Biol. 2015, 838, 47-52. [CrossRef]

27. Lundblad, L.K.A.; Miletic, R.; Piitulainen, E.; Wollmer, P. Oscillometry in Chronic Obstructive Lung Disease: In vitro and in vivo

evaluation of the impulse oscillometry and tremoflo devices. Sci. Rep. 2019, 9, 11618. [CrossRef]


http://doi.org/10.1186/s12931-022-01954-6
http://doi.org/10.2147/copd.S85976
http://doi.org/10.1093/bmb/ldaa043
http://doi.org/10.3109/15412555.2012.654923
http://doi.org/10.1183/09031936.04.00026504
http://doi.org/10.1016/j.lungcan.2012.02.019
http://doi.org/10.1164/rccm.201209-1722OC
http://doi.org/10.1016/j.rmed.2006.02.003
http://doi.org/10.1177/1479972318775423
http://doi.org/10.1016/j.rmed.2019.105810
http://doi.org/10.1159/000479379
http://doi.org/10.1016/S2213-2600(21)00561-0
http://doi.org/10.1186/s12931-021-01837-2
http://doi.org/10.1016/j.rmed.2011.02.006
http://doi.org/10.2169/internalmedicine.55.5876
http://doi.org/10.1378/chest.13-1875
http://doi.org/10.1093/ageing/32.1.43
http://doi.org/10.1016/S0167-4943(03)00005-0
http://doi.org/10.1164/ajrccm.161.4.9810093
http://doi.org/10.5603/ARM.35992
http://doi.org/10.1378/chest.128.3.1266
http://doi.org/10.1097/MD.0000000000008543
http://doi.org/10.1007/5584_2014_49
http://doi.org/10.1038/s41598-019-48039-x

J. Clin. Med. 2023, 12, 1547 11 of 11

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Crim, C,; Celli, B.; Edwards, L.D.; Wouters, E.; Coxson, H.O.; Tal-Singer, R.; Calverley, PM. Respiratory system impedance with
impulse oscillometry in healthy and COPD subjects: ECLIPSE baseline results. Respir. Med. 2011, 105, 1069-1078. [CrossRef]
Frantz, S.; Nihlén, U.; Dencker, M.; Engstrom, G.; Lofdahl, C.G.; Wollmer, P. Impulse oscillometry may be of value in detecting
early manifestations of COPD. Respir. Med. 2012, 106, 1116-1123. [CrossRef]

Mandrekar, J.N. Receiver operating characteristic curve in diagnostic test assessment. |. Thorac. Oncol. 2010, 5, 1315-1316.
[CrossRef]

Porojan-Suppini, N.; Fira-Mladinescu, O.; Marc, M.; Tudorache, E.; Oancea, C. Lung Function Assessment by Impulse Oscillometry
in Adults. Ther. Clin. Risk Manag. 2020, 16, 1139-1150. [CrossRef]

Kalhoff, H.; Breidenbach, R.; Smith, H.].; Marek, W. Impulse oscillometry in preschool children and association with body mass
index. Respirology 2011, 16, 174-179. [CrossRef]

Bednarek, M.; Grabicki, M.; Piorunek, T.; Batura-Gabryel, H. Current place of impulse oscillometry in the assessment of pulmonary
diseases. Respir. Med. 2020, 170, 105952. [CrossRef]

Liu, Z.; Lin, L.; Liu, X. Clinical application value of impulse oscillometry in geriatric patients with COPD. Int. J. Chronic Obstr.
Pulm. Dis. 2017, 12, 897-905. [CrossRef]

Nakagawa, M.; Hattori, N.; Haruta, Y.; Sugiyama, A.; Iwamoto, H.; Ishikawa, N.; Fujitaka, K.; Murai, H.; Tanaka, J.; Kohno, N.;
et al. Effect of increasing respiratory rate on airway resistance and reactance in COPD patients. Respirology 2015, 20, 87-94.
[CrossRef]

Jetmalani, K.; Thamrin, C.; Farah, C.S.; Bertolin, A.; Chapman, D.G.; Berend, N.; Salome, C.M.; King, G.G. Peripheral airway
dysfunction and relationship with symptoms in smokers with preserved spirometry. Respirology 2018, 23, 512-518. [CrossRef]
Desiraju, K.; Agrawal, A. Impulse oscillometry: The state-of-art for lung function testing. Lung India 2016, 33, 410-416. [CrossRef]
McDonough, J.E.; Yuan, R.; Suzuki, M.; Seyednejad, N.; Elliott, W.M.; Sanchez, P.G.; Wright, A.C.; Gefter, W.B.; Litzky, L.;
Coxson, H.O.; et al. Small-airway obstruction and emphysema in chronic obstructive pulmonary disease. N. Engl. J. Med. 2011,
365, 1567-1575. [CrossRef]

Su, Z.Q.; Guan, WJ.; Li, S.Y;; Ding, M.; Chen, Y.; Jiang, M.; Chen, X.B.; Zhong, C.H.; Tang, C.L.; Zhong, N.S. Significances
of spirometry and impulse oscillometry for detecting small airway disorders assessed with endobronchial optical coherence
tomography in COPD. Int. ]. Chronic Obstr. Pulm. Dis. 2018, 13, 3031-3044. [CrossRef]

Hira, H.; Munjal, ].; Zachariah, S.; Chauhan, M.; Singh, A. The site of airway obstruction among patients of emphysema: Role of
impulse oscillometry. Lung India 2008, 25, 8-13. [CrossRef]

Peng, ].; Wu, E; Tian, H.; Yang, H.; Zheng, Y.; Deng, Z.; Wang, Z.; Xiao, S.; Wen, X.; Huang, P; et al. Clinical characteristics of and
risk factors for small airway dysfunction detected by impulse oscillometry. Respir. Med. 2021, 190, 106681. [CrossRef]

Xie, X.; de Jong, P.A.; Oudkerk, M.; Wang, Y.; Ten Hacken, N.H.; Miao, J.; Zhang, G.; de Bock, G.H.; Vliegenthart, R. Morphological
measurements in computed tomography correlate with airflow obstruction in chronic obstructive pulmonary disease: Systematic
review and meta-analysis. Eur. Radiol. 2012, 22, 2085-2093. [CrossRef]

Garfield, J.L.; Marchetti, N.; Gaughan, ].P,; Steiner, R.M.; Criner, G.J. Total lung capacity by plethysmography and high-resolution
computed tomography in COPD. Int. J. Chron. Obstruct. Pulmon. Dis. 2012, 7, 119-126. [CrossRef]

Zaporozhan, J.; Ley, S.; Eberhardt, R.; Weinheimer, O.; Iliyushenko, S.; Herth, F.; Kauczor, H.U. Paired inspiratory/expiratory
volumetric thin-slice CT scan for emphysema analysis: Comparison of different quantitative evaluations and pulmonary function
test. Chest 2005, 128, 3212-3220. [CrossRef]

Gierada, D.S.; Hakimian, S.; Slone, R M.; Yusen, R.D. MR analysis of lung volume and thoracic dimensions in patients with
emphysema before and after lung volume reduction surgery. Am. J. Roentgenol. 1998, 170, 707-714. [CrossRef]

Coxson, H.O.; Nasute Fauerbach, P.V.; Storness-Bliss, C.; Miiller, N.L.; Cogswell, S.; Dillard, D.H.; Finger, C.L.; Springmeyer, S.C.
Computed tomography assessment of lung volume changes after bronchial valve treatment. Eur. Respir. . 2008, 32, 1443-1450.
[CrossRef]

Mets, O.M.; Murphy, K.; Zanen, P; Gietema, H.A.; Lammers, ].W.; van Ginneken, B.; Prokop, M.; de Jong, P.A. The relationship
between lung function impairment and quantitative computed tomography in chronic obstructive pulmonary disease. Eur. Radiol.
2012, 22, 120-128. [CrossRef]

Eda, S.; Kubo, K.; Fujimoto, K.; Matsuzawa, Y.; Sekiguchi, M.; Sakai, F. The relations between expiratory chest CT using helical CT
and pulmonary function tests in emphysema. Am. J. Respir. Crit. Care Med. 1997, 155, 1290-1294. [CrossRef]

Tylén, U.; Boijsen, M.; Ekberg-Jansson, A.; Bake, B.; Lofdahl, C.G. Emphysematous lesions and lung function in healthy smokers
60 years of age. Respir. Med. 2000, 94, 38—43. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.rmed.2011.01.010
http://doi.org/10.1016/j.rmed.2012.04.010
http://doi.org/10.1097/JTO.0b013e3181ec173d
http://doi.org/10.2147/TCRM.S275920
http://doi.org/10.1111/j.1440-1843.2010.01906.x
http://doi.org/10.1016/j.rmed.2020.105952
http://doi.org/10.2147/COPD.S129974
http://doi.org/10.1111/resp.12387
http://doi.org/10.1111/resp.13215
http://doi.org/10.4103/0970-2113.184875
http://doi.org/10.1056/NEJMoa1106955
http://doi.org/10.2147/COPD.S172639
http://doi.org/10.4103/0970-2113.44130
http://doi.org/10.1016/j.rmed.2021.106681
http://doi.org/10.1007/s00330-012-2480-8
http://doi.org/10.2147/COPD.S26419
http://doi.org/10.1378/chest.128.5.3212
http://doi.org/10.2214/ajr.170.3.9490958
http://doi.org/10.1183/09031936.00056008
http://doi.org/10.1007/s00330-011-2237-9
http://doi.org/10.1164/ajrccm.155.4.9105069
http://doi.org/10.1053/rmed.1999.0690

	Introduction 
	Materials and Methods 
	Study Design 
	Data Collection 
	Computed Tomography Scans 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	Appendix A
	References

