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Background: Airflow reversibility criteria in COPD are still debated — especially in
situations of co-existing COPD and asthma. Bronchodilator response (BDR) is usually
assessed by spirometric parameters. Changes assessed by plethysmographic parameters
such as the effective, specific airway conductance (sG.g), and changes in end-expiratory
resting level at functional residual capacity (FRCpeq) are rarely appreciated. We aimed to
assess BDR by spirometric and concomitantly measured plethysmographic parameters.
Moreover, BDR on the specific acrodynamic work of breathing (sWOB) was evaluated.
Methods: From databases of 3 pulmonary centers, BDR to 200 g salbutamol was retro-
spectively evaluated by spirometric (AFEV, and AFEF,s ;5), and plethysmographic (AsGegr,
AFRCyjetn, and AsWOB) parameters in a total of 843 patients diagnosed as COPD (478 =
57%), asthma-COPD-overlap (ACO) (139 = 17%), or asthma (226 = 27%), encountering
1686 BDR-measurement-sets (COPD n = 958; ACO n = 276; asthma n = 452).

Results: Evaluating z-score improvement taking into consideration the whole pre-test z-
score range, highest BDR was achieved by combining AsG.¢ and AFRC detecting BDR in
62.2% (asthma: 71.4%; ACO: 56.7%; COPD: 59.8%), by AsGegr in 53.4% (asthma: 69.1%;
ACO: 51.6%; COPD: 47.4%), whereas AFEV, only distinguished in 10.6% (asthma: 21.8%;
ACO: 18.6%; COPD: 4.2%). Remarkably, AsWOB detected BDR in 49.4% (asthma: 76.2%;
ACO: 47.8%; COPD: 46.9%).

Conclusion: BDR largely depends on the pre-test functional severity and, therefore, should
be evaluated in relation to the pre-test conditions expressed as Az-scores, considering
changes in airway dynamics, changes in static lung volumes and changes in small airway
function. Plethysmographic parameters demonstrated BDR at a significant higher rate than
spirometric parameters.

Keywords: COPD, bronchodilator response, COPD and coexisting asthma, ACO,
pulmonary hyperinflation, small airways dysfunction, acrodynamic work of breathing

Introduction

Chronic obstructive pulmonary disease (COPD) is a common, complex and hetero-
geneous disease, characterized by airflow limitation and an increased inflammatory
response of the lung.'™ The complexity refers to components with interactions,
while heterogeneity is suggested because not all components are present in all
patients at the same time,* especially not over a lifetime.® Bronchodilator response
(BDR)- a major feature of asthma— is usually defined as an improvement of the
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FEV,, FVC, or the FEV,/FVC-ratio, and is included as a
major criterion for the diagnosis of the asthma COPD
overlap (ACO).”'? There is, however, still increasing
evidence that explanatory power of lung function trajec-
tories, especially FEV, and FVC, are poorly compelling
with the complex clinical and functional facets of COPD.
A staging system that could offer a composite picture of
the whole pattern of functional disease severity is highly
desirable."® As previously proposed by both the American
Thoracic Society (ATS) and the European Respiratory
Society (ERS), the degree of flow limitation should be
expressed by z-scores, using the lower limit of normal
(LLN) for FEV,, FVC, FEV,/FVC ratio, and FEF,s ;s
14717 jdentical with —1.645 z-scores, or the 5th

percentiles in the distribution from which the reference

as cut-offs,

values are derived. In our study also measurements of
SGesr, SRegr and FRCen, were z-transformed, for the latter
both the upper limit of normal (ULN), identical with
+1.645 z-scores or the 95th percentiles were defined as
cut-off. By that procedure the positioning of an observed
measurement value within the distribution of the reference
population could be obtained, and hence gender-, age-,
height-,

between-subject and age- and growth-related variability

and ethnicity-specific corrected. Moreover,
has to be taken into account.'>'®!? There is growing
understanding that due to the enormous clinical, func-
tional, structural, and biological heterogeneity in these
patients and the changes in functional dynamics over
time, a more personalized approach in diagnosing COPD
and its potential subtypes is needed.* There are additional
features of COPD such as small airways dysfunction
(SAD),*>** and/or dynamic pulmonary hyperinflation
(PHI),>* %’ consistently interacting with parameters of air-
flow limitation, airway obstruction, and pulmonary hyper-
inflation. Since BDR is still considered as an important,
potential phenotypic marker for several subtypes of
COPD, BDR could well serve as a candidate for COPD
subtyping. Admittedly, we have been interested in the
evaluation of BDR not only by a single LLN Ilevel, but
in a larger scope over the whole range of pre-test z-scores.

The objectives of the present study, therefore, were to
evaluate BDR in a multidimensional approach, looking at
an entire set of lung function parameters (spirometric and
plethysmographic), expressed as z-scores in relation to the
pre-test functional severity, in order to identify relevant
parameters assessing BDR in relation to pre-test functional

severity. Moreover, we wanted to examine BDR within

functional subgroups of COPD patients with PHI on one
hand and SAD on the other hand.

Patients and Methods
Study Design and Ethics

In the present paper, we refer to retrospectively evaluated
data obtained from three Swiss centers (Center of Pulmonary
Diseases, Hirslanden Private Hospital Group, Salem-
Hospital, Bern, Switzerland; Clinic of Pneumology,
Cantonal Hospital St. Gallen, Switzerland; Center of
Pulmonology, Clinic Hirslanden, Ziirich, Switzerland).
Patients’ records were anonymized before analysis to main-
tain their confidentiality. The patients have been referred to
the centers for extended pulmonary function testing and
optimizing therapy. Data were collected from patients with
a clinical diagnosis of chronic obstructive pulmonary dis-
eases, either as (i) COPD, or patients with (ii)) COPD with
coexisting asthma (ACO), or (iii) bronchial asthma. The
anamnestic and clinical features were assessed by experi-
enced pulmonary physicians, based on history-taking, chest
radiographs, high-resolution CT-scans, and functional inves-
tigations, such as spirometry, whole-body plethysmography,
measurements of the carbon monoxide diffusion capacity
(DLCO) and measurement of the fraction of exhaled nitric
oxide (FeNO). COPD was defined by a history of smoking
(current or ex-tobacco smokers) and a previously documen-
ted airflow limitation (FEV/FVC < 70%). ACO was diag-
nosed when the subject had features of COPD and asthma.””
12 Asthma was diagnosed based on symptoms such as wheez-
ing, shortness of breath, chest tightness and cough that vary
over time in their occurrence, frequency, and intensity.
Patients previously diagnosed with cystic fibrosis, interstitial
lung disease, pulmonary thromboembolic disease, active
tuberculosis, chest wall disease, neuromuscular disorder,
malignant tumor, or a history of thoracotomy with pulmonary
resection, were excluded.

The study was planned according to the Federal Law of
Human Research, conceptualized according to the Swiss
Ethics Committees on research involving humans, and was
conducted in accordance with the tenets of the Declaration
of Helsinki. The study is part of the framework of the
project entitled “Functional diversification of the Asthma-
ACO-COPD multi-center (ID  2017-00259),
approved by the Governmental Ethics Committee of the
State of Bern, St. Gallen and Ziirich (Project KEK-BE
PB 2017-00104). Written informed consent was waived
because of the retrospective study design, which follows

study”
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the institutional and national policies concerning research
approvals. Master-files have been stored and secured in the
REDCap-system of the Clinical Trial Unit, Medical
Faculty, University of Berne, Switzerland.

Patients

From the database of the three centers, 843 measurement-
sets fulfilled the inclusion criteria of a correctly conducted
post-bronchodilator response-test to 200 pg salbutamol,
defined as to be positive, if the condition AFEV, and/or
AFVC > 12%, and > 200 mL is fulfilled."*° These data
sets were obtained from a total of 843 patients (226 patients
with asthma, 26.8%; 139 patients with ACO, 16.5%; and
478 patients with COPD, 56.7%), with a mean-age of 65.7
years (min. 34.1 years, max. 89.5 years) and no significant
difference between the 3 diagnostic classes.

Pulmonary Function Procedures

In the present study plethysmography including spirometry
was performed using standard techniques according to
ATS-ERS 131 established
extended subsequently, using a constant-volume

criteria, previously and

2,32,33
body plethysmograph (Master Screen Body, Erich Jaeger
GmbH, Wiirzburg, Germany). During tidal breathing
within the closed plethysmograph recordings of specific
airway loops (sR,w-loops) are generated, consisting of the
shift volume (Vpien) and the tidal flow (V’). After auto-
mated electronic loop compensation achieving “Body
Temperature and Pressure Saturated” (BTPS) corrections,
various parameters of airway dynamics can be computed.

The integral method of the Jaeger MasterLab software
(JLab® and SentrySuite®™) evaluates changes of airway
dynamics as effective specific airway resistance (SRefy),
its reciprocal values the effective specific airway conduc-
tance (sGef), and the specific aerodynamic work of
breathing (sWOB) concomitantly with changes in the
end-expiratory lung volume (EELV) at FRC. Therefore,
it was important that parameters of airway dynamics are
assessed in the first phase of plethysmographic measure-
ments, and hence not influenced by deep inspiration or
forced breathing maneuvers or other efforts, which may
influence the broncho-motor tone.** " Details regarding
the sequence of plethysmographic measurements are
given in Supplemental Material Section 1. A special
Ltd,
Dagmersellen, Switzerland, enabling access to all routi-

export software was developed by PanGas
nely stored parameters in every JLab-, Sentry-Suite-data-

bases, respectively.

Assessment of Airway Dynamics by the
Integral Method

Although numerous parameters of airway dynamics can
be calculated from the plethysmographic sR,y-loop,*®
we used the approach proposed by Matthys and Orth*”
defining the so called “effective specific resistance”
(sRegr) as the ratio of the area of the shift-volume versus
tidal volume ( f V plethd V), to the area of the tidal flow/
volume loop ( ¢ V'dVr) (see Figure S1). The mathema-
tical background of the integral technique to obtain
parameters of airway dynamics (sRes, sGerr, SWOB)
has been previously established.’*>**! Details of the
methodological and mathematical approach of the so
called “integral method” are given in the Supplemental
Material Section 2. The advantage of this integral

method compared with parameters of the two-point ana-
lysis defining sR,y, sG,y, respectively, is that data points
throughout the entire respiratory cycle are evaluated.
Moreover, the integral §AVp1etthT embodies the spe-
cific, aerodynamic work of breathing (sWOB) at rest.*”
Pulmonary function test data were assessed in absolute
values, percentage of predicted normal values, and as z-
scores according to standard prediction equations.'®'
For the parameters of airway dynamics (sWOB, sGegs,
and sR.g), normative reference equations were used,

42,43

recently worked out, and in details given in

Supplemental Material Section 3.

Data Analysis and Statistical Methods

Statistical analyses were performed with the IBM SPSS
version 25.0 (SPSS Inc., Chicago, IL). The limit of signifi-
cance was a p-value of 0.05. Data were transformed to z-
scores as a standardized measure of the positioning of an
observed measurement in the distribution of the reference
population taking both between-subject as well as age- and
growth-related variability into account.'®'” By this proce-
dure the lower limits of normal (LLN), identical with —1.645
z-scores, or the 5th percentile in the distribution from which
the reference values are derived for FEV, FEF,5_75, sG.gy, as
well as the upper limit of normal (ULN), identical with +
1.645 z-scores or the 95th percentiles for FRC,ewm, and
sWOB were obtained. The theoretical background on the
Gaussian distribution, the z-score levels, and their para-
meter-specific pre-test z-score distribution over the whole
range of z-scores are given in Table S1 and Figure S2 of

Supplemental Material Section 3.
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Functional Severity

Apart from the criteria given in the last issue of GOLD to
use “LLN”, “ULN” respectively as a threshold to distin-
guish between “normal” from “abnormal”,’ we thought it
suitable to define functional severity not only based on a
one-dimensional criterion, but substantiated on the indivi-
dual pre-test z-scores over the whole range of baseline z-
scores. The baseline values of each lung function para-
meter have been transferred into z-scores. This allowed the
option to study the graduated individual degree of severity
within different functional subtypes, such as the degree of
bronchial obstruction, flow limitation, small airway dys-

function, or pulmonary hyperinflation.

Bronchodilator Response (BDR)

Apart from the condition whether the LLN (FEV,, FEF,5 75
SGefr), ULN (FRCjein, SWOB) respectively, was reached after
400 ug salbutamol, we developed a multi-level approach,
looking for Az-scores of BDR within the whole range pre-
test z-score distribution and hence several levels of the
Gaussian z-scores, as shown in Figure S2 of Supplemental
Material Section 3. A positive BDR was specified, ifa AFEV-
z-score equivalent to AFEV; and/or AFVC > 12%, and > 200
mL was achieved as predictor for the Az-scores of each of the

other 5 parameters after bronchodilation. Based on that regres-
sion model, equivalent improvement in lung function for each
parameter could be determined.

Pearson’s y’-test for categorical variables was per-
formed for discriminating prevalence within patient col-
lectives differentiating lung function within “normal” and
“abnormal” ranges of airflow limitation, bronchial obstruc-
tion, small airway dysfunction and pulmonary hyperinfla-
tion, and finally for better accuracy of defining several
functional subtypes in asthma versus ACO and COPD.
Fisher’s linear discriminant analysis was used as a classi-
fication tool to maximize the criterion function of the
target parameters in the discrimination between the diag-
nostic classes, to define the ranking order characterizing or
separating the diagnostic classes as a classifier.

Results
Prevalence of Airflow-Limitation,
Bronchial Obstruction, and Dynamic

Pulmonary Hyperinflation

To allow a comparison with former studies, lung function
measurements were first stratified according to the base-
line values, i.e. whether they lay within the range of

normal or not, the latter indicating the prevalence of each
(Table 1). GOLD-
Classification, prevalence of airflow limitation was in the
global 85.2%, highest in COPD (90.6%), ACO (90.5%)
respectively. Using the ATS/ERS criteria prevalence of

parameter According to the

airflow limitation was in the global 87.2%, highest in
COPD (94.8%). Regarding the 5 target parameters, and
taking LLN, ULN respectively as pre-test criteria of func-
tional severity, the prevalence of airflow limitation in
measurements of patients with asthma/ACO/COPD was
65.0%/86.0%/85.0% for FEV}; 50.0%/70.8%/70.0% for
FEF;s5 755 86.3%/91.9%/87.7% for sGer; 82.7/83.9/94.6
for sWOB; and 35.1%/51.1%/63.3% for FRCes, (Table
1; row b). Accordingly, the highest prevalence for asthma
was found by sG.i and sSWOB, for ACO by sGeg and
FEV;, and for COPD by sG¢s and sWOB. Noteworthy, a
high percentage of abnormal pre-test measurements, and
hence a marker for the prevalence of PHI, was found for
FRC\jern (53.8%), indicating that PHI was initially present
in 35.1% of asthmatics, 51.1% of patients with ACO and
63.3% of patients with COPD. The percent-distribution
over the 4 z-score levels representing the distribution of
functional severity at pre-test (row c) shows that sG.¢ and
sWOB presented with the highest allocation of functional
severity in the z-score range > 2.576 SD, especially in
patients with COPD (93.3%, 91.0%, respectively; rows c).
No differences in the z-score distributions were found
regarding gender. The quantitative distribution of pre-test
z-scores is synoptically presented in Figure 1. The largest
z-score ranges are shown for sWOB (18.9 SD) followed
by sGesr (13.9 SD).

Bronchodilator Response (BDR)

Results of BDR taking pre-test values of < LLN for FEV,,
FEF,s 75, sGegr, and of > ULN for FRCpjen, SWOB respec-
tively as baseline starting points and hence excluding mea-
surements within the range of normal on one hand, and
individual Az-scores on the other hand, obtained within the
3 diagnostic classes are given in Table 2. Pre-test measure-
ments lying within + 1.645 SD considered as “initially
normal” are given in row a, showing that pre-test measure-
ments were “initially normal” in 20.2% of FEV, 35.2% of
FEF,5_75, but only in 11.6% of sG.¢. Regarding sWOB only
10.3% “were initially normal”, whereas FRCjeq, Was nor-
mal in 46.2%. Noteworthy, sG.ys in combination with
FRC,en presented only 9.3% as “initially normal”.
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Table | Prevalence and Functional Severity of Lung Function Pre-Test to Bronchodilator Reversibility Test in Patients with Asthma,

ACO and COPD Assessed by Various Lung Function Parameters Expressed as z-Scores

Asthma ACO COPD All
N of all measurements (%) 226 (26.8) 136 (16.3) 480 (56.9) 842 (100)
GOLD classification n (%) n (%) n (%)
Normal or N/A 67 (2.9) 13 (9:4)) 45 (9.4) 125 (14.8) 165.5 (p<0.0001)
Prevalence 159 (70.4) 124 (90.5) 435 (90.6) 718 (85.2)
ol 32 (14.2) 12 (8.8) 20 (4.2)
oll 97 (42.9) 72 (52.6) 168 (19.9)
o Il 27 (11.9) 32 (234) 172 (35.8)
o |V 3(1.3) 8 (5.8) 75 (15.6)
ATS/ERS classification
At risk or N/A 67 (2.9) 15 (10.9) 26 (5.4) 108 (12.8) 165.5 (p<0.0001)
prevalence 159 (70.4) 122 (89.1) 454 (94.8) 735 (87.2)
e Mild 32 (14.2) 10 (7.3) 39 8.1) 104.8 (p<0.0001)
® Moderate 97 (42.9 72 (52.6 168 (35.0)
® Severe 27 (11.9) 32 (234) 172 (35.8)
® Very severe 3(1.3) 8 (5.8) 75 (15.6)
FEV, n (%) n (%) n (%)
Within range of normal (= LLN) 79 (35.0 19 (13.9) 72 (15.0) 170 (20.2) 101.9 (p<0.0001)
Flow limitation (< LLN) 147 (65.0) 117 (86.0) 408 (85.0) 672 (80.0)
® z<-1.645 2 -1.956 SD 24 (10.6) 8 (5.9) 20 (4.2) 104.8 (p<0.0001)
®z<-].956 2-2170 SD 23 (10.2) 9 (6.6) 17 (3.5)
® z<-2170, 2 -2.576 SD 36 (15.9) 24 (17.6) 52 (10.8)
® z <2576 SD 64 (28.3) 76 (55.9) 319 (66.5)
FEF25_75 n (%) n (%) n (%)
Within range of normal (= LLN) 113 (50.0) 39 (28.7) 144 (30.0) 296 (35.2) 39.5 (p<0.0001)
Small airway dysfunction (< LLN) 113 (50.0) 97 (70.8) 336 (70.0) 546 (64.8)
ez <-1.645 2 —1.956 SD 46 (20.4) 35 (25.5) 95 (19.8) 39.1 (p<0.0001)
®z<-1956 2-2170 SD 21 (9.3) 18 (13.1) 67 (14.0)
® 7 <-2.170, 2 -2.576 SD 24 (10.6) 20 (14.6) 103 (21.5)
® z<-2576 SD 22 (9.7) 24 (17.5) 71 (14.8)
sGerr n (%) n (%) n (%)
Within range of normal (= LLN) 31 (13.7) I (8.1) 19 (4.0) 6l (7.2) 44.2 (p<0.0001)
Bronchial obstruction (< LLN) 195 (86.3) 125 (91.9) 421 (87.7) 781 (92.8)

(Continued)
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Table | (Continued).

Asthma ACO COPD All
® 7 <-1.645 = —1.956 SD 3(1.3) 0 (0) 4 (0.8) 66.1 (p<0.0001)
ez <-1956 =-2170 SD 3(1.3) 3(22) 2 (0.4)
® 7 <-2170, 2 -2.576 SD 14 (6.2) 2 (1.5) 7 (1.5)
® z<-2576 SD 175 (77.4) 120 (88.2) 448 (93.3
sWOB n (%) n (%) n (%)
within range of normal (£ ULN) 39 (17.3) 22 (l6.1) 27 (5.6) 88 (10.5) 34.1 (p<0.0001)
Abnormal sWOB (> ULN, all z- 187 (82.7) 115 (83.9) 461 (96.0) 754 (89.5)
scores)
z > |.645, < 1.956 SD 2 (0.9) 1 (0.7) 4(0.8) 36.4 (p<0.0001)
z > 1.956, <2170 SD 5(22) 0 (0) 4 (0.8)
z>2.170, £ 2.576 SD 5(2.2) 1(0.7) 8 (1.7)
z>2.576 SD 175 (77.4) 112 (82.4) 437 (91.0)
FRCprecn n (%) n (%) n (%)
within range of normal (£ ULN) 146 (64.9) 67 (48.9) 176 (36.7) 389 (46.2) 49.6 (p<0.0001)
Pulmonary hyperinflation (< 79 (35.1) 70 (51.1) 304 (63.3) 453 (53.8)
ULN)
e z > |.645, < 1.956 SD c 12 (5.3) 10 (7.3) 25 (5.2) 64.9 (p<0.0001)
e z > 1.956, <2170 SD 9 (4.0 5 (3.6) 17(3.5)
® z>2170, <2576 SD 17 (7.6) 12 (8.8) 34 (7.1)
e z>2576 SD 41 (18.2) 43 (31.4) 228 (47.5)

Notes: LLN: lower limit of normal (—1.645); ULN: upper limit of normal (1.645); z: z-scores equal to standard deviation scores (SDS) according to Gaussian distribution; a:
number (n) and percent of measurements within the range of normal values predicted; b: prevalence of values within the range of normal predicted; c: distribution within z-

score ranges.

Bronchodilator Response Taking LLN, ULN
Respectively as Thresholds

In Table 2 (row b) BDR is presented using the criterion
whether or not reaching LLN, ULN respectively, as pro-
posed by the ERS Task force.'>'®*!** BRD including all
diagnostic classes could be found for all parameters in
range between 10-20%.

Bronchodilator Response Assessed by Improvement
Within the Whole Range of z-Scores

To find an algorithm enabling a statistically and mathemati-
cally correct comparison of BDR of all 5 lung function para-
meters within the 3 diagnostic groups, the ATS-ERS-criterion
(AFEV, > 12%; < 200 mL) was taken as primary criterion for
sufficient BDR, corresponding to a AFEV, of z-score = A
0.778. Equivalent thresholds were computed for each of the
other parameters differentiating significantly between

“responders” and ‘“non-responders” and the 3 diagnostic
classes for each parameter (Table 2, row e; p <0.001). It can
be demonstrated that by the assessment evaluating BDR over
the whole z-score range much higher BDR percent responses
were achieved than assessed by the criteria LLN, ULN, respec-
tively. The highest BDR was achieved by the AsWOB in
72.6% of measurements (asthma: 76.2%; ACO: 71.1%;
COPD: 72.6%), followed by the combination of AsG.g with
AFRCpleth in 62.2% (asthma: 71.4%; ACO: 56.7%; COPD:
59.8%). BDR by AFEV, was only seen in 10.6% of measure-
ments (asthma: 21.8%; ACO: 18.6%; COPD: 4.2%). The
differences between the two assessments of BDR are presented
in row d, showing that highest differences were achieved by
AsWOB (62.3%) followed by the combination of AsGeg with
AFRC e (48.1%).

In Figure 2 the BDR, expressed as Az-scores, obtained
by each target parameter within the 3 diagnostic classes

2492
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Spirometric parameters

‘ ‘ Plethysmographic parameters

50.0

40.0 ]

Frequency

20.0
] ‘ FEV,

s AT

-6.000 -5.000 -4.000 -3.000 ~2.00!

W22

7777272727

0
-7.000

=)

Z-scores

-1.000

20.0

10.0

0
-20.00 -10.00 20.00

Distribution of z-scores < -1.654 at pre-test (baseline) Distribution of z-scores < or > 1.654 at pre-test (baseline)
n Mean + SD minimum | maximum | range n Mean + SD | minimum | maximum
672 -3.93+ 0.91 -6.46 -1.65 4.8 781 | -6.65+2.75 -15.5 -1.65
FEF25.75 | 546 -2.22+0.41 -3.76 -1.65 21 sWOB | 754 | 9.35+4.34 1.65 20.5 18.9
353 | 3.40+1.60 1.65 9.29

Figure | The quantitative distribution of z-scores pre-test of the parameters displayed over the whole z-score pre-test range of 3 spirometric and 3 plethysmographic lung

function parameters.

are given. All parameters presented with significant
responses (p <0.001). However, the distribution of BDR
between the parameters was quite different. The most
pronounced BDR was achieved by AsWOB (asthma:
76.6%; ACO: 72.4%; COPD: 71.1%), followed by AsGegr
(asthma: 68.7%; ACO: 68.8%; COPD: 47.3%). It was
supposed that BDR could be influenced by the degree of
pre-test functional severity. However, that was only the
case for AsSWOB. Noteworthy, in patients with COPD, a
considerable number of patients presented BDR apart from
patients with bronchial obstruction (58.1%) also by a
decrease of pulmonary hyperinflation in 23.1%, or both
in 18.8%. In this particular plethysmographic sub-group,
BDR has been observed by AFEV, only in 5.1%.

Discussion
Findings of the Present Study

There are only a few studies reporting on a combination of
spirometric and plethysmographic measurements to detect
functional severity and BDR in patients with COPD.**
Jarenbéck et al. investigated the BDR based on advanced

lung function parameters and brought to light that apart

from flow response, also volume response, or a combina-
tion of both, have to be identified, if BDR is to be correctly
assessed in COPD.*’ Topalovic et al. and Borrill et al.
demonstrated that the specific airway conductance (sGgy)
could be a significant factor to differentiate asthma from
COPD,***" and regarding BDR, Saito et al. showed that
sG,w 1S a more sensitive measurement for detecting lung
function changes in COPD patients than the more com-
monly used FEV,.*® However, to our knowledge, none of
these author groups evaluated measurements assessing air-
way dynamic parameters by the plethysmographic integral
method featuring the parameters sR¢, SGes, and sWOB. If
the spirometric approach is combined with a plethysmo-
graphic assessment, a profound insight into lung physiol-
ogy is provided, insofar as not only the degree of flow
limitation, but also the degree of bronchial obstruction and
small airways dysfunction, as well as the magnitude of
pulmonary hyperinflation can be estimated in COPD.

The main findings of the present study are that a
combination of spirometric and plethysmographic para-
meters (i) enlarge the scope of evaluation of different
functional deficits, within (ii) different functional severity
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groups. Apparently, this is due to the appreciation of the
whole z-score range at pre-test of different target para-
meters. Accordingly, (iii) BDR is distinctive for each
single parameter. In consequence, our study shows that
(iv) BDR largely depends on the type and degree of pre-
test dysfunction4g and, therefore, the magnitude of the
BDR was greater than expected, and as previously
reported.”>**~>! Unmistakably, it must be recognized that
the overwhelming belief that COPD patients mostly pre-
sent with an irreversible flow-limitation, is only based on
the worldwide approach that reversibility mostly was
assessed by simple spirometric measurements. There is
now increasing understanding that treatment objectives
should improve the function not only in central airways,
but especially also in the small peripheral airways, both by
improving flow and by decreasing the degree of alveolar
hypoventilation, as well as decreasing air trapping and
hyperinflation in COPD. Regarding BDR, it is thus impor-
tant to go beyond the information provided by FEV,,
which mainly reflects flow limitation in the central
airways.

Small Airways Dysfunction (SAD)

In recent years, there has been a resurgence of interest in
the study of SAD from a pathophysiological viewpoint,
especially as a precursor of emphysema.?*>% In support of
this concept maximal mid-expiratory flow (MMEF) was
found as a surrogate of small airways function. Cross-
sectional studies suggest that airway narrowing eventually
results in a loss of airways.>* It was anticipated that small
airway disease can build up over time in peripheral zones
of the lungs, without being detectable by FEV,.”
Regarding plethysmographic parameters, it has been
anticipated that sR.g, and hence its inverse, more robust
measure sGeg, were closely associated with symptoms of
dyspnea.>® Therefore, MMEF and hence FEF,s ;5 as well
as sGqgr have been esteemed as reliable measures of per-
ipheral airway function. We were interested to elaborate
the interrelationship between FEF,s ;5 and sGeg (both
lower than LLN at pre-test) in a selective cohort of 616
measurements of patients with ACO (n = 136) and COPD
(n = 480). Figure 3 demonstrates that there is a significant
interrelationship between FEF,s 75 and sGeg (Figure 3A,
ACO: F=10.2 p =0.002; COPD: F = 120.8 p <0.0001).
We like to conclude, that in contrast to sG,y, obtained by
the angle-technique, sG.y computed by the integral
method and hence considering the whole resistance
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Figure 2 Bronchodilator response expressed as Az-scores by the 5 target parameters evaluated by appraisal 3, i.e. including the whole range of pre-test z-score distribution
(initial severity), as well as respecting the whole range of Gaussian distribution for calculating Az-scores of the BDR.
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Figure 3 Functional characteristics within the diagnostic classes of patients with COPD and ACO at pre-test (A) showing a significant correlation between FEF,s5_s5 and
sGef as surrogate of small airway function (SAD), and (B) BDR given by AsGeff and AFRCpleth differentiating between flow- (sGeg) volume (FRCcch)- and flow-volume sG.

and FRCee) response.

slope, qualifies well as a parameter for central and periph-
eral airway function.

Pulmonary Hyperinflation (PHI)
Pulmonary hyperinflation, defined as an increased volume
of air remaining in the lungs at the end of spontaneous

expiration, is present when resting FRCpe, or EELV is
increased above normal.***’ The development of PHI in
the disease course of COPD, therefore, is clinically impor-
tant, mainly because it contributes to dyspnea and reduced
physical activity.’?” Research in recent years has clearly
demonstrated that hyperinflation, at rest and/or during
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exercise, is more closely associated with important clinical
outcomes such as dyspnea and exercise intolerance than
with expiratory flow indices.”® Moreover, hyperinflation
has become an important endpoint in several clinical trials
evaluating the efficacy of pharmacological and non-phar-
macological therapeutic approaches to COPD. Recently, a
few studies have used the inspiratory capacity (IC) in
relation to TLC as an indicator of static hyperinflation,
since it correlated well with subjective dyspnea, exercise
intolerance, and mortality in COPD patients.””® It was,
however, recognized that using only IC as an indicator of a
potential hyperinflation has limitations. Patients with mild
airway obstruction and increased FRCpn can have an IC
within the normal range. Moreover, it has to be precon-
ceived that after deep inspirations and/or bronchodilator
administration changes in the EELV at FRC may occur,>’
altering the distending forces of the bronchial tree, which
may influence the flow in small airways, a dynamic func-
tional aspect which has to be kept in mind.

BDR Within Functional Sub-Types in
COPD

Response in Relation to Different Initial Functional
Subtypes

In a subset of 842 measurements, 18.4% presented with a
PHI (asthma: 28.0%; ACO: 11.0%; COPD: 16.6%), 32.0%
suffered from a SAD (asthma: 49.7%; ACO: 36.7%;
COPD: 23.8%), and a combination of both, was found in
49.6% (asthma: 22.3%; ACO: 52.3%; COPD: 59.6%) of
abnormal pre-test measurements. Figure 3B shows that
after bronchodilation the BDR can be allocated in an
ASGegp- AFRCjep-plot  into  non-responder (left upper
quadrant; approximately 30%), volume-responder (left
lower quadrant; in COPD 13.9%), flow responder (right
upper quadrant; approximately 50%) and volume- and
(right 11-14%).
Noteworthy, by assessing BDR by combining airway

flow-responder lower quadrant;
dynamics (AsGeg) with changes in static lung volumes
(AFRCpjem) at least 25% of patients with COPD, which
would remain undetected by simple spirometry, could be
identified as responders. Such findings may serve as cor-
nerstones in future treatment concepts, since it has reliably
been shown that bronchodilators reduce the degree of PHI,
and hence also the work of breathing in the absence of a
significant spirometric response.’® Therefore, it is our
belief that tailoring diagnostics and treatment in COPD
would require that a distinction into diagnostic classes and

functional subtypes, as well as influencing confounders,
must carefully be assessed, especially when asthma and
COPD coexist as overlap (ACO).

Potential Sources of Mis-Qualification

For most parameters of airflow limitation and bronchial
obstruction, the pre-test z-scores were < —2.576 equal to
the lower left of the Gaussian distribution (0.5 percentile)
mostly expressed by sGegr (66.8%) compared with FEV,
(54.6%). In other words, more than half of the patients
started before bronchodilation with a severe flow-limita-
tion prior to bronchodilation. Looking at the sWOB, it can
be demonstrated that most patients (87.6%) presented with
a sSWOB z-score > 6.9. This new discovery leads to the
assumption that patients with the need of 5—6 times more
energy for breathing pre-test at rest, are likely to be limited
in their breathing capacities. Plethysmographic measure-
ments are performed during tidal breathing, requesting
only low cooperation and no coordination. It follows that
severe pre-test functional derangement amplifies the spe-
cific aerodynamic work of breathing, potentially impeding
the patient’s coordination and cooperation for optimal
forced breathing maneuvers and hence mis-qualifying
baseline functional conditions. The assumption stands to
reason, whether some COPD-patients with clear BDR
should not be classified as ACO and hence treated accord-
ingly. This remains assumed because it must be evaluated

prospectively.

Limitations and Strengths of the Study

The present study is a retrospective evaluation of lung
function data obtained by various parameters and there
are no longitudinal observations, a feature that can only
be achieved by a prospectively designed study. Our actual
challenge was to find surrogate markers superior to FEV,
which is still considered as the gold standard for both the
diagnosis and assessment of BDR. As it turned out, the
evaluation of a potential BDR obtained by AsGs, and a
combination of AsGes with AFRC e, as well as of by
AsWOB disclosed a fundamentally different response
archetype, which requires a new definition of lung func-
tion reversibility in COPD. The search for such alterna-
tives is not new, as there has been a request for surrogate
markers superior to FEV, for several years. To differenti-
ate the functional subtypes of COPD both spirometry and
plethysmography are needed. Regarding BDR, our data
show that sGeg is the most convincing target parameter
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to define reversibility of obstruction and flow limitation in
central and peripheral airways.

The main limitation of our study is that it only
addresses functional trajectories representing the complex
lung physiology in COPD, that are not directly linked to
clinical settings. However, the aerodynamic specific work
of breathing at rest (sWOB) features presumably the clo-
sest parameter associated with clinical signs such as
wheezing, shortness of breath, chest tightness and cough,
and could well be taken as a marker for longitudinal
follow-up and treatment efficacy. Other limitations are
the relatively small number of subjects per center and
within the sub-groups of COPD. However, there were no
differences if the centers were compared with one another
(data not shown). Therefore, the population-based retro-
spective nature of our study and its highly standardized
multicenter framework has a reliable force of expression.

Conclusion

The enormous functional, structural, and biological hetero-
geneity in patients with COPD implicates an assessment of
target parameters evaluating interactionally flow limita-
tion, bronchial obstruction, small airways dysfunction
and pulmonary hyperinflation, graduating precisely func-
tional severity defined by a multi-level approach with pre-
test z-scores, on which standardized changes regarding
BDR can be apprised. Such an approach can be helpful
in the tracking of dynamics and changes over time in
patients with COPD. Moreover, the distinction of different
sub-phenotypes on one hand, and corresponding treatment
strategies on the other hand could be provided.* In view of
the serious disease burden in COPD we conclude that a
more sophisticated assessment of functional deficits and
their reversibility is justified.
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