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Abstract
Background: The recommended delivery mode for bronchodilators in bronchodilator
responsiveness (BDR) testing remains controversial.
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bronchodilator administration. BDR testing results may affect patients” diagnosis and
treatment. This study compared the effects of two delivery models (a metered dose
inhaler (MDI) with spacer and nebulization) on responsiveness to bronchodilators and the
results of bronchodilator responsiveness testing among patients with chronic obstructive
pulmonary disease. We found that the increment in forced expiratory volume in one
second were significantly higher in patients aged <65 years and in those with severe
spirometric abnormalities in the nebulization group than in those in the MDI group. The
study provides evidence that salbutamol delivered by a nebulizer is preferable to an MDI
with spacer in patients <65 years and in those with severe spirometric abnormalities and
could increase positive responsiveness to bronchodilators. The study will assist in clinical
decision-making by selecting the appropriate dosing regimen for different patients.

Keywords: bronchodilator responsiveness, chronic obstructive pulmonary disease,
nebulization, metered-dose inhaler, salbutamol, spirometry
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Introduction

Bronchodilator responsiveness (BDR) testing
determines the degree of volume and airflow
improvement after bronchodilator administra-
tion, which is commonly undertaken as an essen-
tial part of spirometry testing.! BDR testing
results may affect patients’ diagnosis and treat-
ment. Administration of four separate doses of
100 pg of short-acting 3,-agonist salbutamol using
a metered-dose inhaler (MDI) with spacer is rec-
ommended by the American Thoracic Society
(ATS)—-European Respiratory Society (ERS) joint
guidelines since 2005 to minimize the variance
between different laboratories.? The guidelines in
2005 and 2019 outlined another procedure for
BDR testing with salbutamol placed in a nebu-
lizer driven by a compressor.!»> However, there is
no consensus on how to choose the modality of
administering bronchodilators for different par-
ticipants in the BDR testing protocol.

For adults using an MDI with spacer, the deposi-
tion is expected to be 10-20% of a 100-ug actua-
tion, which is much higher than that without a
spacer.?* A pressurized MDI and spacer is con-
sidered to be at least as good as a nebulizer and is
recommended by the guidelines as the preferred
delivery method for f,-agonists in children and
adults with mild-to-moderate asthma.> However,
the poor coordination of patients when pressing
and breathing and the inability of patients to hold
their breath inevitably reduces the deposition of
bronchodilators. As previously reported, the

choice of delivery modality in BDR testing mainly
depends on the severity of baseline pulmonary
defects and coordination concerns.® Notably, sev-
eral studies have evaluated the acute bronchodila-
tor effects of PB,-agonists delivered by an MDI
with spacer compared with the effects of delivery
by a nebulizer in patients with chronic obstructive
pulmonary disease (COPD) or asthma in emer-
gency department settings;>7-13> however, studies
focused on the effects of the two delivery tech-
niques on BDR testing are rare. This study
assessed the effects of salbutamol administered by
an MDI with spacer versus a nebulizer on BDR
testing of patients with spirometry-confirmed
COPD. We evaluated the variance between the
two delivery models and sought suitable patients
for the different models.

Materials and methods

Study design and participants

This study retrospectively analyzed patients’ data
who completed BDR testing between 1 December
2021 and 30 June 2022, at Xiangya Hospital,
Central South University (China), a 3500-bed
tertiary-care center. The eligibility criteria for this
study were as follows: (1) aged=18years; (2)
spirometry-defined COPD with relevant symp-
toms, and a post-bronchodilator ratio forced
expiratory volume in one second and forced vital
capacity (FEV,/FVC) <0.70'%; (3) moderate-to-
very severe spirometric abnormalities, based on
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pre-bronchodilator FEV, percentage predicted
values (FEV,%pred) <59% on initial spirometry
testing.>15 Patients with upper airway obstruc-
tion or a history of pneumonectomy were
excluded.!> Patients with a diagnosis of respira-
tory tract infection were also excluded. Because
of the variances in baseline characteristics among
the patients using different modes of salbutamol
administration, propensity score (PS) matching
was applied to reduce potential bias. The report-
ing of this study conforms to the Strengthening
the Reporting of Observational Studies in
Epidemiology (STROBE) statement.

Spirometry

All spirometers (Jaeger Masterscreen, Germany)
met the instrument standardization criteria of the
ATS/ERS.? Fully trained and certified spirometry
technicians carried out the testing procedures.
The spirometry technique met the standardized
ATS/ERS quality criteria.?15 Using the ATS/ERS
criteria for acceptable and repeatable spirometry,
the participants performed =3 and <8 forced
expiratory maneuvers until the largest and sec-
ond-largest FEV, and FVC measurements were
within 150 mL of each other.2 The predicted val-
ues of FEV, and FVC were determined from the
statement of the European Committee of Steel
and Coal!® and adjusted for the Chinese popula-
tion according to the recommendations of Zheng
and Zhong.17:18

Before the pulmonary function test, patients were
requested to adhere to medication wash-out
requirements, including withholding of short-
and long-acting 3,-agonists (for =8 and =12h,
respectively), short- and long-acting anticholiner-
gic agents (for =6 and =24 h, respectively), short-
and long-acting theophylline (for =24 and =48h,
respectively), and anti-leukotrienes (for =48h).
The patients were not permitted to smoke, exer-
cise, or consume tea/coffee for 6 h before spirom-
etry.!® At the beginning of the test, we will
document whether the patient has used a bron-
chodilator before the test, as well as the name and
time of medication used. This information is pro-
vided as a reference for the doctor in interpreting
the results.

Spirometry was performed before and 15min
after administration of 400pug of salbutamol
(Ventolin, GlaxoSmithKline, Cairo, Egypt)

through an MDI with spacer or administration of
2.5mg of salbutamol solution (Ventolin) in saline
(2.5mL) through a nebulizer driven by a
PulmoAide compressor (Omron, Dalian, China),?
which are routinely performed in our laboratory.
Administration of 2.5mg of salbutamol using a
nebulizer is nominally equivalent to 400 ug by an
MDI and spacer with a relative potency of 6:1.8
Salbutamol was administered in the recom-
mended four doses of 100 ug through an MDI
with spacer (a valved holding chamber, 750mL in
volume, Volumatic™, GlaxoSmithKline, UK). A
single MDI actuation of salbutamol should be
slowly inhaled, followed by a breath hold (5s)
before exhalation. Patients with severe baseline
lung function impairment and poor coordination
during spirometry tests were scheduled for nebu-
lization. Nebulization generated a consistent mist
of salbutamol diluted in saline for 15min driven
by room air. Air flow to the nebulizer is the range
of 6-10L/min.! The mist was inhaled through a
mouthpiece during tidal breathing.

Sample size

After PS matching, 240 pairs of patients were
selected. In this study, AFEV,%pred or
AFVC%pred after and before bronchodilator
administration were two of the major primary
outcomes. The null hypothesis stated that
AFEV,%pred or AFVC%pred were identical
between the two groups, while the alternative
hypothesis was the opposite. We used the PASS
15.0.5 software (NCSS, Kaysville, UT, USA)
‘Means — Paired means — Test (inequality)’ to cal-
culate the sample size. Based on a previous
study,!! we assumed that the mean = standard
deviation (SD) change in AFEV,%pred was
18+ 10mL for the Nebulizer group and
16 = 10 mL for the inhaler group; the mean = SD
change in AFVC%pred was 17 = 10mL for the
Nebulizer group and 14 = 10 mL for the inhaler
group, respectively. Then the mean of paired dif-
ferences (alternative assumption) was 2mL, and
the SD of paired differences was 10mL. The sta-
tistical significance level was set as 0.05, and the
statistical power was set as 0.80. For the primary
outcome of AFEV,%pred, a minimum number of
199 patients per group was required. Likewise, at
least 90 patients per group were needed if
AFVC%pred was the primary outcome. Our cur-
rent study sample fulfilled the aforementioned
assumptions.
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Outcomes

The predicted and test values of FEV, and FVC
before and after bronchodilator administration
were recorded. The primary outcome was the
effect of administering salbutamol using a nebu-
lizer or an MDI with spacer on the following vari-
ables: absolute change, percentage change from
baseline, and change relative to the predicted
value. Changes in FEV, or FVC after and before
bronchodilator administration were expressed as
(I) absolute change over baseline (AFEV, or
AFVC); (II) FEV, or FVC percentage change over
baseline (AFEV,% or AFVC%); and (III) change
relative to the predicted value for FEV, or FVC
(AFEV,%pred or AFVC%pred). The secondary
outcome was to explore whether the two delivery
methods could affect the positive rate of BDR test-
ing based on the two different criteria of the ATS/
ERS.15:19 An absolute increase of >200mL and a
relative increase of >12% in FEV, and/or FVC
from baseline were classified as a significant BDR
response.!> According to the 2021 updated guide-
lines, AFEV,%pred or AFVC%pred>10% was
considered a significant BDR response.!?

The following equations were used to calculate
the AFEV,%pred and AFVC%pred!°:

AFEV, %pred =

sex by female and male, smoking status by non-
smoker and ex-smoker or current-smoker. We
also collected clinical data of the patients, namely
respiratory symptoms, disease course, and pri-
mary diagnosis. There is no missing data in this
study.

Statistical analysis

We performed PS matching to reduce potential
bias. A logistic regression model was run with 1:1
matching using a caliper width of 0.0007 with the
following covariates: age, sex, smoking status,
and baseline FEV,%pred.!%20-22 Categorical vari-
ables were compared using the Chi-squared test,
and continuous variables were compared using
t-test, Mann—Whitney U test or Analysis of
Covariance as appropriate. Significant BDR was
assessed using the percentage and absolute incre-
ment in FEV, or FVC and FEV,%pred or
FVC%pred, respectively, and the differences
were examined using the McNemar Test.
Univariate and multivariate linear regressions of
the changes in FEV, and FVC from pre- to post-
bronchodilator administration were used to eval-
uate the associated factors. Univariate and
multivariate logistic regressions for significant

[ Post — bronchodilator FEV1 Value(L) - 100
Pre — bronchodilator FEV1 value (L)

Predicted FEV1 value(L)
[ Post — bronchodilator FVC value(L)— 1100
Pre — bronchodilator FVC value ( L)

AFVC%pred = =

Covariates and definitions

The severity of pulmonary function abnormali-
ties, including obstructive, restrictive, and
mixed, was based on pre-bronchodilator
FEV,%pred. FEV,%pred >70, 60-69, 50-59,
35-49, and <35% represented mild, moderate,
moderately severe, severe, and very severe spiro-
metric abnormalities, respectively.!> Data on
demographic characteristics, including sex, age,
height, and smoking status, were collected. As
the degree of coordination may be related to age,
we stratified the patients into aged (=65 years)
and younger groups (<65 years). We categorized

Predicted FVC value(L)

BDR were performed using the two ATS/ERS
criteria.!>1° The selection of potential influencing
factors in linear and logistic regressions was
applied with a p value<<0.05 in the univariate
analyses and inclusion of possibly clinically rele-
vant factors based on previous literature. To
determine the criteria for selecting appropriate
patients for the different methods, subgroup anal-
yses were performed by stratifying variable,
including age, sex, smoking status, and baseline
FEV,%pred, which were adjusted in the multi-
variable analysis. All analyses were performed
using SPSS Statistics 22 (IBM Corp, Armonk,
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Assessed for eligibility:
972 subjects

Excluded: 78 subjects

® n=41 had upper airway obstruction
® n=37 had history of pneumonectomy

Included in analysis:
894 subjects

Metered-dose inhaler with
spacer:
578 subjects

Nebulization:
316 subjects

l——

After propensity score matching

—

A 4

Metered-dose inhaler with
spacer:
240 subjects

Figure 1. Flowchart of patient enrollment.

NY, USA). Statistical significance was set at a
two-sided p value <0.05.

Results

Of the 972 eligible patients in the database, 894
patients (median age, 63 years; 83.2% male) were
included in the study. Of these, 578 patients
received bronchodilators through an MDI with
spacer, while 316 patients received them via neb-
ulization (Figure 1). The baseline characteristics
of the two groups are shown in Table 1. The neb-
ulization group had more severe impairment of
baseline lung function, including lower
FEV,%pred (33.3% wversus 37.7%), higher pro-
portion of very severe spirometric abnormalities
(57.6% wversus 41.5%), lower FVC%pred (81.4%
versus 83.8%), and lower FEV,/FVC (33.5% ver-
sus 35.8%) than the MDI group. The proportion
of ever- and current smokers in the nebulization
group was higher than that in the MDI group.
Conversely, the mean age of patients in the MDI
group was slightly higher than that in the nebuli-
zation group. After PS matching, 240 pairs of
patients were enrolled in the analysis; all of the

A 4

Nebulization:
240 subjects

covariates were comparable between the two
cohorts. The participant flow diagram is pre-
sented in Figure 1.

In the matched cohorts (Table 2), AFEV1 and
AFVC, AFEV,% and AFVC%, and AFVC%pred
were similar between the two delivery techniques.
Only AFEV,%pred was significantly higher in the
nebulization group than in the MDI group. For
conciseness, only results with statistical signifi-
cance in the subgroup variables are shown in
Table 2. In the younger group (<65years), the
increment in the FEV, from pre- to post-bron-
chodilator administration in the nebulization
group was considerably higher than that in the
MDI group (0.11 oersus 0.08L). Overall,
AFEV,%pred was significantly higher in the neb-
ulization group than in the MDI group (3.44%
versus 2.97%), especially among younger patients
(3.85% wersus 3.02%). Similar results were
obtained for patients with severe spirometric
abnormalities (35% to FEV,%pred=49%);
administering bronchodilators with a nebulizer
induced a higher increment in AFEV, and
AFEV,%pred. In addition, we found that female
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Table 1. Characteristics of the patients at baseline.
Characteristics Before propensity score matching After propensity score matching
MDI with Nebulization All patients pValue  MDI with Nebulization All patients  p Value
spacer (n=578) (n=316) (n=894) spacer (n=240) (n=480)
(n=240)
Male, n (%) 480 (83.0) 264 (83.5) 744 (83.2) 0.849 202 (84.2) 196 (81.7) 398 (82.9) 0.467
Age, years, mean = SD 63.0£10.0 61.5+£10.3 62.5+10.2 0.043 62693  621x99 62.3%9.6 0.789
Age distribution, n (%) 0.131 0.577
=65years 257 (44.5) 124 (39.2) 381 (42.6) 94 (39.2) 100 (41.7) 194 (40.4)
<65years 321 (55.5) 192 (60.8) 513 (57.4) 146 (60.8) 140 (58.3) 286 (59.6)
Height, m, mean = SD 1.59+0.08 1.59 +0.07 1.59+0.08  0.567 1.59+0.10 1.59=0.07  1.59+0.84 0.376
Weight, kg, mean =SD 57.1+10.7 55.8+9.7 56.6 £10.4 0.157 57.3+10.8 56.0+95 56.7+10.2 0.306
Smoking status, n (%) <0.001 0.065
Non-smoke 317 (54.8) 216 (68.4) 533 (59.6) 171 (71.3) 152 (63.3) 323 (67.3)
Ex-smoker or Current- 261 (45.2) 100 (31.6) 361 (40.4) 69 (28.7) 88 (36.7) 157 (32.7)
smoker
Baseline FEV,%pred, 37.6+11.0 33.9+100  363=108  <0.001 36.6+10.4 35295 35.9+10.0  0.296
mean = SD
Baseline FEV,%pred, n (%) <0.001 0.544
50 to FEV,%pred <59% 87 (15.1) 20 (6.3) 107 (12.0) 28 (11.7) 16 (6.7) 44(9.2)
35 to FEV,%pred < 49% 251 (43.4) 114 (36.1) 365 (40.8) 107 (44.6) 100 (41.7) 207 (43.1)
FEV,%pred < 35% 240 (41.5) 182 (57.6) 422 (47.2) 105 (43.7) 124.(51.6) 229 (47.7)
Baseline FVC%pred, 84.3=16.9 80.6+16.9  83.0+17.0  <0.001 835162 827=x164 831+163 0628
mean £ SD
Baseline FEV,/FVC, 353x79 33.6x73 34.7x7.7 <0.001 34.7x7.6 34176 34.4x7.6 0.596

mean +SD

%pred, %predicted; FEV,, forced expiratory volume in one second; FVC, forced vital capacity; MDI, metered-dose inhaler; SD, standard deviation.

patients had a higher AFVC%pred in the nebuli-
zation group than in the MDI group (9.21% ver-
sus 2.49%). Based on the absolute and percentage
increases in FEV, and/or FVC criterion, the sig-
nificant BDR rate was notably higher in the nebu-
lization group than in the MDI group (41.3%
versus 30.0%). A slightly higher positive BDR rate
was observed in the nebulization group using per-
cent change relative to the predicted value as the
threshold. However, the difference was statisti-
cally insignificant (33.8% versus 29.6%).

We also analyzed variables associated with
changes in FEV, and FVC (Tables 3 and 4). After

controlling for confounders, patients who used
nebulization had a 30mL greater increase in
AFEV, and a 1.09% greater increase in
AFEV,%pred from baseline compared to MDI
with spacer (Table 3). There was no significant
linear association between the delivery modes and
changes in FVC (Table 4).

We further evaluated the significant bronchodila-
tor responsiveness using the two criteria and per-
formed subgroup analysis to find differences in
subgroups (Supplemental Table S1). Overall,
37.7% of the patients in our study met one of
these criteria. Of the 480 patients, a significant
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Table 2. Summary of outcome measures in all patients among the matched cohorts.
Endpoint All patients (n=480) MDI with spacer Nebulization p Value
(n=240) (n=240)
Absolute change in FEV, from pre-bronchodilator 0.08(0.03, 0.15) 0.07 (0.02, 0.14) 0.08(0.03, 0.17) 0.057
value, L, Median (quartile)
Age category
=65years 0.06 (0.01, 0.11) 0.06 (0.01, 0.11) 0.06 (0.02, 0.12) 0.109
<b5years 0.10(0.03,0.17) 0.08 (0.03, 0.15) 0.11(0.05, 0.20) 0.012
Baseline FEV,%pred
50 to FEV,%pred <59% 0.10(0.04, 0.16) 0.10(0.03, 1.15) 0.09 (0.05, 0.24) 0.826
35 to FEV,%pred <49% 0.08 (0.02, 0.15) 0.06 (0.01, 0.14) 0.08 (0.04, 0.16) 0.020
FEV,%pred < 35% 0.08 (0.03, 0.15) 0.08 (0.03, 0.14) 0.08 (0.03, 0.17) 0.430
Percentage change in FEV, from pre- bronchodilator ~ 8.81(2.82, 16.97) 8.32(1.96, 15.60) 9.93 (3.24, 19.88) 0.078
value, %, Median (quartile)
Change in FEV, from pre- bronchodilator value 3.22 (1.09, 6.02) 2.97 (0.79, 5.69) 3.44 (1.36, 6.61) 0.033
relative to the predicted value, %, Median (quartile)
Age category
=65years 2.84(0.49, 5.48) 2.91(0.45, 5.56) 2.78 (0.48, 5.43) 0.411
<65years 3.52 (1.26, 6.43) 3.02(0.93, 5.71) 3.85(1.79,8.21) 0.010
Baseline FEV,%pred
50 to FEV,%pred <59% 4.68(2.15, 6.36) 4.36 (1.53, 6.36) 5.23(2.25, 8.66) 0.362
35 to FEV,%pred <49% 3.08 (0.84, 0.10) 2.62(0.39,5.79) 3.44.(1.66, 6.51) 0.023
FEV,%pred <35% 11.12 (3.97, 21.35) 9.36 (3.94, 19.33) 11.71 (3.93, 23.57) 0.454
Absolute change in FVC from pre-bronchodilator 0.15(-0.02, 0.33) 0.14 (-0.01, 0.33) 0.18 (-0.03, 0.36) 0.504
value, L, Median (quartile)
Percentage change in FVC from pre-bronchodilator 6.23(-0.17,13.77) 5.06 (-0.40, 5.06) 7.72 (-0.06, 14.33) 0.147
value, %, Median (quartile)
Change in FVC from pre-bronchodilator value 4.88 (-0.54, 11.01) 4.52 (-0.34, 10.65) 5.47 (-0.62, 11.79) 0.420
relative to the predicted value, %, Median (quartile)
Sex category
Female 5.98 (-1.06, 13.93) 2.49 (-1.49, 9.94) 9.21(1.56, 17.78) 0.049
Male 6.33(0.21, 13.89) 5.32 (0.52, 12.84) 7.26 (-0.22, 14.13) 0.832
Significant BDR based on the absolute and percent 171 (35.6) 72 (30.0) 99 (41.3) 0.010
change in FEV, and/or FVC?, n (%)
Significant BDR based on the absolute change in 152 (31.7) 71 (29.6) 81(33.8) 0.327

2An increase in FEV, and/or FVC > 12% and >200mL from pre-bronchodilator baseline.

PAn increase >10% in FEV, or FVC from pre- bronchodilator baseline relative to the predicted value.
%pred, %predicted; BDR, bronchodilator responsiveness; FEV,, forced expiratory volume in one second; FVC, forced vital capacity; MDI, metered-dose inhaler.
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Table 3. Multivariate linear regression of the changes in FEV, from pre- to post-bronchodilator administration in the matched

cohorts.

Variable

Absolute changes in FEV, (L)

Percentage changes in FEV, (%)

Changes in FEV, relative to the
predicted value (%)

B 95% CI pValue B 95% ClI pValue B 95% ClI p Value

Age (Ref=é5years)

<65years 0.048 0.027, 0.068 <0.001 3.889 1.407, 6.371 0.002 1.283 0.470, 2.097 0.002
Sex (Ref=Female)

Male - - - -4.549 -7.801, -1.297 0.006 -1.482  -2.547,-0.416 0.007
Baseline FEV,%pred (Ref < 35%)

35 to FEV, %pred < 49% 0.008  -0.013,0.029 0.464 ~4396  -6.951,-1.841 0001 0370  -0.468,1.207 0.386

50 to FEV,%pred <59% 0.025 -0.011,0.061 0.175 -5.886 -10.319,-1.297 0.009 0.992 -0.461,2.445 0.180
Weight, kg 0.001 0.000,0.002  0.061 - - - - - -
Different delivery models of bronchodilators
(Ref=MDI with spacer)

Nebulization 0.030 0.010, 0.050 0.004 1.756 -0.674, 4.187 0.156 1.099 0.303, 1.896 0.007

%pred, %predicted; B, unstandardized coefficients; Cl, confidence interval; FEV,, forced expiratory volume in one second; MDI, metered-dose inhaler.

Table 4. Multivariate linear regression of the changes in FVC from pre- to post-bronchodilator administration in the matched

cohorts.

Variable

Absolute changes in FVC (L)

Percentage changes in FVC (%)

Changes in FVC relative to the
predicted value (%)

B 95% CI pValue B 95% CI p Value [} 95% CI p Value

Baseline FEV,%pred (Ref < 35%)

35to FEV,%pred<49% -0.080  -0.134,-0.026  0.004 -4.813  -7.154, -2.471 <0.001 -2.613  -4.423,-0.804 0.005

50 to FEV,%pred<59%  0.026 -0.067,0.118 0.583 0483 -3.541, 4.507 0.814 2.406 -0.701,5.512 0.129
Weight, kg 0.004 0.002, 0.007 0.001 = = = 0.091 0.006, 0.175 0.036
Different delivery models of bronchodilators
(Ref=MDI with spacer)

Nebulization 0.023 -0.028, 0.075 0.376 1.595 -0.641, 3.831 0.162 0.793 -0.936, 2.523 0.368

%pred, %predicted; B, unstandardized coefficients; Cl, confidence interval; FEV,, forced expiratory volume in one second; FVC, forced vital capacity;
MDI, metered-dose inhaler.

BDR response was diagnosed in 171 (35.6%)
according to the absolute and percent improve-
ments in FEV, or FVC, and 152 patients (31.7%)
met the FEV,%pred and FVC%pred criteria.
There was a large overlap of individuals diag-
nosed with significant BDR by the two diagnostic
methods in our study (all kappa values =0.75);

however, the variance between the two criteria
was significant (p=0.003, Supplemental Table
S1). Similarly, a considerably higher BDR
response rate according to AFEV, and/or AFVC
>12% and >200mL criterion than AFEV,%pred
or AFVC%pred >10% criterion was observed in
the different subgroups: patients who were
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administered bronchodilators by nebulization
(41.3% wversus 33.8%), patients diagnosed with
very severe impairment of lung function at base-
line (42.8% versus 33.6%), male patients (35.4%
versus 31.2%), patients aged <65years (40.2 ver-
sus 35.0%), and non-smokers (35.0% wversus
29.3%).

As Table 5 shows, the positive rate of BDR in
patients aged <65years was 1.65 times higher
than that in the patients aged =65 years based on
absolute and percentage change in FEV, or FVC
(OR=1.65, 95% CI:1.10-2.46). In patients with
severe lung function impairment, the significance
BDR rate was 0.52 times that in patients with
very severe lung function impairment (OR=0.52,
95% CI: 0.35-0.79). The significant BDR rate by
a nebulizer was 1.67 times higher than that by an
MDI with spacer (OR=1.67, 95% CI: 1.13—
2.47) in multivariate logistic regression. There
was no significant association between available
variables and significant BDR rate according to
the AFEV,%pred or AFVC%pred criteria.

Discussion

BDR testing was used to assess acute respiratory
response to bronchodilators. The results of BDR
testing are vital to the diagnosis of respiratory
conditions. The ATS/ERS guidelines provide the
recommended type and dose of bronchodilators
for BDR testing.:2 Meanwhile, the guidelines
also proposed another dosing option.!-2 However,
the impact of delivery techniques on BDR testing
is yet to be identified. To our knowledge, this is
the first study to compare the effects of two deliv-
ery models (an MDI with spacer and nebuliza-
tion) on the results of BDR testing. T'o determine
practical strategies for real-world situations, we
stratified the patients with COPD into moderate-
to-very severe spirometric abnormality groups
according to the baseline FEV, %pred before bron-
chodilator administration rather than the post-
bronchodilator FEV,%pred as per the GOLD
guideline.!%15 We found that the absolute incre-
ment in FEV, from the baseline and the increase
relative to FEV,%pred were significantly higher in
patients <65years and in those with severe spiro-
metric abnormalities in the nebulization group
than in those in the MDI group. Compared with
MDI with spacer, patients who used nebulization
had a 30mlL greater increase in AFEV, and a
1.09% greater increase in AFEV,%pred from base-
line. Nebulization improved the significant BDR

rate when using absolute and percentage changes
in FEV, or FVC from baseline as the criterion.

After matching the baseline lung function
(FEV,%pred) and demographic characteristics
of all enrolled patients, our results demonstrated
that the overall improvements in FEV, values
were similar between the two groups, in line with
the results of a few previous studies.”>%10 Notably,
some previous studies showed that an MDI with
spacer was as effective as a nebulizer in improv-
ing the FEV, in patients with acute airflow
obstruction conditions, such as asthma and
COPD.7:8:10,11,13,23 Consequently, most investiga-
tions of the treatment response to various bron-
chodilators focused on the pediatric population in
an emergency situation; however, the current
study evaluated the effect of administering salbu-
tamol using different delivery methods on respon-
siveness to salbutamol in the BDR testing.
Furthermore, previous studies did not stratify
associated factors for subgroup analysis, such as
age, sex, and baseline FEV, levels. Previous stud-
ies also did not evaluate the effect of delivery
modes using different variables, such as AFEV,%
and AFEV,%pred, and may have missed some
critical findings. In our study, the increase in FEV,
values after stratification analysis was significantly
higher in patients aged <65years and in those
with severe spirometric abnormalities in the nebu-
lization group than those in the MDI group, and
the difference in the increment in AFEV,%pred
was statistically significant between the two
groups, which has not been previously reported.

A variety of methodologies have been used in pre-
vious studies to assess acute bronchodilator
responses with the two delivery modes, including
different types and doses of bronchodilators.%7-13
As reported, the efficacy of an MDI and spacer is
influenced by the characteristics of the spacer
including volume, valve and antistatic features,
and the coordination of breath hold after inhala-
tion.3-2425 Different methodologies and character-
istics of the spacer may be resulting in divergence
between studies. To date, nebulized B2-agonists
are recommended for patients with severe
asthma.>2% In contrast with previous studies; we
focused on the discrepancy between different
delivery approaches in the BDR testing proce-
dure. Guidelines for selecting an appropriate
delivery device for bronchodilators in BDR test-
ing are yet to be specified. Six other laboratory
studies reported that the choice between an MDI
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Table 5. Logistic regression for significant bronchodilator responsiveness in the matched cohorts.

Variables Significant bronchodilator responsiveness based on Significant bronchodilator responsiveness based on changes in
absolute and percent changes in FEV, and/or FVC? FEV, or FVC relative to the predicted value®
Univariate OR p Value Multivariate OR  p Value Univariate OR p Value Multivariate OR p Value
(95% ClI) (95% CI) (95% CI) (95% ClI)
Age
>65years 1.00 (Ref) - 1.00 (Ref) - 1.00 (Ref) - 1.00 (Ref) -
<65years 1.68 (1.14-2.43) 0.009 1.65(1.10-2.46)  0.015 1.48(0.99-2.22)  0.053 1.49 (0.99-2.23) 0.056
Sex
Female 1.00 (Ref) - 1.00 (Ref) - 1.00 (Ref) - 1.00 (Ref) -
Male 0.96 (0.59-1.57) 0.866 0.96 (0.54-1.70)  0.884 0.88 (0.53-1.46)  0.616 0.85 (0.48-1.50) 0.566
Baseline FEV,%pred 1.00 (Ref) - 1.00 (Ref) - 1.00 (Ref) - 1.00 (Ref) -
FEV,%pred <35% 1.00 1.00 1.00 1.00
35 to FEV,%pred <49% 0.50 (0.33-0.74) 0.001 0.52(0.35-0.79)  0.002 0.75(0.50-1.13]  1.700 0.78 (0.51-1.18) 0.237
50 to FEV,%pred <59% 0.84 (0.43-1.62) 0.593 0.93(0.47-1.88)  0.848 1.36 (0.70-2.63)  0.364 1.38 (0.69-2.75) 0.366
Height 0.57 (0.06-5.1¢) 0.617 - - 0.44 (0.05-4.16)  0.473 - -
Weight 1.01(0.99-1.03) 0.188 - - 1.01(0.99-1.03)  0.158 - -
Smoking status
Non-smoker 1.00 (Ref) - 1.00 (Ref) - 1.00 (Ref) - 1.00 (Ref) -
Ex-smoker or Current 1.03 (0.69-1.54) 0.869 1.14(0.72-1.80)  0.590 1.17(0.78-1.78)  0.450 1.27 (0.79-2.04) 0.324
smoker
Different delivery models of bronchodilators
MDI with spacer 1.00 (Ref] - 1.00 (Ref) - 1.00 (Ref) - 1.00 (Ref] -
Nebulization 1.64(1.12-2.39) 0.010 1.67 (1.13-2.47)  0.009 1.21(0.83-1.78]  0.326 1.26 (0.85-1.87) 0.249

2An increase in post-bronchodilator FEV, and/or FVC >12% and >200mL from pre-bronchodilator baseline.
An increase >10% in FEV, or FVC from pre-bronchodilator baseline relative to the predicted value.
%pred, %predicted; Cl, credibility interval; FEV,, forced expiratory volume in one second; FVC, forced vital capacity; OR, odds ratios; MDI, metered-dose inhaler.

and spacer and jet nebulizer mainly depended on
criteria such as the patient’s age, current mode of
therapy, FEV,/FVC ratio at baseline, and clinical
condition at the testing time.® In our study,
patients scheduled for nebulization had more
severe pulmonary defects (e.g. lower FEV,%pred
and FEV,/FVC, and lower FVC%pred) than
those who used an MDI with spacer. Therefore,
the choice of delivery mode primarily depended
on baseline spirometry values. How to find suita-
ble patients for the different models need further
investigation. We showed the demonstrable
advantages of a nebulizer over an MDI with
spacer; the former led to a significant increase of
AFEV,%pred. The changes were evident in

patients <65years and those with severe initial
spirometric abnormalities. Therefore, in the BDR
testing protocol, salbutamol inhalation using a
nebulizer may be more suitable for patients aged
<65years and those with baseline FEV,%pred
between 35% and 49%.

Does the elevation of FEV, caused by nebuliza-
tion affect the results of the BDR testing?
Compared with MDI with spacer, nebulization
induced a more significant increase in AFEV, and
AFEV,%pred. When a nebulizer delivered bron-
chodilators, they had higher odds (1.67 times) of
significant BDR rate based on absolute and per-
centage changes criteria than an MDI with spacer.
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However, there were no differences between the
two delivery models when bronchodilator respon-
siveness was classified according to the
AFEV,%pred or AFVC%pred >10%. The above
results demonstrated that nebulization led to a
more marked increase in FEV, values than an
MDI with spacer, which upregulated the positive
rate of BDR testing based on absolute and per-
centage changes criterion. However, the elevation
of AFEV,%pred by nebulization was inadequate
to significantly improve the positive rate using the
criterion based on percentage predicted values.

There was a large overlap of individuals diag-
nosed with significant BDR by the two diagnostic
methods;!1%27 however, compared with the crite-
rion based on the changes relative to the predicted
value, the criterion based on absolute and per-
centage changes from baseline FEV, or FVC val-
ues detected a large percentage of patients with
significant responsiveness to bronchodilators, in
line with the results of earlier studies.18:20:22:27 The
primary reason for this is that the diagnostic cat-
egory according to absolute and percentage
change over baseline in FEV, or FVC is depend-
ent on the initial values and exaggerates the bron-
chodilator response in patients with low baseline
values in some extent. In our analysis, the respon-
siveness to a bronchodilator increased in patients
with very severe respiratory impairment based on
the absolute and relative changes from baseline
compared to the changes relative to the predicted
values. Low baseline FEV, values are associated
with large increases in AFEV,%, which is more
dependent on the initial FEV, value than AFEV,
and AFEV,%pred.2!:2227 Therefore, individuals
with low initial values tend to satisfy the criterion
of a 12% increase from the baseline. In addition,
compared with the absolute and percentage
thresholds, the percentage predicted threshold
prevented misinterpretation due to the magni-
tude of the baseline lung function in assessing
bronchodilator responsiveness, as recommended
in the guidelines.!® Although we collected clinical
symptoms of the patients and excluded patients
with a diagnosis of respiratory tract infection, it
was difficult to distinguish whether the patients
with COPD were at their stable or exacerbation
stage based on symptoms because of the retro-
spective study design. Therefore, the proportion
of patients with significant BDR response in this
study was higher than in previous studies focusing

on stable COPD patients in China,!® which dem-
onstrated that 21.4% of patients were diagnosed
using the absolute and percent improvements cri-
teria in FEV, or FVC, and 13.5% of patients were
diagnosed as positive using the FEV,%pred and
FVC%pred criteria.

Our study has several limitations. First, it is a ret-
rospective study. Although we performed PS
matching analysis to minimize bias, half of the
sample was eliminated to adjust for confounders.
The results of this study should be validated by a
randomized crossover design study. In addition,
we only included patients with moderate-to-very
severe lung function impairment based on
FEV,%pred.!’> Patients with obstructive lung
function impairments, such as COPD, have lower
aerosol delivery than healthy subjects.?® Patients
with mild spirometric defects may not need nebu-
lized bronchodilators for maximal bronchodila-
tion. Besides, due to the retrospective design of
this study, the included patients with COPD were
not differentiated between stable and exacerba-
tion status. This lack of distinction may result in
an overestimation of the bronchodilator response
rate. However, from another perspective, not dis-
tinguishing the stages of COPD patients may
make the findings of this study more applicable to
real-world situations. Furthermore, we did not
include patients with other airway limitations,
such as asthma, because different underlying air-
way diseases influence the response to bronchodi-
lators in the BDR testing. Therefore, our study
findings should be verified for other obstructive
airway diseases.

Conclusion

In conclusion, salbutamol delivered using a nebu-
lizer may be preferable to salbutamol delivered by
an MDI with spacer in some circumstances and
could increase responsiveness to bronchodilators.
Our results can provide valuable insights for clini-
cal decision-making when determining the appro-
priate dosing regimen (400pug by an MDI with
spacer or 2.5mg via a nebulizer) for individual
patients, thereby improving assay accuracy and
facilitating precise diagnosis. In the context of
BDR testing, it might be more suitable for adult
patients under 65years of age with significantly
impaired baseline lung function to receive bron-
chodilators through nebulization.
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