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Abstract

Background: The primary lung function endpoint in clinical trials in adolescent and adult patients with asthma is
usually forced expiratory volume in one second (FEV1). The objective of our analysis was to assess whether peak
expiratory flow (PEF) is a suitable alternative primary lung function endpoint.

Methods: For this assessment, we calculated post hoc the correlation between pre-dose FEV1 and pre-dose PEF
measured under supervision in the clinic and, for both lung function parameters, the correlations between
supervised clinic and unsupervised home measurements, using the results from the 8 Phase III parallel-group trials
of the global clinical development programme with tiotropium Respimat® in patients with asthma aged 12 to 75
years.

Results: Across all 8 trials included in this analysis, changes in lung function from baseline correlated well between
pre-dose FEV1 and pre-dose PEF when both were measured under supervision in the clinic. Correlation between
supervised in-clinic and unsupervised home measurements was stronger for pre-dose PEF than for pre-dose FEV1.

Conclusions: Pre-dose PEF measured at home could be an alternative primary lung function endpoint for trials in
adolescent and adult patients with asthma. Using home-measured PEF could facilitate trial conduct and improve
the convenience for patients by relocating scheduled assessments from the clinic to the patient’s home.

Trial registration: Adolescents aged 12 to 17 years: RubaTinA-asthma® (NCT01257230), PensieTinA-asthma®
(NCT01277523).
Adults aged 18 to 75 years: GraziaTinA-asthma® (NCT01316380), MezzoTinA-asthma® (NCT01172808/NCT01172821),
CadenTinA-asthma® (NCT01340209), PrimoTinA-asthma® (NCT00772538/NCT00776984).
All from Clinicaltrials.gov (https://clinicaltrials.gov/).
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Background
Spirometry is one of the fundamental outcome mea-
sures used in asthma studies. It provides an objective
and highly reproducible measure of airflow limitation
caused by smooth muscle contraction or structural
changes [1]. Forced expiratory volume in 1 s (FEV1) is
recommended as the primary endpoint for studies of
bronchodilator therapy by the American Thoracic

Society (ATS) and the European Respiratory Society
(ERS) in their official statement on asthma control
and exacerbations [1]. Pre-bronchodilator FEV1, i.e.
the FEV1 recorded after withholding bronchodilators
for their duration of action, is a strong, independent
predictor of future exacerbation risk, and has been
used in the majority of asthma clinical trials as the
primary lung function endpoint in recent decades [1].
This is in line with regulatory recommendations for
clinical trials in asthma that also consider pre-
bronchodilator FEV1 as the most suitable variable [2].
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Peak expiratory flow (PEF) is also an accepted spiro-
metric measure that provides information about the
level of airflow obstruction, both initially and in clinical
trials to monitor asthma control and treatment re-
sponses [3]; however, it is generally considered more ap-
propriate for home monitoring of lung function [2].
Both FEV1 and PEF can be measured under supervi-

sion in the clinic or unsupervised at home. In clinical
trials, home measurements could increase the conveni-
ence and reduce the time and logistical burden for trial
participants. So far, home-measured FEV1 or PEF have
mainly been used in studies to provide complementary
information to symptom diaries or clinic FEV1 [1].
The main objective of our analysis was to assess

whether PEF, measured either at home or in the clinic,
could be used as an alternative lung function endpoint
in asthma clinical trials. In addition, the suitability of
home-measured FEV1 as a lung function endpoint was
investigated. For this assessment, we calculated post hoc
the correlation between pre-dose FEV1 and pre-dose
PEF measured under supervision in the clinic and, for
both lung function parameters, the correlations be-
tween supervised clinic and unsupervised home mea-
surements, using the results from the 8 Phase III
parallel-group trials of the global clinical development
programme with tiotropium Respimat® in patients
with asthma aged 12–75 years. Tiotropium Respimat®
has demonstrated improvements in lung function,
asthma exacerbation risk and asthma control, is ap-
proved in the European Union [4] and in the United
States [5], and is indicated as an add-on maintenance
bronchodilator treatment in patients aged 6 years and
older with severe asthma who experienced one or
more severe asthma exacerbations in the preceding
year.

Methods
Trial design and trial population
This exploratory post hoc analysis included lung func-
tion data from all Phase III parallel-group trials of the
global Boehringer Ingelheim programme of tiotropium
Respimat® in asthma in patients aged 12 years and older
[6–11]. These were 8 randomised, double-blind,
placebo-controlled trials of between 12 and 52 weeks’
duration. All trials included once-daily tiotropium Respi-
mat® 5 μg and placebo, 6 trials also included once-daily
tiotropium Respimat® 2.5 μg, and 2 trials included twice-
daily salmeterol as a fourth treatment arm. All trial
medication was administered as add-on to ICS, with or
without other controller medications such as long-acting
β2-agonists (LABAs) or leukotriene receptor antagonists
(LTRAs). Out of a total of 4550 treated patients aged 12
to 75 years with symptomatic persistent asthma of differ-
ent severities, 4525 patients had baseline and at least 1

on-treatment efficacy measurement, and were evaluated
for efficacy. Further details on the trial design, the re-
quired minimum maintenance therapy and the treat-
ment groups are summarised in Table 1.

Lung function assessments
Supervised measurements of FEV1 and PEF at clinic
visits were performed for all trials, except PrimoTinA-
asthma®, using MasterScope® computed tomography spi-
rometers (eResearch Technology [ERT]). For
PrimoTinA-asthma®, only FEV1 was measured under
supervision, using the sites’ own equipment; PEF was
not measured under supervision. For all trials, spirome-
ters and their use, including daily calibration, had to
meet the ATS/ERS criteria [12]. Pulmonary function
tests were to be performed at approximately the same
time of the day before administration of maintenance
ICS therapy and trial medication.
Unsupervised measurements of FEV1 and PEF at home

were performed using an electronic peak flow meter
(Asthma Monitor® [ERT]). All patients were trained in
the use of the device at the screening and randomisation
visits in the clinic. For all trials, pulmonary function
tests were to be performed at approximately the same
time of the day, prior to administration of maintenance
ICS therapy and trial medication.
For both supervised and unsupervised measurements,

the highest FEV1 and PEF values out of 3 acceptable ma-
noeuvres (not necessarily from the same manoeuvre)
were used for the evaluation.

Correlation analyses
We analysed the correlations between pre-dose FEV1

and pre-dose PEF measured under supervision in the
clinic and between supervised in-clinic and unsupervised
home measurements for both PEF and FEV1. For the
correlation analyses, data of the two pairs of replicate
trials in adults with moderate (MezzoTinA-asthma®) or
severe (PrimoTinA-asthma®) asthma were pooled; the
other analyses were performed by trial. Since in
PrimoTinA-asthma® no in-clinic measurement of pre-
dose PEF was performed, correlation analyses in these
pooled trials were limited to pre-dose FEV1.
For the calculation of the correlation coefficients, the

response values (i.e. the change from baseline of all
treatment groups of the respective trial) were consid-
ered. As tiotropium is a long-acting bronchodilator with
once-daily dosing, the lung function parameters mea-
sured at the end of the dosing interval are relevant to
support efficacy. Therefore, the pre-dose values were
used for the correlation assessment, although, in most of
the trials, both FEV1 peak and trough were included as
primary and key secondary lung function endpoints. For
the in-clinic measured values, the pre-dose values

Halpin et al. Respiratory Research          (2019) 20:159 Page 2 of 9



Ta
b
le

1
O
ve
rv
ie
w

of
pl
ac
eb

o-
co
nt
ro
lle
d,

pa
ra
lle
l-g

ro
up

Ph
as
e
III
tr
ia
ls
w
ith

tio
tr
op

iu
m

Re
sp
im

at
®
in

pa
tie
nt
s
ag
ed

12
to

75
ye
ar
s
w
ith

pe
rs
is
te
nt

as
th
m
a

Tr
ia
l

Se
ve
rit
y
of

pe
rs
is
te
nt

as
th
m
a

D
ai
ly
re
qu

ire
d
m
in
im

um
m
ai
nt
en

an
ce

th
er
ap
y

C
lin
ic
al
Tr
ia
ls
.g
ov

id
en

tif
ie
r;
m
ai
n
pu

bl
ic
at
io
n

Tr
ea
tm

en
t
du

ra
tio

n
[w
ee
ks
]

Ti
ot
ro
pi
um

Re
sp
im

at
®

Sa
l

50
Ti
m
e
of

on
ce
-d
ai
ly

tio
tr
op

iu
m

do
si
ng

N
um

be
r
of

pa
tie
nt
s

ev
al
ua
te
d
fo
r

ef
fic
ac
y

(t
re
at
ed

)

5
μg

2.
5
μg

Ad
ol
es
ce
nt
s
(1
2
to

17
ye
ar
s)

Ru
ba
Ti
nA

-a
st
hm

a®
M
od

er
at
e

40
0–
80
0
μg

BU
D
-e
qa

,b
N
CT

01
25
72
30
;H

am
el
m
an
n
et

al
.2
01
6
[6
]

48
✓

✓
–

Ev
en

in
g

39
7
(3
97
)

Pe
ns
ie
Ti
nA

-a
st
hm

a®
Se
ve
re

40
0–
80
0
μg

BU
D
-e
qb

+
2
ad
di
tio

na
l

co
nt
ro
lle
rs
c /
80
0–
16
00

μg
BU

D
-e
qd

+
1
ad
di
tio

na
lc
on

tr
ol
le
re
,f

N
CT

01
27
75
23
;H

am
el
m
an
n
et

al
.,
20
16

[7
]

12
✓

✓
–

Ev
en

in
g

39
2
(3
92
)

Ad
ul
ts
(1
8
to

75
ye
ar
s)

G
ra
zi
aT
in
A
-a
st
hm

a®
M
ild

20
0–
40
0
μg

BU
D
-e
q

N
CT

01
31
63
80
;P
ag
gi
ar
o
et

al
.,
20
16

[8
]

12
✓

✓
–

Ev
en

in
g

46
4
(4
64
)

M
ez
zo
Ti
nA

-a
st
hm

a®
(2

re
pl
ic
at
e
tr
ia
ls
)

M
od

er
at
e

40
0–
80
0
BU

D
-e
qa

N
CT

01
17
28
08
/
N
CT

01
17
28
21
;K
er
st
je
ns

et
al
.,

20
15

[9
]

24
✓

✓
✓

Ev
en

in
g

20
81

(2
10
0)

C
ad
en

Ti
nA

-a
st
hm

a®
M
od

er
at
e
to

se
ve
re

40
0–
80
0
μg

BU
D
-e
qa

,g
N
CT

01
34
02
09
;O

ht
a
et

al
.,
20
15

[1
0]

52
✓

✓
–

Ev
en

in
g

28
4
(2
85
)

Pr
im

oT
in
A
-a
st
hm

a®
(2

re
pl
ic
at
e
tr
ia
ls
)

Se
ve
re

≥
80
0
μg

BU
D
-e
q
+
LA

BA
a,
f

N
CT

00
77
25
38
/
N
CT

00
77
69
84
;K
er
st
je
ns

et
al
.,

20
12

[1
1]

48
✓

–
–

M
or
ni
ng

90
7
(9
12
)

To
ta
l

45
25

(4
55
0)

a L
TR

A
pe

rm
itt
ed

.b
Fo

r
12

–1
4-
ye
ar
-o
ld
s,
20

0–
40

0
μg

BU
D
-e
q
w
as

al
so

co
ns
id
er
ed

an
ap

pr
op

ria
te

m
ed

iu
m

do
se

of
in
ha

le
d
co
rt
ic
os
te
ro
id
.c T

w
o
co
nt
ro
lle
rs

of
ei
th
er

a
LA

BA
,a
n
LT
RA

or
a
su
st
ai
ne

d-
re
le
as
e
th
eo

ph
yl
lin

e
re
qu

ire
d.

d
Fo

r
12

–1
4-
ye
ar
-o
ld
s,
>
40

0
μg

BU
D
-e
q
w
as

al
so

co
ns
id
er
ed

an
ap

pr
op

ria
te

hi
gh

do
se

of
in
ha

le
d
co
rt
ic
os
te
ro
id
.e
LA

BA
or

LT
RA

re
qu

ire
d.

f S
us
ta
in
ed

-r
el
ea

se
th
eo

ph
yl
lin

e
pe

rm
itt
ed

.g
LA

BA
pe

rm
itt
ed

BU
D
-e
q
=
bu

de
so
ni
de

or
eq

ui
va
le
nt

do
se
;L
A
BA

=
lo
ng

-a
ct
in
g
β 2
-a
go

ni
st
;L
TR

A
=
le
uk

ot
rie

ne
re
ce
pt
or

ag
on

is
t;
Sa
l5

0
=
sa
lm

et
er
ol

50
μg

tw
ic
e
da

ily
(m

or
ni
ng

an
d
ev
en

in
g
do

si
ng

)

Halpin et al. Respiratory Research          (2019) 20:159 Page 3 of 9

http://ClinicalTrials.gov


included in the calculation were those assessed just prior
to the next dose. For the home-measured values, the
weekly means of the values assessed daily prior to dosing
were used, i.e. morning FEV1 and morning PEF for the
trials with morning dosing, and evening FEV1 and
evening PEF for the trials with evening dosing.
The statistical measures used for the correlation ana-

lyses are summarised in Fig. 1. For the two different lung
function parameters, pre-dose FEV1 and pre-dose PEF,
the Pearson correlation (PCC) was calculated [13]. For
the different assessments (in-clinic vs. home) of the
same variable (either pre-dose FEV1 or pre-dose PEF),
the intraclass correlation (ICC) was calculated [13].
To assess the extent of correlation, the correlation

coefficients (PCC or ICC) were interpreted as follows:
> 0.9 to 1.0 very high, > 0.7 to 0.9 high, and > 0.5 to
0.7 moderate correlation.

Results
Across the trials, patients had a broad range of asthma
severities. Key baseline demographics and disease char-
acteristics are summarised by trial in Table 2. Within
each trial, baseline demographics and disease character-
istics were comparable between the treatment groups
(see published manuscripts [6–11]). Most of the
adolescent or adult patients were White or Asian and
had never smoked. Mean duration of asthma was about
8 years in the trials in adolescents and from around
16 years in adult patients with mild persistent asthma to
around 30 years in adult patients with severe persistent
asthma. Lung function in terms of FEV1 and PEF at
baseline was in line with the different ranges of asthma
severity. In summary, the patients were representative of
adolescent and adult patients with different severities of
persistent asthma in the real-world setting.
Correlation between pre-dose FEV1 and pre-dose PEF,

when both parameters were measured under supervision
in the clinic, was consistently high for all trials: the
PCCs ranged from 0.773 to 0.852 across all trials at all

time points; see Table 3 and Additional file 1: Table S1
for details. The scatter plots in Fig. 2 visualise the strong
correlation between supervised pre-dose FEV1 and su-
pervised pre-dose PEF at the time of primary efficacy
evaluation across all trials; for CadenTinA-asthma®,
which did not have a primary efficacy evaluation, Week
24 was used for the analysis.
Correlation between supervised in-clinic and unsuper-

vised home measurements was generally higher for pre-
dose PEF than for pre-dose FEV1. For pre-dose FEV1,
the ICCs between in-clinic responses and home-
measured weekly mean responses ranged from 0.558 to
0.840 across all trials and all time points (Table 3 and
Additional file 1: Table S2). For pre-dose PEF, the ICCs
between in-clinic responses and home-measured weekly
mean responses ranged from 0.683 to 0.846 across all
trials and all time points (Table 3 and Additional file 1:
Table S3). For both variables, correlations between su-
pervised in-clinic and unsupervised home measurements
were higher in the trials in adults (ICCs pre-dose FEV1:
0.741 to 0.840, ICCs pre-dose PEF: 0.780 to 0.846) than
in the trials in adolescents (ICCs pre-dose FEV1: 0.558
to 0.691, ICCs pre-dose PEF: 0.683 to 0.794); see Table 3
and Additional file 1: Tables S2 and S3. For the scatter
plots that visualise the correlation at the time of primary
efficacy evaluation (for CadenTinA-asthma®, Week 24
was used for the analysis) across all trials, see Fig. 2.

Discussion
The correlation analyses of pre-dose FEV1 and pre-dose
PEF, measured under supervision in the clinic or un-
supervised at home, were based on the data from 4525
patients aged 12 to 75 years who were evaluated for effi-
cacy in the 8 Phase III parallel-group trials of the global
clinical development programme with tiotropium Respi-
mat® in asthma. Major strengths of these analyses are
that the data originated from one clinical development
programme, offering a high degree of consistency of trial
design, and included a large number of patients,

Fig. 1 Overview of correlation analyses. FEV1 = forced expiratory volume in one second; PEF = peak expiratory flow
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representing broad ranges of age, race, and asthma se-
verities. However, the different trial designs and study
durations mean that correlation data are not available
for all time points for all studies.
Our results indicated a strong association between

pre-dose FEV1 and pre-dose PEF when both parameters
were measured under supervision in the clinic, with the
PCC being greater than 0.773 across all trials and all
time points. Although other studies have found only
moderate correlations between PEF values and FEV1

[14], our results are consistent with another analysis
based on data from more than 1,500 patients with
asthma aged ≥15 years from two 1-year trials with mon-
telukast, which found a mean PCC of 0.85 for the rela-
tionship between in-clinic FEV1 and in-clinic PEF [15].
These results support using PEF as a suitable lung func-
tion endpoint in clinical trials with asthma and a pos-
sible alternative to the more established endpoint of
FEV1. Compared with FEV1, PEF has the advantage of
being more broadly available to clinicians. A potential
weakness of PEF, however, is that it lacks accurate refer-
ence values for many populations [1], and that reference
values are specific to each brand of peak flow meter [3].
Both lung function parameters can be used to derive im-
portant information about the level of airflow obstruc-
tion initially, and in response to treatment [3].
In clinical trials, home measurements could simplify

procedures and reduce the logistical burden for partici-
pating patients by decreasing the number of clinic visits
required. A downside of home measurements could,
however, be the dependency of the lung function values
on the patient’s effort. A clear strength of ambulatory re-
cordings of FEV1 or PEF is that these data provide ob-
jective and very frequent day-to-day measures of airway
obstruction [1], and their weekly mean values offer ro-
bust data on patients’ lung function. When assessing the
association between supervised in-clinic and unsuper-
vised home measurements, the correlation was stronger
for pre-dose PEF (ICC ≥0.683) than for pre-dose FEV1

(ICC ≥0.558) and for both parameters higher in adults
(PEF: ICC ≥0.780, FEV1: ICC ≥0.741) than in adolescents
(PEF: ICC ≥0.683, FEV1: ICC ≥0.558). This indicates
that, as a lung function endpoint for self-measurement
at home, PEF may be more suitable than FEV1. Home-

measured PEF as an appropriate lung function endpoint
for asthma trials is supported by the finding that longitu-
dinal correlations between changes in asthma diary
scores were stronger for average daily PEF than for
weekly clinic FEV1 [16].
Trials in children aged < 12 years were not included in

this analysis because, even with careful training, results
from home spirometry in children may be less consistent
[1]. However, it should be noted that home-measured
PEF has been successfully used as a primary outcome
measure in children previously [17].
Our results support the use of home-measured PEF in

clinical asthma trials in adolescent and adult patients,
potentially not only as a secondary or further outcome
variable as recommended for National Institutes of
Health-initiated clinical research [14], but also for con-
sideration as a primary outcome variable. This could im-
prove patients’ acceptance and willingness to participate
in clinical trials by facilitating procedures and reducing
the logistical burden for them by relocating scheduled
assessments from the clinic to their home. It also sup-
ports respiratory clinical trials that are more geared to-
wards patient involvement or follow a real-world
pragmatic approach, with the potential opportunity to
recruit patients who would not have been able to partici-
pate otherwise. This finding would have to be imple-
mented in regulatory guidelines.

Conclusions
In conclusion, this post hoc analysis supports pre-dose
PEF, measured under supervision in the clinic or un-
supervised at home, as an alternative primary lung func-
tion endpoint for trials in adolescent and adult patients
with asthma.

Additional file

Additional file 1: Table S1. Correlation analysis results (Pearson
correlation coefficient) at different time points between pre-dose FEV1
and pre-dose PEF, both measured under supervision in the clinic. Phase
III trials with tiotropium Respimat® in patients aged 12–75 years with
persistent asthma – all patients evaluated for efficacy. Table S2. Correl-
ation analysis results (intraclass correlation coefficient) at different time
points between supervised measurement in the clinic and unsupervised
measurement at home for pre-dose FEV1. Phase III trials with tiotropium

(See figure on previous page.)
Fig. 2 Correlation analysis results between pre-dose FEV1 and pre-dose PEF, measured either under supervision in the clinic or unsupervised at
home, at the time of primary efficacy evaluation. Phase III trials with tiotropium Respimat® in patients aged 12–75 years with persistent asthma –
all patients analysed for efficacy. (a) In-clinic pre-dose FEV1 vs. in-clinic pre-dose PEF; (b) in-clinic pre-dose FEV1 vs. home-measured pre-dose
FEV1

a; (c) in-clinic pre-dose PEF vs. home-measured pre-dose PEFb. aHome-measured pre-dose FEV1: weekly mean morning FEV1 in the trials with
morning dosing (PrimoTinA-asthma®) and weekly mean evening FEV1 in the trials with evening dosing (RubaTinA-asthma®, PensieTinA-asthma®,
GraziaTinA-asthma®, MezzoTinA-asthma®, CadenTinA-asthma®), measured with AM device. bHome-measured pre-dose PEF: weekly mean morning
PEF in the trials with morning dosing (PrimoTinA-asthma®) and weekly mean evening PEF in the trials with evening dosing (RubaTinA-asthma®,
PensieTinA-asthma®, GraziaTinA-asthma®, MezzoTinA-asthma®, CadenTinA-asthma®), measured with AM device. PEF was not measured at clinic
visits in the PrimoTinA-asthma® study. FEV1 = forced expiratory volume in one second; PEF = peak expiratory flow
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Respimat® in patients aged 12–75 years with persistent asthma – all
patients evaluated for efficacy. Table S3. Correlation analysis results
(intraclass correlation coefficient) at different time points between
supervised measurement in the clinic and unsupervised measurement at
home for pre-dose PEF. Phase III trials with tiotropium Respimat® in pa-
tients aged 12–75 years with persistent asthma – all patients evaluated
for efficacy. (DOCX 20 kb)
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