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ABSTRACT

Introduction: This study compared the bron-
choprotective and benefit/risk profiles of vari-
ous inhaled corticosteroid (ICS) dosing
regimens in mild asthma.
Methods: A pharmacokinetic/pharmacody-
namic model was developed and validated
describing the relationship between ICS dose
and time-course for airway bronchoprotection,
[provocative concentration of adenosine
monophosphate (AMP) causing C 20% decline

in forced expiratory volume in 1 s (FEV1) (AMP
PC20)], for fluticasone furoate (FF), fluticasone
propionate (FP) and budesonide (BUD). For
regular ICS maintenance therapy (100% and
50% adherence) and infrequent or as-needed
use (dosing 3–4 times per week), treatment
effectiveness was expressed as percent time
during 28 days when bronchoprotection excee-
ded either the threshold for a treatment-related
bronchoprotective effect (AMP PC20 C 0.25
doubling dose) or the threshold for a clinically
significant bronchoprotective effect (AMP
PC20 C 1.0 doubling dose). This value was divi-
ded by the total ICS dose administered expres-
sed in prednisolone equivalents to give a
therapeutic index (TI).
Results: The model-predicted time course of
ICS-induced bronchoprotection with regular
daily maintenance dosing and 100% adherence
showed that all ICS at the highest recom-
mended doses for mild asthma exceeded the
threshold for clinically significant bronchopro-
tective effect for all or most of the 28-day dosing
period, mean (90% CI); 100% (96.1–100), 99.9%
(8.0–100) and 100% (58.2–100) with TI values of
16.9, 6.6 and 5.4 for FF 100 lg OD, FP 200 lg
BID and BUD 200 lg BID, respectively. For
simulated poor adherence (50%) to regular daily
maintenance therapy, corresponding mean
(90% CI) values were; 75.7% (39.4–89.1), 52.3%
(0.7–69.2) and 51.3% (28.6–58.3) with TI values
of 25.7, 6.9 and 5.6. For simulated infrequent/as
needed use the corresponding values were;
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77.0% (37.6–87.0), 25.5% (0.0–38.0) and 26.2%
(14.3–31.5) with TI values of 26.1, 6.7 and 5.7.
For all regimen/scenarios, FF had the most sus-
tained efficacy and favourable TI followed by FP
and BUD.
Conclusions: At doses recommended for mild
asthma, all ICS regimens provide sustained
bronchoprotective efficacy when dosed regu-
larly with high adherence. With poor adherence
or use 3–4 times per week (infrequent/as nee-
ded), longer-acting ICS molecules will more
likely provide sustained protection and a better
TI versus shorter duration of action molecules
(FF[FP C BUD). These data highlight the ben-
efits of using ICS as regular daily maintenance
dosing in mild asthma and the potential risks of
under-treatment with ICS (which may occur
with ICS/formoterol as-needed approach in
mild persistent asthma) associated with reduced
levels of bronchoprotection.

Keywords: Adherence; AMP challenge;
Asthma; Budesonide; Fluticasone furoate;
Fluticasone propionate; PK/PD model; As-
needed; Regular dosing

Key Summary Points

Why carry out this study?

Early intervention with inhaled
corticosteroids (ICS) in mild persistent
asthma reduces the risk of severe
exacerbations and the associated decline
in lung function. However, adherence to
ICS in mild asthma is often poor.

The Global Initiative for Asthma
recommends ICS/formoterol as-needed as
an alternative treatment option to regular
daily low-dose ICS plus as-needed short-
acting beta agonist (SABA), but this
approach has not been universally
accepted or endorsed.

This study developed and applied a
pharmacokinetic/pharmacodynamic
model to compare the bronchoprotective
and benefit/risk profiles of various ICS
dosing regimens and clinical scenarios of
adherence with fluticasone furoate (FF),
fluticasone propionate (FP) and
budesonide (BUD), in mild asthma.

What was learned from the study?

At doses recommended for mild asthma,
all ICS can achieve good
bronchoprotective efficacy with low
systemic activity when dosed regularly
with high adherence. For clinical
scenarios that reflect poor adherence or
infrequent dosing regimens of 3–4 times
per week (as-needed), longer-acting ICS
molecules (FF and to some extent FP)
achieve better efficacy and overall benefit/
risk ratios compared with shorter duration
of action molecules (BUD), due to
prolonged duration of airway GR
occupancy and low systemic activity.

These data support regular daily
maintenance dosing with ICS in patients
with mild persistent asthma, reinforce the
importance of encouraging better
adherence with regular daily maintenance
dosing regimens to ensure sustained levels
of bronchoprotective efficacy and
highlight the potential risks of under-
treatment with ICS.

INTRODUCTION

Inhaled corticosteroids (ICS) have a pivotal role
in the management of asthma across all levels
of disease severity [1, 2]. In mild persistent
asthma, early intervention with regular daily
ICS has shown benefits in terms of achieving
asthma control, reducing the risk of a severe
exacerbation, as well as reducing the decline in
lung function associated with an exacerbation
[3, 4]. ICS also play an important role in pre-
venting asthma deaths [5, 6]. However, adher-
ence to ICS is often poor with reported mean
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levels of adherence ranging from 22 to 70%
[7–13], and mild asthma is particularly associ-
ated with poor adherence [10]. The Global Ini-
tiative for Asthma (GINA) options for
management of mild asthma include regular
daily low-dose ICS plus as-needed (PRN) short-
acting beta agonist (SABA) or ICS/formoterol as-
needed without regular ICS use [1]. While the
key randomized controlled trials evaluating
ICS/formoterol as-needed reported similar
annual rates of exacerbations between regular
daily ICS maintenance therapy and ICS/for-
moterol as-needed dosing regimens, better
control of asthma symptoms with ICS regular
daily maintenance therapy versus ICS/for-
moterol as-needed was also demonstrated
[14–16]. Despite the GINA report’s novel strat-
egy, there is limited regulatory authority
acceptance globally of ICS/formoterol as-nee-
ded and this approach has not been adopted
universally by national treatment guidelines,
which continue to endorse the use of regular
daily low-dose ICS plus SABA as-needed as the
preferred treatment option in patients with
mild persistent asthma [2, 17–19].

When ICS were first developed as a regular
daily maintenance therapy for patients with
asthma, dosing regimens and frequency of
dosing were led by pharmacology-based evi-
dence and first-generation ICS molecules were
typically dosed 3–4 times per day, later super-
seded by molecules that were effective with
twice-daily dosing, including budesonide (BUD)
and fluticasone propionate (FP) [20–24]. The
more recently introduced fluticasone furoate
(FF), which has greater glucocorticoid receptor
(GR) binding affinity and longer lung retention
[25], now allows once-daily dosing [26]. Studies
of the pharmacokinetic (PK)/pharmacodynamic
(PD) properties of ICS and underlying PK/PD
dose–response relationships for duration of
effect on airway inflammation and bronchial
hyperresponsiveness (BHR), have demonstrated
that duration of activity can vary widely
between ICS molecules and that this is related
to lung retention and the duration of airway
glucocorticoid receptor occupancy [25, 27–30].
Although ICS dosing recommendations
acknowledge that some molecules are poten-
tially longer acting, with posologies varying

from four-times daily to once daily, the clinical
effect of different dosing regimens with ICS
molecules that have different pharmacological
properties, including duration of action, has not
been fully explored.

The extent and retention of the ICS mole-
cules in the airway is determined by the dose
delivered to the lung, its solubility and disso-
lution and absorption rate from the lung [25].
Post-dose, the lung concentration of the ICS
declines in line with the absorption rate from
the lung, and this concentration, together with
the GR dissociation constant, determines the
degree of GR occupancy and how long it is
maintained [25]. These parameters provide a
theoretical basis for ICS molecules differing in
their duration of action. Against this back-
ground pharmacological evidence, recommen-
dations for the use of short-acting ICS
molecules, such as beclomethasone dipropi-
onate and BUD in ICS/formoterol as-needed
dosing regimens, appear to be largely based on
patient convenience while accepting that
adherence to regular daily maintenance therapy
in patients with asthma is poor [1].

Patients with mild asthma tend to have
infrequent symptoms and near-normal lung
function [1], while elevated exhaled nitric oxide
levels are not always present. The presence of
BHR is a hallmark of asthma and may be used as
a criterion to confirm a diagnosis of asthma. A
significant association between asthma symp-
tom control and change in BHR to adenosine-50-
monophosphate (AMP) after ICS treatment has
been shown [31, 32]. The measurement of BHR
is therefore a marker of treatment efficacy in
asthma, in spite of its potential for high indi-
vidual variability [33]. In mild asthma, treat-
ment driven by clinical symptoms, including
the ICS/formoterol as-needed approach, could
allow underlying inflammation and BHR to
persist and potentially worsen [34–36]. Indeed,
evidence on the long-term effects of the ICS/
Formoterol as-needed approach, beyond
52 weeks, in controlling underlying inflamma-
tion, BHR and airway remodelling are lacking
[37–39].

We hypothesised that the extent of GR
occupancy correlates with the extent of bron-
choprotection. To test this hypothesis for
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different ICS, previously published dose
response data for ICS on BHR in asthma [40],
and the known ICS PK/PD parameters
[25, 27–30], were used to construct a mathe-
matical model. The model was then used to (1)
study the relationship between GR occupancy
and BHR using published data from clinical
trials and (2) simulate the differences in BHR
with different ICS dosing regimens (regular
daily maintenance dosing vs. infrequent or as-
needed use, which is typically 3–4 doses per
week) and clinical scenarios of adherence for
regular daily maintenance therapy (100% and
50% adherence).

METHODS

Model Development

Estimating GR Occupancy in the Lung
The first step of model development was to
describe the relationship between the dose and
the concentration–time profile for the fraction
of the administered drug dose that is available
to bind to airway GR. The lung concentrations
for BUD, FP and FF were derived using pub-
lished values for the dose fraction available to
the lung and the lung absorption rate [25]. A
key assumption of the model was that the
amount of ICS absorbed from the lung into the
systemic circulation was equal to the bioavail-
able fraction in the lung during the dose inter-
val and uniformly distributed throughout lung
tissue, and hence potentially available for GR
binding [29, 30]. However, in practice, the
extent of GR occupancy achieved in the target
cells will vary for each ICS molecule, driven not
only by their GR binding affinities but also by
their physicochemical properties. The physico-
chemical properties that most likely influence
drug availability for GR binding are solubility,
lipophilicity and permeability, since they
determine dissolution and partitioning into
target cells and tissues within the airway.
Although these factors are independently
quantifiable in vitro, it is not known how these
factors interact in vivo within the airways. It has
been reported that differences in permeability
observed for steroids have a weak inverse

correlation with lipophilicity (ClogP) [41].
Although other structural features of the mole-
cule may also influence permeability, it is
expected that BUD with lower lipophilicity may
have higher permeability compared to the more
lipophilic molecules like FP and FF. Therefore,
these factors were taken into account by
including a tissue-partitioning parameter, CPT,
in the model (see below) which was estimated
in the model relative to BUD.

The lung concentration–time profiles gener-
ated in this way together with the ICS GR dis-
sociation constants were used to estimate the
time-course for the extent and duration of GR
occupancy in the lung.

Defining the Relationship Between GR
Occupancy and Bronchoprotection
In step 2, a mathematical model was used to
describe the relationship between airway GR
occupancy and its impact on bronchoprotec-
tion [defined as a provocative concentration of
AMP resulting in a decline of C 20% in forced
expiratory volume in 1 s (FEV1), AMP PC20]. For
the various ICS dose regimens used in the
model building dataset [40], the ICS dose (D),
dose fraction deposited in the lung (F = dose
fraction absorbed from the lung) and the lung
volume (VL, 1000 mL) were used to estimate the
post-dose concentration of drug in the lung
CL0 = D.F/VL). From the CL0 and the absorption
rate from the lung k = (ln2/lung elimination
half-life) the lung concentration time profile
(CL = CPT.CL0.e

-kt) was estimated. The tissue-
partitioning parameter, CPT, was assigned a
fixed value of 1.0 for BUD and estimated as 0.18
for FP and 0.48 FF. These values are in agree-
ment with BUD having the lowest lipophilicity
and highest permeability and with FF having
greater permeability, uptake and retention in
respiratory tissue than FP [42, 43]. From this,
the lung %GRL occupancy time profile was
estimated (%GRL = 100 9 CL /(CL ? KD)] where
KD = GR dissociation constant.

Clinical Data
The clinical data used for model development
were derived from a recently completed clinical
trial investigating a wide range of doses of three
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ICS molecules (FF, FP and BUD) [40]. In brief, 54
subjects with asthma [baseline mean percent
predicted FEV1 of 85.5% (SD 12.9%)] were ran-
domized to one or two of four treatment peri-
ods. Subjects were screened for AMP
responsiveness, i.e. AMP PC20\80 mg/mL
using a wide range of dilutions (0.04, 0.08, 0.16,
0.32, 0.63, 1.25, 2.5, 5.0, 10.0, 20.0, 40.0, 80.0,
160.0 and 320.0 mg/mL) and had a mean base-
line value AMP PC20 of 15.15 mg/mL (SD
16.3 mg/mL). Each study period comprised five
dose escalations (lg/day) of 7 days duration: FF
(25, 100, 200, 400, 800), FP (50, 200, 500, 1000,
2000), BUD (100, 400, 800, 1600, 3200) or pla-
cebo, with a 25- to 42-day washout period
between exposures. At the end of each escala-
tion, 12 h post-dose, the AMP PC20 was assessed.
Mean data for the AMP PC20 [mg/mL and dou-
bling dose (DD)] were used together with mean
PK data from other published sources [25], to
enable a PK/PD analysis.

This article is not based on any new studies
with human participants or animals performed
by any of the authors. The study data used in
this study were derived from completed clinical
trial (Protocol study 203,162; NCT02991859).40

The original study was approved by local ethics
committees for the participating institutions
[Ethikkommission des Landes Berlin, Berlin,
Germany (reference number 17/0432-EK 10),
and North West—GM South, NHS Health
Research Authority, Manchester, UK (reference
number 16/NW/0781)].

Model Validation

The PK/PD model was validated by comparing
the observed data values (AMP doubling dose
versus placebo) with the corresponding model
predicted values for four studies, that were not
part of the model building dataset [44–47].
These data comprised a range of ICS doses,
single and repeat dose regimens and AMP
challenge assessment conducted at various
times post-dose (summarised in Table 1).

Model Application

The model was used to estimate the extent of
airways GR occupancy, and thereby the corre-
sponding extent of bronchoprotection, at any
time post-dose for different ICS dosing regimens
(regular daily maintenance dosing vs. infre-
quent or as-needed use) and clinical scenarios of
adherence for regular daily maintenance ther-
apy (100% and 50% adherence). Infrequent was
defined as ICS use of 3–4 doses per week based
on the reported average use of BUD/formoterol
as-needed dosing regimen in randomized trials
in mild asthma [14–16]. The ICS dose regimens
tested were FF (100 lg/OD and 200 lg/OD), FP
(100 lg/bid, 200 lg/bid and 250 lg/bid) and
BUD (100 lg/bid and 200 lg/bid).

For these dosing regimens and clinical sce-
narios, model estimates for the duration of the
bronchoprotective effect (% of time, hours)
during a month of therapy (28 days) were
compared using two thresholds. The first
threshold was defined as an AMP PC20 C 16 mg/
mL (C 0.25 DD difference from placebo), this
approximates to the average baseline (pre-ICS
treatment) AMP PC20 screening value for the
patient population in the model building data-
set [40]; hence, below this value, we assumed no
treatment-related bronchoprotective effect. The
second threshold was defined as an AMP PC20

of C 27 mg/mL; this corresponds to a C 1 DD
difference from placebo and is considered to be
the threshold for a clinically significant bron-
choprotective effect [40, 44–49]. Between these
two thresholds, although treatment effects are
predicted, they were assumed to be sub-optimal
in terms of achieving a clinically significant
bronchoprotection. We have compared the
model outputs with these two threshold levels
to estimate the time during treatment when
these two treatment effects are exceeded.

For the purposes of the simulations, high
adherence to regular daily maintenance therapy
(100% adherence) was defined as all the pre-
scribed doses for BUD and FP (twice daily every
12 h) or FF (once daily every 24 h) taken during
a 28-day period. Poor adherence to regular daily
maintenance therapy (50% adherence) was
defined as half the prescribed doses for BUD, FP
or FF taken during a 28-day period. Where 50%
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adherence was assumed, this was implemented
by randomly assigning a 50% probability that a
dose would be taken for each of the 56 planned
dose events that occur in a 28-day period of
prescribed bid dosing for BUD and FP or the 28
once-daily dosing events for FF. The same ran-
domly generated sequence of missed and taken
doses was applied to all the 50% adherence
simulations. For simulation of as-needed
approach, 3–4 inhalations per week were
assumed. This was implemented for each 7-day
period by alternating between either 3 or 4
inhalations taken randomly during each 7-day
period for 28 days. The same randomly gener-
ated sequence of taken doses was applied to all
the as-needed simulations.

Comparison of Benefit/Risk Profiles
for ICS Dosing Regimens

To compare the relative risk of different ICS
regimens and clinical scenarios of adherence,
the total ICS dose administered was converted
into a prednisolone equivalent dose, represent-
ing the systemic exposure for total ICS dose in
terms of the dose of orally administered pred-
nisolone that would be required to produce the

equivalent systemic exposure and extent of
cortisol suppression, as previously described
[25]. This calculation first involves converting
the ICS dose into a plasma AUC before con-
verting this into the equivalent prednisolone
AUC and dose using the bioavailability, clear-
ance and relative GR binding affinity of each
molecule.

An index of the benefit/risk ratio or thera-
peutic index (TI) for each of the ICS regimens
and adherence scenarios was calculated as the
percentage of time (hours) during a 28-day
period when there was a treatment-related
bronchoprotection effect (AMP C 0.25 DD or
AMP C 1.0 DD) divided by the total ICS dose
administered in the same period, expressed as a
prednisolone equivalent dose.

Statistical Analysis

Original source data preparation, modelling,
summary statistics and data presentations were
performed using SAS software (v.9.2 or higher;
Cary, NC, USA). Other calculations, simulation
and plots were produced in Microsoft Excel.

Table 1 Details of studies used for PK/PD model validation

Study Number of subjects/
study design

ICS
molecule

ICS doses and dosing frequency AMP measurements

Ketchell et al.a

Study 1 12/placebo-controlled

crossover

FP 100 lg, 250 lg or 1000 lg single

dose

BHR to AMP measured 2 h

post-dose

Study 2 12/placebo-controlled

crossover

FP 100 lg, 250 lg or 1000 lg single

dose

BHR to AMP measured 2 h

post-dose

Luijk et al.b 13/ placebo-controlled,

four-way crossover

FP 1000 lg single dose BHR to AMP measured at

2, 14 or 26 h post-dose

Phillips et al.c 21/three-way crossover BUD 100, 400 and 1600 lg/repeat dose BHR to AMP measured 6 h

post-dosee

GSK study

SIG103337d
45/incomplete-block,

4-period crossover

study

FP 50 lg, 100 lg, 250 lg, 500 lg,

1000 lg or 2000 lg repeat dose

BHR to AMP measured 2 h

post-dose

aReference [44] bReference [45] cReference [46] dReference [47] eAverage time post-dose
AMP adenosine-5’-monoposphate, BHR bronchial hyperresponsiveness, BUD budesonide, FP fluticasone propionate
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RESULTS

Relationship Between Airway GR
Occupancy and Bronchoprotection

The relationship between ICS-induced airway
bronchoprotection, defined as a change in AMP
PC20, and airway GR occupancy was well
described by exponential or log-linear function:
AMP PC20 = 101.72. (100-GRL%)-0.56 with a
high degree of correlation (r2 = 0.981) (Fig. 1).
The small deviation seen between the data and
model prediction line at the highest dose of FF
(Fig. 1, log-linear inset plot) was expected
because some subjects may have had underes-
timated AMP PC20 values as they did not
achieve a 20% fall in FEV1 at the highest con-
centration of AMP tested (320.0 mg/mL).

Model Validation

Both the visual inspection and the correlation
coefficient between observed data values (AMP

doubling dose versus placebo) and the corre-
sponding model predicted values from four
other studies showed good agreement
(r2 = 0.836) and supported the validity of the
PK/PD model (Fig. 2).

Model Application

The model-predicted time course of ICS-in-
duced airway bronchoprotection during 28 days
dosing with the regular daily maintenance
dosing regimen and the 100% adherence sce-
nario showed that all ICS provided a bron-
choprotective effect during the dosing period,
with C 0.25 and C 1 DD bronchoprotection for
all or most of the 28-day period (Table 2). Fig-
ure 3 illustrates these data for each ICS at their
highest recommended doses for mild asthma
(FF 100 lg OD, FP 200 lg BID and BUD 200 lg

Fig. 1 Relationship between estimated glucocorticoid
receptor occupancy in the lung (GRL) and bronchopro-
tection. Glucocorticoid receptor occupancy plotted as
100-GRL after dosing with FF (25, 100, 200, 400, 800 lg/
OD), FP (50 lg/OD, 100, 250, 500, 1000 lg/bid), BUD
(100 lg/OD, 200, 400, 800, 1600 lg/bid) and bron-
choprotection assessed as the reduction in airway hyper-
responsiveness (AMP PC20) assessed 12 h post-dose after
7 days dosing (data from [40]). The dotted line shows the
non-linear correlation where AMP PC20 = 101.72 (100-
GRL%)

-0.56 with a correlation coefficient of r2 = 0.981.
Inset the same data as a log-linear plot. AMP adenosine-5’-
monophosphate, BUD budesonide, FF fluticasone furoate,
FP fluticasone propionate

Fig. 2 Model validation. The model was validated by
comparing the observed data values (AMP doubling dose
versus placebo) with the corresponding model predicted
values for four studies that were not part of the model
building dataset (Table 1) shown as open circles. These
data comprised a wide range of ICS doses, single and
repeat doses regimens and AMP challenge assessment
conducted at various times between 2 and 26 h post-dose.
The data from the model building dataset [40] are shown
as solid circles. The line of identity (slope = 1) …………
and linear regression (r2 = 0.836) ……. are also shown
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BID) for each ICS dosing regimen and adher-
ence scenario, and Fig. 4 illustrates the relative
amount of time with bronchoprotection C 0.25
or C 1 DD.

For the simulation of a regular daily main-
tenance dosing regimen and a 50% adherence
scenario, the model predictions showed a range
of bronchoprotective effects, with FF providing
significantly greater bronchoprotection than
BUD (Table 3). Bronchoprotective effects pro-
vided by dosing with FP fell between FF and
BUD. For the highest recommended dose of
each ICS for mild asthma, the lower threshold

for bronchoprotection (C 0.25 DD) was excee-
ded during the 28-day dosing period, with
means (90% CI), for 94.9% (68.7–100), 78.3%
(39.8–90.5) and 60.6% (44.9–70.4) of the time
for FF, FP and BUD, respectively. The corre-
sponding values for the higher and clinically
significant threshold of bronchoprotection
(C 1.0 DD) were 75.7% (39.4–89.1), 52.3%
(0.7–69.2) and 51.3% (28.6–58.3) for FF, FP and
BUD, respectively (Figs. 3, 4).

The simulated predictions for the infrequent
ICS dosing regimen (dosing 3–4 times per week)
showed that FF provided notably greater

Fig. 3 Model predicted time course of ICS induced airway
bronchoprotection during 28 days dosing. Dosing was with
BUD 200 lg bid, FP 200 lg bid and FF 100 lg OD with:
regular daily maintenance dosing regimen with adherence
scenario of 100% adherence (column 1), regular daily
maintenance dosing regimen with adherence scenario of
50% adherence (column 2), ICS dosing regimen when ICS
used infrequently or PRN 3–4 times per week (column 3).
For each ICS molecule, ICS doses represent the highest

therapeutic dose for mild asthma. Horizontal dotted lines
indicate thresholds for no treatment-related bronchopro-
tective effect defined as bronchoprotection less than an
AMP PC20 of 16 mg/mL (0.25 doubling doses) and a
clinically significant bronchoprotective effect defined as
bronchoprotection greater than an AMP PC20 of 27 mg/
mL (1.0 doubling doses). bid twice daily, BUD budesonide,
FF fluticasone furoate, FP fluticasone propionate
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bronchoprotection than BUD and FP (Table 4).
For the highest recommended dose of each ICS
for mild asthma, the lower threshold for bron-
choprotection (0.25 DD) was exceeded during
the 28-day dosing period, with means (90% CI)
for 84.9% (70.0–91.1), 45.3% (17.8–58.0) and
33.2% (22.4–40.2) of the time for FF, FP and
BUD, respectively. The corresponding values for
the higher threshold of bronchoprotection
(C 1.0 DD) were 77.0% (37.6–87.0), 25.5%
(0.0–38.0) and 26.2% (14.3–31.5) for FF, FP and
BUD, respectively (Figs. 3, 4).

For each ICS molecule, total 28-day systemic
exposure prednisolone equivalents were highest
for the regular daily maintenance ICS regimen
and 100% adherence scenario and lowest for the
infrequent ICS dosing regimen, as would be
expected, but low systemic exposure and esti-
mated cortisol suppression\20% was observed
for all ICS even when used with 100% adher-
ence (Tables 1, 2, 3; Fig. 5). With respect to the
benefit/risk ratio (TI), within each ICS dosing
regimen and adherence scenario, FF had the
highest (most favourable) TI and BUD had the
lowest with FP falling between the two

(Tables 1, 2, 3). For the highest recommended
dose of each ICS for mild asthma, and for
bronchoprotection exceeding the lower thresh-
old, the TIs for FF, FP and BUD, respectively,
were 16.9, 6.6, 5.4 (regular daily maintenance
dosing regimen, 100% adherence scenario),
32.2, 10.3, 6.6 (regular daily maintenance dos-
ing regimen, 50% adherence scenario) and 28.8,
11.9, 7.2 (dosing 3–4 times per week). The cor-
responding values for the higher and clinically
significant threshold of bronchoprotection for
FF, FP and BUD were, respectively, either
unchanged at 16.9, 6.6, 5.4 (regular daily
maintenance dosing regimen, 100% adherence
scenario), or, similar, 25.7, 6.9, 5.6 (regular daily
maintenance dosing regimen, 50% adherence
scenario) and 26.1, 6.7, 5.7 (dosing 3–4 times
per week) (Fig. 6).

DISCUSSION

This study used a novel PK/PD model to com-
pare the bronchoprotective effects of different
ICS dosing regimens and clinical adherence
scenarios, and demonstrated that, with regular

Fig. 4 Percent time (hours) during 28 days above or below
the thresholds for bronchoprotection. Thresholds for
bronchoprotection were: no treatment-related bron-
choprotective effect (left panel), or a clinically significant
bronchoprotective effect (right panel) for BUD 200 lg
bid, FP 200 lg bid and FF 100 lg OD with: regular daily

maintenance dosing regimen with adherence scenario of
100% adherence, regular maintenance daily dosing regimen
with adherence scenario of 50% adherence, infrequent ICS
dosing regimen (3–4 times per week). bid twice daily, BUD
budesonide, FF fluticasone furoate, FP fluticasone propi-
onate, OD once daily
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daily dosing and high levels of adherence, all
ICS have the potential to provide sustained
levels of efficacy, at doses recommended for
mild asthma. For the clinical scenario that
reflected poor adherence (50%), reduced levels
of bronchoprotection were observed for all ICS
molecules at their maximum recommended
doses for mild asthma, but FF provided a greater
duration of bronchoprotection than BUD,
whereas FP was greater or similar to BUD. The
results were similar when ICS were dosed 3–4
times per week for the simulation of less fre-
quent use, as typically seen with as-needed use
of ICS/formoterol in mild asthma. The benefit/
risk ratio profile or TI was most favourable for FF
and least favourable for BUD with FP greater or
similar to BUD and suggested that the TI was
driven by both the efficacy and the safety
component. This is particularly relevant for
mild asthma where lower doses of ICS are used

and hence there is low systemic activity.
Indeed, as shown in Fig. 5, the degree of sys-
temic exposure with low-dose ICS regimens
appropriate for mild asthma produce low sys-
temic exposure and estimated cortisol suppres-
sion\20% for all ICS when used with 100%
adherence.

All ICS molecules demonstrated effective
bronchoprotection over the whole dosing per-
iod under simulations of regular daily mainte-
nance dosing with 100% adherence. In real life,
however, poor adherence with regular daily
maintenance therapies is often reported in
asthma, with mean levels ranging between 22
and 70% [7–13]. Poor adherence is a key driver
in determining the type of treatment approach
in patients with mild asthma with ICS/for-
moterol as-needed being recommended in cases
of poor adherence [1]. To our knowledge, this is
the first investigation to analyse differences

Fig. 5 Average daily prednisolone equivalent dose
(lg/day) and cortisol suppression during 28 days dosing.
Dosing was with BUD 200 lg bid, FP 200 lg bid and FF
100 lg OD with: regular daily maintenance dosing
regimen with adherence scenario of 100% adherence,

regular daily maintenance dosing regimen with adherence
scenario of 50% adherence, infrequent ICS dosing regimen
(3–4 times per week). bid twice daily, BUD budesonide, FF
fluticasone furoate, FP fluticasone propionate, OD once
daily
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between ICS molecules with regard to the level
of effectiveness with different dosing regimens
(regular daily maintenance dosing and dosing
3–4 times per week to simulate an as-needed
dosing approach) and scenarios of good and
poor adherence. The greatest impact of poor
adherence or with an as-needed dosing
approach on reducing the duration of bron-
choprotection was observed with the shorter
duration of action ICS and BUD, whereas
longer-acting FF was least impacted by these
scenarios, while FP fell between these two.
These differences in duration of action are
clearly seen after regular dosing, where FF
100 lg/day maintained some degree of bron-
choprotection for 97 h post-dose and a clini-
cally significant bronchoprotection for 64 h
post-dose, whereas the corresponding values for
BUD 200 lg/bid were 16 h and 12 h, and for FP
200 lg/bid 26 h and 14 h (Fig. 3, column 1).
This can be explained by the pharmacology and
physicochemical properties of the ICS, with
shorter duration of action molecules like BUD
having lower GR affinity but higher tissue per-
meability, and hence are not retained in lung
tissue or on GR receptors for very long [25].

However, this may result in a higher GR occu-
pancy immediately post-dose (Fig. 3). More
lipophilic ICS like FF and, and to some extent
FP, have higher GR affinity, slower GR dissoci-
ation rate and prolonged tissue retention, hence
GR occupancy and bronchoprotection is main-
tained for much longer post-dose, as observed
for FF even with low doses and less frequent
dosing. Therefore, the main difference between
ICS molecules is not the extent of GR occu-
pancy maintained during regular dosing but the
duration of GR occupancy in the airways that
can be maintained post-dose, as the latter cor-
responds to the duration of the bronchopro-
tective effect in the airways [40].

Our investigation highlights the risks of
under-treatment with ICS, which can occur
with ICS/formoterol as-needed regimens in
mild persistent asthma, as recommended by
GINA [1]. As asthma is a chronic inflammatory
disease, periods with sub-optimal bronchopro-
tection may lead to increased inflammation,
risk of exacerbation, and in the long term a
greater risk of declining lung function and air-
way remodelling [31, 33–36, 50]. Indeed, our
findings are relevant to the current GINA

Fig. 6 Risk/benefit ratio (TI). Dosing was with BUD
200 lg bid, FP 200 lg bid and FF 100 lg OD with:
regular daily maintenance dosing regimen with adherence
scenario of 100% adherence, regular daily maintenance
dosing regimen with adherence scenario of 50% adherence,
infrequent ICS dosing regimen (3–4 times per week).
Benefit/risk ratio = TI = % time (hours) during 28 days

when bronchoprotection is above the threshold for no
treatment-related bronchoprotective effect (left panel) or is
above the threshold for a clinically significant bronchopro-
tective effect (right panel), each divided by the total 28-day
systemic exposure in prednisolone equivalents, mg. bid
twice daily, BUD budesonide, FF fluticasone furoate, FP
fluticasone popionate, OD once daily
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treatment recommendations in mild asthma
[1]. GINA no longer makes a distinction
between ‘‘intermittent’’ and ‘‘mild persistent
asthma’’ since these historical definitions were
based on an untested assumption that patients
with symptoms twice a week or less would not
benefit from an ICS. However, GINA now con-
cludes that such patients with mild asthma are
at risk of severe exacerbations and that this risk
is reduced by ICS containing treatment. Hence,
for these patients, the GINA-preferred treatment
option is no longer SABA only but use of an ICS-
containing treatment, specifically as needed
BUD/formoterol. However, this position over-
looks the point that severe exacerbations are
rare in these patients (B 1/year) [1], but., by
comparison, symptoms are evidently not rare,
because the recommendation is for patients to
take their medication when symptoms appear
and on average this occurs 3–4 times per week
[14–16]. This situation highlights that as-nee-
ded BUD/formoterol can result in under-treat-
ment with an ICS, and, as found in our
investigation, could result in sub-optimal con-
trol of underlying airway hyperresponsiveness
and, as seen in clinical studies, poor control of
airway inflammation and frequent symptom-
driven use of medication as described above
[14–16].

In the randomised, 1-year BUD/formoterol
as-needed studies, BUD/formoterol as-needed
versus regular BUD plus SABA as-needed resul-
ted in a similar reduction in risk of severe
exacerbations but less symptom control and
number of well-controlled asthma weeks
[14–16]. One real-life study indicated that
BUD/formoterol as-needed versus regular dos-
ing was more effective at preventing severe
exacerbations and offered similar levels of
symptom control, but was less effective in terms
of anti-inflammatory effects (as measured by
fractional exhaled nitric oxide) [51]. Boushey
et al. also reported that symptom-guided short
courses of corticosteroids (inhaled BUD or oral
prednisolone) were significantly less effective
than regular daily maintenance therapy in
treating measures of inflammation (bronchial
reactivity, the percentage of eosinophils in
sputum and exhaled nitric oxide levels) [52].
The results from this PK/PD modelling study are

consistent with these findings on anti-inflam-
matory effects in clinical trials. As-needed ICS/
formoterol dosing strategies have lower ICS
exposure versus regular daily maintenance
therapy [14–16], but this perceived benefit is
small based on our benefit–risk profile analysis,
and therefore it needs to be critically evaluated
in the context that adequate suppression of
underlying inflammation should be the princi-
pal aim of ICS therapy. The ICS/ Formoterol
PRN studies state that the patients used this, on
average, 3–4 times per week [14–16]. The results
from the current analysis imply that under-
treatment with ICS (as seen with ICS/formoterol
as-needed approach in mild persistent) asthma
could potentially result in chronic underlying
inflammation and poorer clinical outcomes. In
light of the results shown in clinical studies, it
has been emphasised that more data on the
long-term anti-inflammatory effects of ICS/for-
moterol as-needed in mild asthma are required
[37–39], and the results from our study support
these recommendations.

Reasons for non-adherence with regular
daily ICS maintenance therapies are multifac-
torial, many of which can be overcome through
a greater understanding of a patient’s percep-
tions about their asthma; by effective education
on the disease, medications and device; through
shared decision-making; and by the monitoring
of patient adherence and provision of feedback
[9, 12]. Currently, data on adherence with
ICS/formoterol as-needed dosing strategies are
not available. However, this strategy does rely
on patients accurately perceiving their level of
symptoms and asthma control to take their
medication. Under-perception of symptoms is
common in patients with asthma [53], which
may lead to delays or absence in taking appro-
priate medication and the potential risk of
ongoing inflammation and severe
exacerbations.

In this study, FF was shown to have the
highest (most favourable) TI and BUD was
shown to have the lowest, with FP falling
between the two. The TI of a molecule is related
to both safety and efficacy. In mild asthma, the
maximum recommended doses of BUD, FP and
FF all result in low systemic exposure and cor-
tisol suppression of less than 15%, which is
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within the normal daily variability of cortisol
fluctuations [40], therefore arguing for as-nee-
ded use in mild asthma based on better safety is
not convincing, whereas under-treatment with
ICS that potentially results in the need to use
oral corticosteroids is likely to be far less safe in
the long term. Steroid phobia, where it exists,
may be perpetuated by the ‘as-needed’ narrative
because it, misleadingly, suggests that low-dose
ICS are not safe. The data from the current
study endorses the safety of the recommended
ICS doses for mild asthma and show that the
efficacy component is the most important dri-
ver in determining TI. From a clinical perspec-
tive, these data suggest that, for the usual
recommended dose of BUD/formoterol as-nee-
ded for mild asthma (200/6 lg) [1], patients are
at risk of effectively having no bronchoprotec-
tive cover for 67% of the time and may lack
clinically significant bronchoprotection for
74% of the time. This implies that patients who
are already poorly adherent to treatment could
effectively be even less adherent with an as-
needed dosing regimen, and thus even more
vulnerable to having a suboptimal bron-
choprotective cover.

A strength of this study is in the rigorous
approach used to develop the PK/PD model. The
model was well validated, shown by the com-
parison of model-predicted with observed data
generated in previous studies not included in
the model building (Fig. 2). In addition, data
generated with the model in this study are also
consistent with reports that regular daily low-
dose ICS (i.e. the dose range recommended for
mild asthma) can produce most of the efficacy
with little more being achieved with higher
doses [54, 55]. We used AMP PC20 to measure
bronchoprotective effects, an advantage being
that it is a non-invasive tool to assess response
to treatment [56]. AMP is an indirect challenge
agent that is highly specific, more closely cor-
relates with acute changes in airway inflamma-
tion than methacholine and histamine
challenge, significantly correlates with allergic
sensitization and symptoms, and is more
responsive to investigating short-term responses
to anti-inflammatory medication [32, 57–61].

A limitation of this PK/PD modelling
approach was in the assumptions made about

GR binding, as these have not been directly
validated by measurements in the lung in man;
however, data in animals with lung GR binding
measurements appear to agree with these
assumptions [62]. In modelling the bron-
choprotective effects, we only estimated the
effect of the ICS that arises via its anti-inflam-
matory mechanism of action. Short- and long-
acting b2 agonist bronchodilators do not possess
anti-inflammatory activity but they can have a
bronchoprotective effect, which can be assessed
via direct challenge agents such as metha-
choline that act on airway smooth muscle.
However, their effect on bronchoprotection via
AMP is likely to be minor and short lived.
Hence, when BUD/formoterol is administered,
the major contribution to bronchoprotection
will be from the ICS component [63]. Only one
random use sequence for the clinical scenario of
poor adherence was generated, although in
theory an infinite number could be generated.
Hence, the 50% adherence simulation provides
only one example of sub-optimal adherence but
nevertheless is expected to be typical of the
average usage pattern of poor adherence,
although it is recognised that it may be different
to other real-life situations; for example,
patients may use inhalers regularly for 2 weeks
and stop for the next 2 weeks. In this case, none
of the ICSs studied would maintain protection
during the weeks off treatment. The results
presented here are based on an assumption that
the medication doses are taken as intended with
good inhaler technique, whereas in real life
inhaler errors are common [64]. Furthermore,
our simulation of infrequent as needed use is
based on randomly assigned usage, rather than
symptom-driven usage. However, in mitigation
of this approach, many patients do not take
their as-needed doses appropriately, since many
patients are symptom under-perceivers [53].
Future work is required to validate and corrob-
orate the current findings in actual clinical
studies.

CONCLUSIONS

In conclusion, using a novel PK/PD model,
these data show that ICS, at doses
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recommended for mild asthma can achieve
good bronchoprotective efficacy when dosed
regularly and with high adherence. For clinical
scenarios that reflect poor adherence or infre-
quent dosing regimens of 3–4 times per week
(as-needed), longer-acting ICS molecules (FF
and to some extent FP) achieve better efficacy
and overall benefit–risk ratios compared with
shorter duration of action molecules (BUD), due
to prolonged duration of airway GR occupancy.
For patients identified as most at risk of poor
adherence, a longer-acting ICS (FF and to some
extent FP) would be more likely to maintain
efficacy compared to an as-needed dosing regi-
men with BUD/formoterol. These data support
regular daily maintenance dosing with ICS in
patients with mild persistent asthma, reinforce
the importance of encouraging better adher-
ence with regular daily maintenance dosing
regimens to ensure sustained levels of bron-
choprotective efficacy and highlight the
potential risks of under-treatment with ICS.
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