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ABSTRACT

Introduction: Asthma treatment guidelines
classify inhaled corticosteroid (ICS) regimens as
low, medium, or high dose. However, efficacy
and safety are not independently assessed
accordingly. Moreover, differences in ICS duration
of action are not considered when a dose
regimen is selected. We investigated the efficacy
and safety implications of these limitations for
available ICS molecules.

Methods: Published pharmacodynamic and
pharmacokinetic parameters were used, alongside
physiological and pharmacological principles,
to estimate the efficacy and safety of available ICS
molecules. Extent and duration of glucocorticoid
receptor (GR) occupancy in the lung (efficacy)
and cortisol suppression (systemic exposure and
safety) were estimated.
Results: Some ICS regimens (e.g., fluticasone
furoate, fluticasone propionate, and cicleso-
nide) rank high for efficacy but low for systemic
exposure, contrary to how ICS dose equivalence
is currently viewed. Differences in dose–
response relationships for efficacy and systemic
exposure were unique for each ICS regimen and
reflected in their therapeutic indices. Notably,
even low doses of most ICSs can generate high
GR occupancy (C 90%) across the entire dose
interval at steady state, which may explain
previously reported difficulties in obtaining dose
responses within the clinical dose range and
observations that most clinical benefit typically
occurs at low doses. The estimated post dose
duration of lung GR occupancy for ICS molecules
was categorized as 4–6 h (short), 14–16 h
(medium), 25–40 h (long), or[80 h (ultra-long),
suggesting potentially large differences in anti-
inflammatory duration of action.
Conclusion: In a real-world clinical setting
where there may be poor adherence to
prescribed therapy, our findings suggest a
significant therapeutic advantage for longer-
acting ICS molecules in patients with asthma.
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PLAIN LANGUAGE SUMMARY

Patients with asthma often rely on inhaled
corticosteroids to manage their symptoms by
controlling lung inflammation. Inhaled
corticosteroids can be used at low, medium, or
high doses; however, the effectiveness, safety, and
how long the effects last for a particular inhaled
corticosteroid molecule are not considered when
choosing them. This study investigated the safety
and efficacy of different inhaled corticosteroid
molecules. Leveraging published data on the
mode of anti-inflammatory action and the rates
these molecules are absorbed and eliminated
from the body, we estimated their effectiveness
and safety profiles, including duration of action
in the lungs and systemic exposure levels.
Some inhaled corticosteroid molecules such as
fluticasone furoate, fluticasone propionate, and
ciclesonide were found to exhibit high anti-
inflammatory effectiveness in the lungs with
minimal systemic exposure, contrasting the
perceived similarities among currently used drug
molecules. Anti-inflammatory duration of the
unwanted systemic effect in the rest of the body
was unique for each inhaled corticosteroid
molecule. Notably, even the lowest doses of most
inhaled corticosteroids were found to be effective
in the lungs when taken as prescribed, supporting
previous observations that clinical benefits are
mostly realized at lower doses. Furthermore,
estimated post dose durations of effectiveness for
different inhaled corticosteroid molecules varied
widely among different molecules, with some
lasting a few hours and others lasting more than
80 h, suggesting significant differences in their
duration of action. Overall, these findings
demonstrate the potential advantage of using
longer-acting inhaled corticosteroids, particularly
for patients with asthma whomay face challenges
in adhering to prescribed regimens.

Keywords: Dose equivalence; Dose response;
Duration of action; Inhaled corticosteroid

Key Summary Points

Why carry out this study?

There is a lack of data on the relative
efficacy, safety, and duration of efficacy in
the context of the categorization of
inhaled corticosteroid (ICS) therapies as
low-, medium-, and high-dose regimens,
for the treatment of patients with asthma

The aim of this study was to examine the
pharmacological basis for ICS dose
responses, dose equivalence, and duration
of action, and the implications of these
factors not being appropriately considered
by treatment guidelines and current
clinical practice

What was learned from the study?

Our findings identify differences between
the presumed and observed efficacy and
systemic exposure across several
commercially available ICS therapies,
largely supporting the use of longer-acting
ICS therapies in patients with asthma

These data can support practicing
physicians with optimizing treatment
regimens for patients with asthma,
particularly in those who have suboptimal
adherence to their prescribed ICS therapy

INTRODUCTION

Asthma treatment guidelines and the Global
Initiative for Asthma strategy document classify
inhaled corticosteroid (ICS) regimens via low-,
medium-, and high-dose categories [1, 2], often
with reference to the now discontinued
beclomethasone dipropionate (BDP)
chlorofluorocarbon (CFC) propellent inhaler
(BECOTIDE circa 1972–2007). Low doses are
assumed to be the lowest dose range required to
achieve efficacy in mild-to-moderate asthma
with a low risk of systemic exposure, whereas
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the high-dose category is assumed to be
appropriate for moderate-to-severe asthma but
inevitably associated with a high risk of systemic
exposure. Although there is an underlying
assumption that the dose responses for efficacy
and systemic exposure are essentially the same for
all ICSs after doses are adjusted for differences in
glucocorticoid receptor (GR) binding affinity
(potency) [3], the main concern for the high-dose
ICS category is unwanted systemic exposure. Also,
the possibility that different ICS molecules within
the same dose category might differ in duration
of action and therapeutic index is not taken
into account. Furthermore, the rationale and
pharmacological basis for using high-dose ICS
regimens have not been robustly established.
Indeed, evidence from clinical studies and
meta-analyses support that most patients can
achieve adequate efficacy with a low-dose ICS
regimen. However, this may reflect the ideal
scenario of high adherence to the treatment

(i.e., a randomized controlled trial), where
differences such as duration of action between
ICS molecules may be less impactful.
Conversely, in a real-world setting where
patients miss doses and there is suboptimal
adherence to therapy, ICS molecules with a
longer duration of action may provide a
significant therapeutic advantage. In this study,
we examined the pharmacological basis for ICS
dose responses, dose equivalence, and duration of
action, and the implications of these factors not
being appropriately considered by treatment
guidelines and current clinical practice.

METHODS

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

Table 1 Corticosteroid pharmacodynamic and pharmacokinetic parameters

Corticosteroid RRAa Kd
b (nmol/L) Ka (h

21) Flung (%) Foral (%) CL (L/h)

FF 2989 0.169 0.035 15DPI 1 65

MF 2100 0.232 0.119 11DPI 1 54

FP 1775 0.246 0.096 16DPI 1 69

BMP 53 (1345)c 0.324 0.257 62CFC

82HFA

41 120

CIC (des-CIC) 12 (1200)c 0.367 0.107 63HFA 1 228

BUD 935 0.431 0.248 39DPI 11 84

TAA 233 1.745 0.193 25CFC 23 37

FLU 190 2.140 0.408 33CFC 70HFA 20 58

BMP beclomethasone 17-monopropionate, BUD budesonide, CFC chlorofluorocarbon propellant, CIC ciclesonide,
CL plasma clearance, des-CIC desisobutyryl-ciclesonide, DPI dry powder inhaler, Flung lung bioavailability, Foral oral bioavailability,
FF fluticasone furoate, FLU flunisolide, FP fluticasone propionate, GR glucocorticoid receptor, HFA hydrofluoroalkane,
Ka lung absorption rate constant, Kd glucocorticoid receptor dissociation constant, MF mometasone furoate, RRA relative
receptor affinity, TAA triamcinolone acetonide
aRRA shows relative GR binding affinity with reference to dexamethasone (RRA = 100)
bKd: dissociation constant
cData in parentheses are for BMP and des-CIC. The other parameter values listed for BDP and CIC are for the active
metabolites BMP and des-CIC. Data from [3]
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ICS Lung Concentration–Time Profiles

The time profiles for steady-state ICS lung and
plasma concentrations were based on published
data describing dose fractions available in the
lung, lung absorption rates, oral bioavailability,
and systemic clearance for fluticasone furoate
(FF), mometasone furoate (MF), fluticasone
propionate (FP), budesonide (BUD), ciclesonide
hydrofluoroalkane (CICHFA), beclomethasone
dipropionate hydrofluoroalkane (BDPHFA),
triamcinolone acetonide CFC (TAACFC),
flunisolide hydrofluoroalkane (FLUHFA), and
BDP CFC (BDPCFC) (Table 1) [3].

Airway Efficacy Based on Extent of Lung
GR Occupancy

The extent of GR occupancy in the lung at any
time post dose was calculated as a measure of
efficacy using GR dissociation constants (Kd)
and lung concentration–time profiles (Table 1).
The amount of ICS absorbed from the lung into
the systemic circulation was assumed to be
equal to the amount deposited in the lung
during the same interval at steady state. The
absorbed ICS was assumed to be uniformly
distributed throughout the lung tissue and
potentially available for GR binding. For BDP
and ciclesonide (CIC), the administered mole-
cules are prodrugs that require conversion to
the active moiety as a prerequisite for efficacy
[3]. For BDP, this conversion was deemed
essentially complete within the lung (97%) [3].
However, the conversion of CIC to the active
desisobutyryl-CIC (des-CIC) is assumed to be
less complete within the lung, so a correction
was applied for CIC-active principle lung con-
centrations. The lung concentration required to
achieve 50% GR occupancy was determined by
the GR receptor Kd (e.g., when the concentration
in the lung equals Kd, 50% of receptors are
occupied) [3]. Other degrees of occupancy can be
estimated from this relationship (e.g., at nine
times the Kd, 90% of GR receptors are occupied).

The anti-inflammatory efficacy of the dose of
currently available ICS regimens for patients
with asthma was assumed to be directly
correlated with the degree of GR occupancy in

the lung. This was calculated from the ICS
concentration–time profile in lung tissue and
the GR dissociation constant. We assumed that
the dose absorbed from the lung was potentially
available to bind to GR, and if evenly
distributed throughout lung tissue, this
concentration should decline in line with the
absorption rate constant from the lung. This
gave an estimate of the theoretical extent of GR
occupancy at any time post dose.

Duration of ICS Action Based on Duration
of Airway GR Occupancy

The duration of GR occupancy maintenance
was estimated, as described above, using the Kd

or multiples thereof and the concentration in
the airways at any time during and beyond the
dose interval [4]. For example, the duration for
maintaining 90% GR occupancy can be
estimated using the formula:

t ¼ lnðKd � 9� C0Þ
lnðe�KaÞ

where Kd is the GR dissociation constant, C0 is
the lung concentration immediately post dose
at steady state, and Ka is the ICS absorption rate
constant from the lung. From this, the
percentage of GR occupancy in the lung was
calculated for various doses of BDP, BUD, FP,
and FF immediately post dose at steady state, at
the midpoint of the dose interval, at the end of
the dose interval, and at 12, 24, 48, 72, 96, and
120 h after cessation of dosing.

Safety Based on ICS Systemic Exposure

Cortisol suppression was calculated as a mea-
sure of systemic exposure using a physiological
model that relates the endogenous glucocorticoid
(cortisol) production rate to the exogenous
contributions (ICS) by converting them into
cortisol-equivalent exposures [3]. The calculation
takes into account the bioavailability, relative
GR binding affinity, and systemic clearance of
the exogenous and endogenous glucocorticoids
to express the systemic exposure for each ICS as
a cortisol-equivalent area under the plasma
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concentration–time curve and a corresponding
steady-state cortisol suppression after 24 h [3]
(Table 1).

RESULTS

Dose Response

The dose response for efficacy in the lung for
four ICS molecules was expressed as the
percentage of GR occupancy in the lung at
various timepoints post dose at steady state for a
range of doses (2–2000 lg twice-daily [BID] for
BDP, BUD, and FP, and 2–2000 lg once-daily
[OD] for FF) (Fig. 1, Table 2). BDP 200 lg BID
can produce 91.5% GR occupancy in the lung at
the end of the 12-h dose interval, but only
33.0% GR occupancy at 24 h post dose and
negligible (0.1%) GR occupancy at 48 h post

dose. Similar values (93.4%, 41.9%, and 0.2%
respectively) are seen for BUD. For FP, the
duration of action is potentially much longer:
for example, FP 100 lg BID can produce 98.2%
and 94.6% GR occupancy in the lung 12 h and
24 h post dose, and 63.6% GR occupancy 48 h
post dose, but only 14.8% GR occupancy 72 h
post dose. In contrast, FF has potentially an
even longer duration of action since FF 100 lg
OD can achieve 92.8% GR occupancy in the
lung 72 h post dose.

Dose Equivalence

Cortisol suppression (24 h mean) and lung GR
occupancy were calculated for various doses of
each ICS molecule at steady state (Fig. 2,
Table 3). The midpoint of the dose interval was
used as the timepoint for lung GR occupancy

Fig. 1 Dose response and duration of action for different
ICS regimens in terms of GR occupancy in the lung. The
percentage of GR occupancy in the lung over time for
A BDP, B BUD, C FP, and D FF. The relationship
between ICS dose and the percentage of GR occupancy in

the lung at steady state is estimated at various times after
cessation of dosing. BDP beclomethasone dipropionate,
BID twice-daily, BUD budesonide, FF fluticasone furoate,
FP fluticasone propionate, GR glucocorticoid receptor,
ICS inhaled corticosteroid
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(i.e., 6 h instead of 12 h post dose or 12 h
instead of 24 h post dose) to avoid bias towards
longer-acting ICS. These values were converted
into the BDPCFC equivalent dose for cortisol
suppression and lung GR occupancy (Fig. 1). FP
500 lg total daily dose (250 lg BID) was
equivalent to 995 lg total daily dose of BDPCFC
in terms of GR occupancy in the lung and
367 lg total daily dose of BDPCFC in terms of
cortisol suppression, with corresponding dose
ratios of 1.99 for efficacy and 0.73 for systemic
exposure. BUD doses (400–1600 lg total daily
dose) were similar to BDPCFC in terms of
systemic exposure (dose ratio = 0.89), but less
so in terms of efficacy (dose ratio = 0.62). FF
100 lg OD was equivalent to 831 lg total daily
dose of BDPCFC in terms of GR occupancy in the
lung (dose ratio = 8.31) but only 114 lg total
daily dose of BDPCFC in terms of cortisol
suppression (dose ratio = 1.14). The ICS dose
regimens fell into four categories based on high
or low efficacy and high or low systemic
exposure, relative to 400 lg total daily dose
(200 lg BID) of BDPCFC (Fig. 2). Accordingly, the
calculated efficacy/systemic activity ratios
varied widely from high (FF 7.29, CIC 3.98, FP

2.71) to low (MF 1.38, BDP 1, BUD 0.70) values
(Table 3) and in line with their previously
reported therapeutic indices [3, 5].

Duration of Action

The duration of action of each ICS molecule was
calculated as the time post dose that 90% GR
occupancy in the lung was maintained (Fig. 3).
There were marked differences in the duration
of action amongst the ICS regimens. The long-
est duration of action was found for FF (82.5 h),
where high GR lung occupancy is potentially
maintained for several days post dose (Table 4).
FF also had the lowest GR dissociation constant
and the slowest absorption rate from the lung
(Table 1). The shortest duration was found for
flunisolide (FLU; 4.5 h), which had the highest
GR dissociation constant and the fastest
absorption rate from the lung. ICS dose
regimens fell into four categories for duration of
action: short, 4–6 h (FLU, triamcinolone
acetonide [TAA]); medium, 14–16 h (BUD,
BDP); long, 25–40 h (MF, FP, CIC); and ultra-
long, greater than 80 h (FF; Fig. 3, Table 4).
Similar to the spread in efficacy/systemic

Table 2 Percentage of GR occupancy in the lung for different ICS dose regimens at different timepoints post dose
cessation

Corticosteroid Dose (lg/day) 0 h 6 h 12 h 24 h 48 h 72 h 96 h 120 h

FF 100 99.4 99.2 99.0 98.6 96.8 92.8 85.0 71.1

200 99.7 99.6 99.5 99.3 98.3 96.3 91.9 83.1

FP 200 99.4 99.0 98.2 94.6 63.6 14.8 – –

500 99.8 99.6 99.3 97.8 81.3 30.2 – –

1000 99.9 99.8 99.6 98.9 89.7 46.4 – –

BUD 400 99.6 98.4 93.4 41.9 0.2 0.0 – –

800 99.8 99.2 96.6 59.0 0.4 0.0 – –

1600 99.9 99.6 98.3 74.3 0.8 0.0 – –

BDPCFC 400 99.6 98.0 91.5 33.0 0.1 0.0 – –

800 99.8 99.0 95.3 49.6 0.2 0.0 – –

1600 99.9 99.5 97.7 66.3 0.4 0.0 – –

BDP beclomethasone dipropionate, BUD budesonide, CFC chlorofluorocarbon, FF fluticasone furoate, FP fluticasone
propionate, GR glucocorticoid receptor, ICS inhaled corticosteroid
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activity ratios, we also identified differences in
the duration of action/dose interval ratios for
ICSs. Some ICSs provided duration of action
well beyond the dosing interval (FF 3.44, FP
2.78) whilst others showed duration of action
close to the dosing interval (BDP 1.28, BUD
1.15, CIC 1.55, MF 1.17).

DISCUSSION

Dose Response

When a patient’s asthma is not controlled on
ICS therapy, higher ICS doses may be prescribed
to achieve the desired efficacy. However, there
is weak pharmacological basis for expecting a
dose response by increasing the ICS dose from

Fig. 2 ICS dose equivalence expressed as BDP CFC MDI
equivalent doses for efficacy in the lung and systemic
exposure. Each ICS dose regimen is plotted in terms of the
BDP dose with the same percent GR occupancy at the
midpoint of the dose interval and the BDP dose with the
same 24 h cortisol suppression. The figure is divided into
four quadrants with 400 lg total daily dose (200 lg BID)
of BDP as the central reference point. Relative to this, the
other ICS dose regimens can be classified according to the
quadrant in which they fall based on higher or lower
efficacy and higher or lower systemic exposure relative to
400 lg total daily dose of BDP. This figure has been
previously presented at the American Thoracic Society

international conference, May 17–22, 2019, Dallas, TX,
USA [4]. BDP beclomethasone dipropionate,
BDPHFA beclomethasone dipropionate hydrofluoroalkane,
BID twice-daily, BUDDPI budesonide dry powder inhaler,
CIC ciclesonide, CFC chlorofluorocarbon, CICHFA

ciclesonide hydrofluoroalkane, GR glucocorticoid receptor,
DPI dry powder inhaler, FFDPI fluticasone furoate dry
powder inhaler, FLUHFA flunisolide hydrofluoroalkane,
FPDPI fluticasone propionate dry powder inhaler, HFA
hydrofluoroalkane, ICS inhaled corticosteroid, MDI
metered dose inhaler, MFDPI mometasone furoate dry
powder inhaler, TAACFC triamcinolone acetonide
chlorofluorocarbon
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low to medium and eventually to high. The
findings from this analysis revealed that,
theoretically, high levels of GR occupancy in
the lung (C 90%) can be achieved even with low
ICS doses and maintained during most of the
dose interval [6]. For example, after dosing to
steady state, a 200 lg BID dose of BDP will result
in 98% GR occupancy at the midpoint of the

dose interval (6 h post dose) and 91.5% GR
occupancy at the end of the dose interval (12 h
post dose). By 24 h post dose, GR occupancy
falls to 33.0%. Although the degree of GR
occupancy required for efficacy is not estab-
lished, it is widely recognized that total daily
doses of BDP 400 lg, BUD 400 lg, or FP 200 lg
are sufficient to provide adequate efficacy in

Table 3 Dose ratios and/or the BDP equivalent doses for efficacy/safety of ICS doses

Corticosteroid Dose
(lg/day)

Efficacy Systemic exposure Efficacy/systemic
exposure
(based on dose
interval ratios)

(BDP equivalent) (BDP equivalent)

Dose
(lg/day)

Dose interval
ratio

Dose
(lg/day)

Dose interval
ratio

Ratio

FF 100 831 8.31 114 1.14 7.29

200 1662 228

CIC 160 342 2.14 86 0.54 3.98

320 685 172

640 1369 346

FP 200 398 1.99 147 0.73 2.71

500 995 367

1000 1990 734

MF 200 269 1.34 195 0.98 1.38

400 538 390

800 1075 780

BUD 400 249 0.62 356 0.89 0.70

800 497 711

1600 994 1422

FLU 160 33 0.21 75 0.47 0.44

320 66 149

640 132 298

TAA 600 56 0.09 191 3.40 0.03

1200 113 383

2000 188 638

BDP beclomethasone dipropionate, BUD budesonide, CIC ciclesonide, FF fluticasone furoate, FLU flunisolide,
FP fluticasone propionate, ICS inhaled corticosteroid, MF mometasone furoate, TAA triamcinolone acetonide
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most patients with asthma, if they are adherent,
as evident from clinical efficacy studies [7, 8],
with little benefit gained from giving higher
doses [9]. Lower degrees of GR occupancy are
clearly associated with some efficacy, although
the point at which occupancy is too low for
adequate efficacy is unknown. Although higher
ICS doses can produce a greater than 90% GR
occupancy, there is a low likelihood of further
clinical benefit, but an increased risk of systemic
exposure [5, 7, 8, 10]. However, this rationale is
largely based on data from clinical trials
[7, 8, 11]. In a real-world setting with poor
inhaler technique and/or adherence to therapy,
the benefit/risk considerations of increasing
doses may be different across the ICS dose
range. Indeed, it has been experimentally
demonstrated that all ICS molecules are not
therapeutically similar and that across the
approved doses for asthma, FF gave more

protection against airway hyperresponsiveness
with less systemic activity, and had a wider
therapeutic index (systemic activity/airway
potency ratio) than FP or BUD [5]. Furthermore,
the real-world relevance of these differences,
particularly in scenarios of poor adherence, has
been explored more fully in another publication
[6]. These findings are relevant to asthma
treatment guidelines that currently assume that
there is no difference in therapeutic index
between ICS molecules and that for all ICS
regimens a dose defined as ‘‘high dose’’ in these
guidelines is unavoidably associated with a high
risk of unwanted systemic side effects. Another
reason for lack of response when increasing the
dose of an ICS regimen might be the limited
number of receptors available for ligand
binding in the lung [12–14]. This would cause a
saturation in GR occupancy by high-dose ICS
regimens [12]. A possible exception proposed by

Fig. 3 Duration of action of ICS regimen. Time post dose
during which 90% GR occupancy is maintained in the
lung after cessation of dosing. BDPCFC beclomethasone
dipropionate chlorofluorocarbon, BDPHFA beclometha-
sone dipropionate hydrofluoroalkane, BID, twice daily,

BUD budesonide, CIC ciclesonide, FF fluticasone furoate,
FLU flunisolide, FP fluticasone propionate,GR glucocorticoid
receptor, ICS inhaled corticosteroid,MFmometasone furoate,
OD once daily, QID four-times daily, TAA triamcinolone
acetonide, TID three-times daily
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the authors of this manuscript could be patients
with what is regarded as ‘‘steroid-resistant’’
asthma or those perceived as requiring higher
doses due to concomitant smoking or
comorbidities, such as obesity. It is also
important to highlight that in some patients
with significant airflow limitation and
obstruction, a low-dose ICS regimen might not
provide 90% or higher GR occupancy and near
maximal efficacy. Patients with moderate-to-
severe asthma potentially require higher
doses of ICS due to increasing underlying
inflammation [15, 16]. Finally, changes to a
patient’s lung architecture may mean that the
ICS dose does not reach all desired regions of
the lung in sufficient quantities, which may be
further limited by their impediments to
efficiently use an inhaler. These patients may
require higher ICS doses and/or improved lung
delivery (e.g., providing training on inhaler
technique or using a spacer with metered dose
inhaler).

Another dose response question worth
consideration is whether ICS with high systemic
bioavailability, when administered at high
doses, can have systemic activity sufficient to
contribute to efficacy in the airways. In this
regard, it has been shown that high doses of
some ICS have similar systemic activity to low-
dose orally administered prednisolone [17],

hence it seems reasonable to assume that there
would be a systemic contribution to their
pharmacological effect at high doses. However,
it has also been demonstrated that administering
large systemic doses of an ICS to achieve
higher systemic concentrations than those that
occur during inhaled administration does
not result in efficacy in the airways. Together
these observations suggest that the systemic
contribution to airways efficacy for ICS when
used at recommended doses is likely to be
insignificant, although it would not rule out a
systemic effect if there is such a mechanism of
action.

Dose Equivalence

We demonstrate that the relationship between
topical efficacy in the lung and systemic
exposure (sometimes referred to as the
therapeutic index) was different for each ICS.
This is critical when deciding whether
alternative ICS regimens are dose equivalent.
Notably, some regimens (i.e., FF) could be
classified as high for efficacy but low for
systemic exposure, which is contrary to how ICS
dose equivalence is currently viewed. The use of
relative percentages of GR occupancy in the
lung and relative cortisol suppression, rather

Table 4 Duration of action/dose interval ratio of different ICS regimens

Corticosteroid Dose (lg) Duration of action (h) Dose interval (h) Duration of action/dose interval ratio

FF 100 OD 82.5 24 3.44

CIC 320 OD 37.2 24 1.55

FP 500 BID 33.3 12 2.78

MF 400 OD 28.0 24 1.17

BDP 800 BID 15.4 12 1.28

BUD 800 BID 13.8 12 1.15

TAA 1200 TID 6.3 8 0.79

FLU 640 QID 4.5 6 0.75

BDP beclomethasone dipropionate, BID twice-daily, BUD budesonide, CIC ciclesonide, FF fluticasone furoate,
FLU flunisolide, FP fluticasone propionate, ICS inhaled corticosteroid, MF mometasone furoate, OD once-daily,
QID four-times daily, TAA triamcinolone acetonide, TID three-times daily
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than absolute values, circumvents the problem
of not knowing the exact degree of GR occupancy
that is required for efficacy or associated with
systemic exposure. We used BDPCFC 200 lg BID
as the benchmark to make dose equivalence
comparisons with the other ICS dose regimens
(Fig. 2). However, it is known that this low dose
of BDP (200 lg BID) is sufficient for adequate
efficacy in most patients with asthma
[1, 2, 18, 19]. Our results demonstrate that this
dose maintains at least 90% GR occupancy for
the entire 12-h dose interval, although lower
doses or wider dose intervals do not achieve this
and are therefore likely to be suboptimal for
efficacy.

Duration of Action

The hypothesis of different ICS molecules
varying in their duration of action has not been
fully explored either theoretically or clinically.
The extent of the ICS molecules’ retention in

the airway is determined by the dose delivered
to the lung, solubility and dissolution rate, lung
tissue binding affinity, and absorption rate from
the lung [3]. Post dose, the lung concentration
then declines in line with the absorption rate
from the lung [4]. This concentration, together
with the GR dissociation constant, determines
the degree of GR occupancy and how long it is
maintained. It also forms the theoretical basis
for ICS molecules differing in their durations of
action. The latter also influences the dose
interval that may be feasible with different ICS
regimens [3]. Indeed, the recommended dose
intervals for ICS regimens used in clinical
practice vary from three to four times daily for
short-acting ICS (e.g., TAA, FLU) to BID for
medium-acting ICS (e.g., BDP, BUD) and the
long-acting ICS FP, and OD for some long-
acting (e.g., CIS, MF) and ultra-long-acting ICS
(e.g., FF). A recent clinical trial in patients with
asthma provided evidence that the duration of
anti-inflammatory action of FF, as measured by

Fig. 4 Time course for the estimated duration of GR
occupancy in the lung corresponds to duration of
anti-inflammatory action measured in a clinical trial.
Concentration of FF in the lung and plasma, their
relationship to estimated percentage of GR occupancy in

the lung and observed percentage of FeNO suppression
following cessation of 100 lg OD dosing at steady state in
patients with asthma [19]. FeNO fractional exhaled nitric
oxide, FF fluticasone furoate, GR glucocorticoid receptor,
NO nitric oxide, OD once-daily
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fractional exhaled nitric oxide (FeNO)
suppression, is potentially longer than that
reported for BUD [20]. These data for FF are
shown in Fig. 4, which highlights that the time
course for the estimated duration of GR
occupancy in the lung corresponds to the
duration of anti-inflammatory action observed
in the aforementioned clinical trial using FeNO
suppression as a measure of efficacy [20].

As discussed above, all ICS doses within the
clinical dose range can potentially result in high
levels of GR occupancy (C 90%) in the lung
during most of the dose interval. This ought to
correspond with near maximum clinical efficacy.
However, the various ICS molecules differ
vastly, from 4.5 h for FLU to 82.5 h for FF, in the
duration for which these high levels of GR
occupancy can be maintained (Table 4, Fig. 3).
This depends on (i) how much and how long
the molecule is retained in the lung and (ii) the
concentration needed to achieve high levels of
GR occupancy reflected by the GR Kd [3]. There
may be little advantage to giving larger doses
due to cases where even low ICS doses can result
in high GR occupancy in the lung during most
of the dose interval. However, it is possible that
increasing the ICS dose might increase GR
occupancy maintenance and subsequently
extend the duration of anti-inflammatory
action. If the ICS dose is doubled, the duration
of action will be increased by one half-life [21].
This half-life is associated with lung absorption
and hence retention. Unfortunately, for most
ICSs, the half-life is relatively short (3 h or less
for FLU, TAA, BDP, and BUD; 5–7 h for MF, CIC,
and FP; Table 1). Therefore, increasing the dose
would only result in a correspondingly small
increase in the duration of action for these ICS
regimens, except for FF, which has a notably
longer half-life of approximately 20 h (Table 1).
Thus, doubling the FF dose would increase its
duration of action by close to 1 day. Even at a
low dose of 100 lg, FF has the longest duration
of action since its longer lung retention is
coupled with a higher GR affinity, allowing for a
OD dosing regimen. The identified differences
in duration of action/dose interval ratio may
have important clinical implications. For FF and

FP, where the duration of action is several times
that of the dosing interval, the anti-inflamma-
tory effect may be maintained, even if one or
two doses are missed. For ICS (BDP, BUD, CIC,
MF), where the duration of action is close to the
dosing interval, the anti-inflammatory effect
may wane if a dose was to be missed. This
finding may help explain observed real-world
benefits for FF and FP where adherence is
suboptimal. It may further be feasible to
extend the dosing interval for these ICS whilst
maintaining efficacy (i.e., alternate-day
dosing for FF).

When GR occupancy in the lung is calculated
as defined, it represents themaximum theoretical
GR occupancy achievable if all the bioavailable
drug in the lung reaches the pharmacological
target in the biologically relevant cells. However,
in practice, the extent of GR occupancy
achieved will vary for various ICS molecules,
driven not only by their GR binding affinities
but also their physicochemical properties.
Lipophilicity and permeability are the
physicochemical properties most likely to
influence drug availability for GR binding as
they determine dissolution, solubility, and
partitioning into target cells and tissues within
the airway [6]. Although these factors are
independently quantifiable in vitro, it is not
known how they act together in vivo within the
airways. It has been reported that differences in
permeability observed for steroids have a weak
inverse correlation with lipophilicity (ClogP)
[22]. This is because hydrophilic steroids tend to
diffuse faster over the cell monolayers in
comparison to the hydrophobic steroids, which
diffuse more slowly [22]. The relationship with
ClogP suggests that partitioning of the steroids
between the biological membrane and the
surrounding aqueous phase is one of the main
mechanisms for absorption, indicating passive
diffusion. Therefore, it is expected that ICSs
with lower lipophilicity may have higher
permeability compared with ICSs with higher
lipophilicity. Since these physicochemical
properties significantly influence the effect of
ICS molecules, they should be considered
when trying to determine a molecule’s dose
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response, equivalence, and duration of action.
Additionally, such assumptions about GR
occupancy calculated in this way are only
achievable in patients with asthma who have
good inhaler technique and are adherent to the
prescribed dose regimen [6].

Limitations of the Investigation

This analysis has some limitations, which should
be considered. The fraction of the dose absorbed
from the lung was assumed to be equal to the
drug available for GR binding in the lung.
Although not all drug inhaled or deposited in the
lung is necessarily absorbed into systemic
circulation, the amount that is will be the
dissolved drug fraction that is able to cross the
barriers of the lung epithelium, enter the
bloodstream, and hence potentially bind to GR
within lung cells. This fraction of the dose was
assumed to be evenly distributed throughout the
total lung tissue of 1 kg at steady state. Although
the inhaled drug particles are unlikely to be
deposited evenly immediately after a single dose,
after repeated dosing and allowing for diffusion
and redistribution of the dissolved drug, this is a
more reasonable assumption once steady state is
reached. In patients with asthma who have
significant ventilation and perfusion mismatch in
the lungs, there may be greater differences in
local drug deposition, but the assumptions based
on the average lung concentration of drug may
not be impacted and variability in GR occupancy
drug response might be higher. Then, even if
there are areas of higher and lower drug
concentration throughout the lung, the average
concentration should equate to the assumption
of even drug distribution. It was deemed
appropriate to assume that this average lung
concentration can be used to calculate the
percent GR occupancy in the lung. Although
there will be some non-specific binding to lung
tissue, the GR dissociation constants for the
various ICS molecules were assumed to be
appropriate for this analysis since they were
derived using measurements from human lung
cytosol, instead of animal tissue/cells, to estimate
the GR affinities in vitro.

Considering the assumptions made in the
data analyses, it is important to approach the
applicability to real-world patients cautiously
until validated by real-world studies.

CONCLUSIONS

Here, we show that all ICS molecules, even the
lowest dose regimens, have the potential to
generate high levels of GR occupancy in the lung
for most of the dose interval under ideal
conditions of adherence to therapy. On cessation
of dosing, after dosing to steady state, ICSs with
longer duration of action provided greater than
90% GR occupancy well beyond the dosing
interval; FF (100 lg OD) can achieve 92.8% GR
occupancy in the lung 72 h post dose, versus
94.6% GR occupancy 24 h post dose for FP
(200 lg BID), whilst ICSs with shorter duration of
action provided greater than 90% GR occupancy
for the first 12 h but not beyond 24 h (93.4% and
41.9% GR occupancy at 12 and 24 h post
dose, respectively, for BUD [400 lg BID]). The
relationship between efficacy in the lung and
systemic exposure was different for each ICS. This
is particularly important when deciding whether
alternative ICS regimens are dose equivalent.
Notably, some regimens could be classified as
high for efficacy but low for systemic exposure,
which is contrary to how ICS dose equivalence is
currently viewed. Duration of GR occupancy in
the lung and its implications for efficacy
maintenance showed the largest potential for
differentiating between ICS molecules. ICS dose
regimens were categorized as follows for duration
of action: short, 4–6 h (FLU, TAA); medium,
14–16 h (BUD, BDP); long, 25–40 h (MF, FP, CIC);
and ultra-long, greater than 80 h (FF). This feature
is likely to confer a therapeutic advantage for
longer-acting ICS regimens, particularly in
patients with asthma who are poorly adherent to
their prescribed ICS therapy.
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