Chronotherapy in allergic asthma: a randomised, 3-way crossover trial of time-of-day of inhaled corticosteroids
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ABSTRACT 
Background: Asthma demonstrates a robust daily rhythm, with airflow obstruction and airway inflammation peaking overnight. Chronotherapy is a strategy of aligning the timing of drug administration with rhythms in disease. We aimed to evaluate the efficacy of chronotherapy using inhaled corticosteroids in asthma.
Methods: This is an open-label, randomised 3-way crossover trial. Participants with mild-to- moderate atopic asthma were randomised to beclometasone dipropionate: 1) 400µg once-daily between 8AM and 9AM [ODAM]; 2) 400µg once-daily between 3PM and 4PM [ODPM]; and 3) 200µg twice-daily between 8AM and 9AM and between 8PM and 9PM (BD) for 28 days, with a 2-week washout period in between treatment periods. Six-hourly spirometry and biomarkers were measured over 24 hours following the run-in period and at end of each treatment period. 
Findings: Of 25 participants, 21 completed all regimens. ODPM was superior in improving 10PM FEV1 (median [IQR]: +160 [+70, +270]ml) compared to ODAM (-20 [-80, +230]ml) and BD (+80 [-20, +200]ml). ODPM resulted in better overnight (10PM and 4AM) suppression in blood eosinophil counts compared to BD and ODAM. All regimens improved asthma control and reduced fractional exhaled nitric oxide and serum cortisol levels with no difference amongst dosing regimens.
Interpretation: The ODPM regimen may better suppress the nocturnal dip in lung function and peak of blood eosinophil counts compared to BD and ODAM; this was without overall increase in adverse events. Future trials are warranted to confirm these findings and to determine which population may best benefit from ICS chronotherapy. 
Funding: JP Moulton Charitable Foundation.

INTRODUCTION
Asthma demonstrates a robust rhythm in both symptoms and pathophysiology (1): up to three quarters of patients experience worsening night-time symptoms and up to 80% of fatal asthma attacks occur overnight (2, 3). Coincident with nocturnal symptoms, airflow obstruction, airway inflammation and bronchial hyperresponsiveness consistently peak overnight (4, 5). The excessive diurnal variation and nocturnal dip in lung function is also a marker for disease severity, poor control and mortality (3, 4, 6). 
Chronotherapy is a dosing regimen aimed to deliver therapeutics at times determined by the pathophysiological and biological rhythms of the disease, with the aim of improving drug efficacy and/or reducing associated side effects. Previous studies have suggested that administering corticosteroids mid-afternoon in asthma may confer additional benefit compared to other dosage timing. For example, small proof-of-concept studies have demonstrated that dosing inhaled triamcinolone acetonide between 3 PM and 5 PM was more efficacious in improving morning peak expiratory flow than dosing in the morning, and without additional systemic adverse effects (7, 8). Administering oral corticosteroids at 3 PM also showed better improvement in nocturnal airway inflammation compared to alternative dosage timings, including the usual morning dosing regimen (9).  Moreover, immune cells demonstrate enhanced steroid sensitivity at 4 PM (10), supporting the notion that the optimal timing for corticosteroids administration may be at this time. However, comprehensive, and clinically meaningful effects of chronotherapy in asthma through assessing different domains, such as physiology, airway inflammation, symptom and toxicity, remains lacking. Furthermore, no study to date has investigated the effects of dosage timing on daily rhythms in asthma. Given asthma pathophysiology is highly time-dependent, a longitudinal assessment over 24 hours may better demonstrate treatment efficacy than relying on outcomes obtained at any single time point. 
Beclometasone dipropionate (BDP) is a rapidly activated pro-drug with a half-life of under 3 hours (11). It is widely used in the treatment of asthma (12, 13) and the standard dosing regimen is twice daily (12). We hypothesise that the optimal timing for administering inhaled BDP to suppress nocturnal dip in lung function and airway inflammation is mid-afternoon. In this randomised controlled trial, we investigated the impact of BDP dosage timing on the daily rhythms of asthma and nocturnal pathophysiology following inhaled BDP once in the morning, once mid-afternoon or in divided doses twice daily (in the morning and at night, the usual dosing regimen).

METHODS
We conducted a randomised, open-label, 3-way crossover trial of BDP (Clenil Modulite, delivered via pressurised metered dose inhaler) 400µg daily dose (200µg per inhalation) in the morning (between 8 AM and 9 AM [ODAM]) versus mid-afternoon (between 3 PM and 4 PM, [ODPM]), versus 200µg twice a day (between 8 AM and 9 AM and between 8 PM and 9 PM [BD]), in participants with mild to moderate atopic asthma. Briefly, adults aged 18 to 65 years with history of physician-diagnosed asthma and with symptoms consistent with asthma for at least one year prior to screening were recruited. 
All participants were treated with low to medium doses of inhaled corticosteroids (ICS) with or without long-acting beta agonists at screening and had documented allergy to at least one common inhaled allergen (i.e., cat dander, house dust mite or grass pollen) as confirmed on skin prick tests; a positive skin prick test was defined as a wheal size of ≥3mm in diameter, over the negative control.  All participants had evidence of at least one of the following prior to consent: 1) bronchial hyperresponsiveness to methacholine (defined as a ≥20% fall in forced expiratory volume within 1 second [FEV1] of ≤1mg in dose or ≤16mg/mL in concentration) (14); or 2) ≥12% or ≥200ml improvement in FEV1 in bronchodilator reversibility test, within 2 years prior to the study. The main exclusion criteria were smoking within the past 12 months or those with a smoking history of more than 5 pack years; uncontrolled asthma (6-item Asthma Control Questionnaire [ACQ-6] score of 1.5 points or more); asthma exacerbations or chest infection requiring oral corticosteroids or antibiotics within 3 months prior to screening and randomisation; any clinically significant uncontrolled diseases other than asthma. 
Non-permitted concomitant medications included systemic corticosteroids within 3 months, ICS other than study medications, nebulised β2 agonist/anticholinergics, inhaled long-acting β2 agonists, inhaled short acting β2 agonists other than study supply, inhaled short and long-acting muscarinic antagonist within 7 days and leukotriene modifiers within 72 hours prior to screening visit and during the study period.  This study was approved by the Research Ethics Committee (North West Greater Manchester South, 20/NW/0011) and conducted in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines (registered clinicaltrialsregister.eu; EudraCT: 2019-004309-28, https://www.clinicaltrialsregister.eu/ctr-search/trial/2019-004309-28/GB). All participants provided informed written consent. 


Study design
Baseline assessment
Demographic data and medical history were recorded during screening. All eligible participants stopped asthma maintenance therapies during the run-in period for 14-21 days prior the baseline assessment. At baseline visit (Day -4 and Day -3), participants stayed overnight, during which 6 hourly (4 AM, 10 AM, 4 PM, 10 PM) spirometry, fractional exhaled nitric oxide (FeNO), blood eosinophils and serum cortisol levels were measured, and ACQ-6 and Munich Chronotype Questionnaire administered (6). Sputum induction was carried out 4 AM (Day -3) and 4 PM (Day -1, >48 hours apart to ensure the second sputum sample was not affected by the first. Randomisation numbers were assigned which confirmed treatment sequences (Figure 1).

Treatment periods
The baseline visit was followed by three 28-day treatment periods in random order with a washout period between each treatment period of 14 to 21 days. The ACQ-6, 6 hourly spirometry, FeNO and blood samples were taken on Day 25 and Day 26 into each treatment period. Morning and afternoon sputum induction were carried out 48 hours apart, on Day 26 at 4 AM and Day 28 at 4 PM.
Peak flow meters and diary cards, which recorded morning and evening peak expiratory flow (PEF), salbutamol use, adverse events (AE) and ICS adherence, were provided during each washout and treatment periods. Full verbal and written instructions were given on inhaler technique.  All participants were contacted weekly by telephone during the study period during which AE, changes to concomitant medications and drug adherence were checked. 
Study procedures are detailed in the Online supplement (Section E1). 



Figure 1. Study flow chart.
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End points
Pre-specified primary end points included the treatment differences for FEV1, PEF and FeNO changes from baseline. The key secondary end points were the treatment differences in the changes in blood eosinophil counts, serum cortisol levels and ACQ-6, reliever medication use and AE. The daily rhythms in lung function parameters, FeNO, blood eosinophil counts and serum cortisol levels were examined. 

Statistical analysis 
The sample size calculation was based on previously published data (8) and an estimated 20% drop out rate. With n=20 completing all dosing regimens, with a type I error rate of 5% and a within group standard deviation of 9.3% in percent predicted FEV1, there was an estimated 80% power of detection a difference of 10% between groups in the mean group changes from baseline (8). 
The within-day variability amongst all time points were tested using Friedman test in the intention-to-treat population; pairwise comparisons between timepoints were subsequently carried out if the overall test had p-value of <0.05. Treatment effects were described as the differences between the end of each treatment period and baseline (defined as post run-in period) values. Comparisons of treatment effects amongst the three treatment regimens were performed using Freidman test in patients who had completed all treatment periods. Pairwise comparisons (Wilcoxon signed-rank test) were performed if the overall test had p<0.05. The p-values of the all pairwise comparisons were also adjusted using the Benjamini-Hochberg false discovery rate correction method (FDR, <0.1 defined as significant) (rstatix R package); both raw p-values and FDR adjusted values were presented. 
A mixed-effects (adjusted for repeated measures) cosinor model (cosinoRmixedeffects R package (15)) was used to examine the changes in the daily rhythmicity in lung function, FeNO, blood eosinophil counts and serum cortisol levels following treatments from baseline and amongst treatment regimens in individuals who completed all treatment regimens; 95% CI of the Midline Statistic Of Rhythm (MESOR, a rhythm-adjusted mean), amplitude (a measure of half the extend of predictable variation within a cycle) and acrophase (the timing of peak within a circadian cycle) (16) (Figure 2) were estimated using 1000 iterations of bootstrapping. Any potential carry over effects were examined by adjusting treatment sequence using multivariate mixed-effects cosinor modelling. Frequency of reliever use and AE were reported using descriptive statistics where number of participants and events were summarized. The peak flow diurnal variability during the last week of Run-in period and one week prior to end of each treatment period were calculated as (difference between maximum of three in the morning and maximum of three in the evening)/mean per day and averaged over the number of days; tests performed outside the pre-defined time windows were excluded. Missing data were excluded from analysis. All statistical analysis were performed using R Version 4.2.2 (Rstudio 2022.12.0).

Figure 2. Parameters assessed in the mixed-effect cosinor modelling
[image: ]


RESULTS
Baseline characteristics
Of 25 participants consented into the study, 22 completed ODAM, 21 ODPM and 23 BD dosing regimen (Figure E1). Approximately equal numbers were allocated to each sequence of treatment (Figure E2). Twenty-one participants (84%) completed all treatment regimens (Table 1) and had similar chronotypes (timing for sleep/wake cycle) (Figure E3). Adherence rate (BD: 98.4% adherence [97.8% within instructed time window] ODAM: 99.9% [96.3%] and ODPM: 99.9% [98.1%]) for each of the treatment regimens were excellent.
At baseline, lung function demonstrated significant variation throughout 24 hours, with increased airflow obstruction overnight compared to during the daytime. This coincided with blood eosinophil levels peaking overnight. In contrast, FeNO and serum cortisol levels peaked at 10 AM and with a nadir overnight (Section E2, Figure E4-5, Table E1).

Table 1. Baseline characteristic.
	Baseline characteristics 
	N=25

	Age (years)*
	42 (34, 52)

	Sex (male), n (%)
	16 (64.0)

	Ethnicity (white), n (%)
	19 (76.0)

	Height (cm)*
	172 (166-180)

	Weight (kg)*
	73.8 (69.9-83.6)

	BMI (kg/cm2)*
	26.1 (24.5-28.6)

	ACQ-6 (points)*
	1.0 (0.3-1.3)

	FEV1 (L)*
	2.8 (2.4, 3.5)

	FEV1 % predicted (%)*
	86 (71, 89)

	FEV1/FVC (%)*
	70.6 (63.4, 76.8)

	FeNO (ppb)*
	50 (26, 97)

	Blood eosinophil counts (x109 cells/L)*
	0.23 (0.18, 0.35)


*median (IQR)

Effect of chronotherapy
Lung function
All treatment regimens improved lung function compared to baseline, but the timing of lung function improvement was different depending on dosing regimens (Figure E6-10).  There was a larger improvement in FEV1 following ODPM (+160 [+70, +270] ml) than ODAM (-20 [-80, +230] ml) and BD dosing (+80 [-20, +200] ml) at 10 PM. A similar but modest effect was also observed in FEV1 % predicted and FEV1/FVC ratio (Table 2 and Figure E11). A small but statistically significant difference in FVC % predicted changes was also found following ODPM than ODAM dosing (Table 2, Figure E11). There was no difference in PEFR amongst treatment regimens (Section E3: Table E2, Figure E12).
Using cosinor modelling, the mean (95% CI) MESOR for FEV1 was 2.65 (2.29, 3.02) L at baseline; a higher MESOR for FEV1 was found following ODPM dosing regimen (2.80 [2.43, 3.16] L) compared to ODAM (2.72 [2.35, 3.08] L) and BD (2.73 [2.36, 3.10] L) (Figure 3).  Similarly, with the FVC MESOR of 4.07 [3.59, 4.56] L at baseline, a higher FVC MESOR was observed following ODPM (4.18 [3.70, 4.66] L) compared to ODAM (4.09 [3.61, 4.57] L) and BD (4.12 [3.64, 4.60] L) (Figure 3).  

Table 2. Changes in lung function parameters at the end of each treatment period compared to baseline
	Time of measurements
	ODAM

	BD

	 ODPM
	p-valueꝉ

	Improvement in FEV1 (ml), median (IQR)

	4 AM (n=21)
	60 [10, 200]
	110 [0, 240]
	120 [40, 210]
	0.33

	10 AM (n=21)
	40 [-10, 100]
	30 [-20, 190]
	110 [-20, 200]
	0.33

	4 PM (n=21)
	110 [-30, 200]
	100 [50, 260]
	80 [-40, 210]
	0.72

	10 PM (n=21)
	-20 [-80, 230]
	 80 [-20, 200]
	160 [70, 270]
	<0.01

	Improvement in FEV1 percent predicted (%), median (IQR)

	4 AM (n=21)
	2 [0, 5]
	4 [0, 6]
	4 [1, 8]
	0.22

	10 AM (n=21)
	1 [0, 3]
	1 [-1, 7]
	3 [-1, 5]
	0.44

	4 PM (n=21)
	3 [-1, 8]
	2 [2, 7]
	3 [-1, 6]
	0.85

	10 PM (n=21)
	 0 [-3, 6]
	4 [0, 5]
	5 [2, 8]
	<0.01

	Improvement FVC (ml), median (IQR)

	4 AM (n=21)
	 50 [20, 150]
	 50 [-50, 270]
	100 [0, 230]
	0.44

	10 AM (n=21)
	40 [0, 130]
	80 [-20, 190]
	150 [-30, 190]
	0.50

	4 PM (n=21)
	20 [-180, 180]
	90 [-190, 220]
	20 [-70, 130]
	0.83

	10 PM (n=20)
	-35 [-208, 62]
	10 [-165, 130]
	55 [-80, 198]
	0.08

	Improvement in FVC percent predicted (%), median (IQR)

	4 AM (n=21)
	1 [0, 3]
	1 [-1, 5]
	3 [0, 5]
	0.49

	10 AM (n=21)
	2 [0, 3]
	2 [0, 4]
	3 [0, 5]
	0.33

	4 PM (n=21)
	1 [-5, 4]
	2 [-4, 5]
	1 [-1, 3]
	0.85

	10 PM (n=20)
	-1.5 [-5, 2]
	0 [-4, 3]
	2 [-2, 5]
	0.03

	Changes in FEV1/FVC ratio (%), median (IQR)

	4 AM (n=21)
	0.8 [-0.5, 2.4]
	1.5 [-1.4, 5.6]
	1.9 [0.8, 2.9]
	0.07

	10 AM (n=21)
	0.1 [-1.1, 1.8]
	-0.8 [-2.2, 1.7]
	0.1 [-1.3, 3.6]
	0.47

	4 PM (n=21)
	2.1 [0.4, 4.9]
	2.0 [0.2, 4.4]
	1.2 [-0.2, 3.2]
	0.54

	10 PM (n=20)
	1.4 [-0.7, 4.2]
	1.3 [-0.7, 3.9]
	3.1 [1.2, 5.1]
	<0.05

	 Bold indicates statistical significance and subsequent pairwise comparison carried out.




Figure 3. Dynamic circadian changes in lung function, FeNO, blood eosinophil counts and serum cortisol levels at baseline and following each dosing regimen using cosinor modelling. 
Top Panel shows cosinor analysis over time (x-axis); the dotted line indicates MESOR, vertical dotted arrows indicate the amplitude and the horizontal dotted arrows indicate the acrophase (as demonstrated in Figure 2); bottom panels demonstrates the overall mean (95% CI) of MESOR, amplitude and acrophase, estimated using 1000 iterations of bootstrapping.
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Biomarkers for airway inflammation
All dosing regimens suppressed FeNO levels with no significant differences amongst dosing regimens (Table 3, Figure 3, Figure E13). 
All regimens reduced blood eosinophil counts compared to baseline at all time-points (Figure E14). The reduction in blood eosinophil counts overnight (at 10 PM and 4 AM) following ODPM dosing was significantly larger than those following BD dosing; this was also observed compared to ODAM dosing, but to a smaller effect (Table 3, Figure E15). 
With a baseline mean (95% CI) MESOR in blood eosinophil counts of 0.31 (0.25, 0.39) x109 cells/L, both ODPM (0.17 [0.14, 0.22] x109 cells/L) and ODAM (0.18 [0.14, 0.22] x109 cells/L) resulted in lower MESOR following treatment period compared to the standard BD dosing regimen (0.23 [0.18, 0.29] x109 cells/L) (Figure 3). 
The number of participants who were able to produce sufficient sputum were limited for statistical analysis (Section E4, Figure E16).



Table 3. Changes in biomarkers at the end of each treatment period compared to baseline.
	Time of measurements
	ODAM


	BD

	 ODPM
	p-value

	Changes in FeNO (ppb), median (IQR)

	4 AM 
(n=21)
	-8.5 
[-12.0, -1.0]
	-4.5 
[-14.0, 4.5]
	 -2.0 
[-23.0, 2.0]
	0.85

	10 AM
(n=21)
	-10.0
[-23.0, -5.5]
	-10.5
[-29.5, -1.0]
	-9.5
[-33.0, -4.0]
	0.87

	4 PM
(n=21)
	-6.5
[-20.5, -2.0]
	-7.5
[-21.0, 0.5]
	-12.5
[-27.0, -0.5]
	0.69

	10 PM
(n=21)
	-8.0
[-18.5, -2.0]
	-8.5
[-23.5, -2.0]
	 -9.5
[-28.5, 1.0]
	0.74

	Changes in blood eosinophil counts (x109 cells / L), median (IQR)

	4 AM 
(n=19)
	-0.10 
[-0.22, -0.03]
	-0.08 
[-0.20, -0.03]
	-0.12 
[-0.24, -0.10]
	0.04

	10 AM
(n=16)
	-0.04 
[-0.19, -0.01]
	-0.04 
[-0.12, 0]
	-0.09 
[-0.20, -0.03]
	0.65

	4 PM
(n=21)
	-0.13 
[-0.25, -0.03]
	-0.10 
[-0.17, -0.01]
	-0.12 
[-0.19, -0.05]
	0.07

	10 PM
(n=19)
	-0.13 
[-0.15, 0]
	 -0.06 
[-0.16, -0.02]
	-0.18 
[-0.21, -0.07]
	<0.01





Serum cortisol levels
All treatment regimens suppressed serum cortisol levels compared to baseline, but the degree of suppression differed amongst treatment regimens at different time points; there was no difference in the 10 AM cortisol suppression amongst treatment regimens (Table E3, Figures E17-E18). Whilst all dosing regimens reduced MESOR for serum cortisol levels compared to baseline (149 [127, 174] nmol/L), there were no differences amongst three dosing regimens (Figure 3).  
The same results were obtained following adjustment of treatment sequence within the model, suggesting there was no carry over effect (Figure E19).

Asthma control, reliever medication use and adverse events
All dosing regimens improved ACQ-6 scores with no difference seen amongst dosing regimens (Figure E20). There was no difference in reliever medication use and AE profiles amongst dosing regimens (Section E5: Table E4, Figure E21)

DISCUSSION
We carried out a comprehensive assessment of the dynamic daily fluctuations in multiple domains of lung physiology, inflammatory biomarkers and serum cortisol levels over a 24-hour period, in response to chronotherapy with ICS in asthma. We have shown that once-daily mid-afternoon dosing of BDP resulted in greater improvement in FEV1, FVC and blood eosinophil counts compared to once-daily morning and standard twice-daily dosing regimens. Mid-afternoon dosing demonstrated the biggest effect on improving nocturnal airflow obstruction and blood eosinophilia. Similar trends were also observed at 6 hourly time points during the day, although the effect size was much smaller. Mid-afternoon dosing did not demonstrate additional cortisol suppression compared to the alternative dosage timings.
[bookmark: _Toc147322843]Our findings further support the hypothesis that the onset of the inflammatory cascade (and hence the optimal timing of blockade) begins mid-afternoon, and the attenuation of rhythmic recruitment of airway inflammatory cells at this time point may abolish the subsequent excessive nocturnal dip in lung function in asthma.

Comparison to existing evidence
Consistent with the previous studies, we have confirmed that asthma demonstrates a robust and predictable daily variation in pathophysiology, with maximal airflow obstruction and airway inflammation occurring overnight (1, 5, 17, 18). We observed that the magnitude of within-day variations in lung function and inflammatory biomarkers was large in untreated asthma, and remained present following ICS treatment. This highlights the importance in taking timing of tests into consideration when results are interpreted for asthma diagnosis and assessment of treatment responses (1). 
Timing of inhaled and systemic steroids in asthma had been studied previously, but the dynamic daily fluctuations in both physiological and immunological domains over 24 hours comparing different dosage timings have never been reported. Frezza et al previously demonstrated that a single dose of inhaled BDP or fluticasone propionate given at 4 PM was sufficient to reduce the nocturnal dip in FEV1 at 4 AM in steroid naïve asthmatics compared to placebo, but no comparisons were made with other times of dosing (19). Beam and colleagues found that a single dose of oral prednisolone at 3 PM resulted in a significant improvement in the nocturnal dip in lung function, blood eosinophil counts and a pan-cellular reduction in bronchoalveolar lavage cytology at 4 AM in uncontrolled asthma, but these were not observed in participants dosed at 8 AM or 8 PM (9). Pincus et al demonstrated that once daily inhaled triamcinolone acetonide mid-afternoon was more efficacious than once-daily in the morning and equivalent to four times a day dosing regimen in improving morning peak flow rate (8). Similarly, Postma et al found that the afternoon-evening (between 4 PM and 8 PM) administration of inhaled ciclesonide resulted in more pronounced improvement in the morning peak expiratory flow compared to once-daily morning dosing regimen (20). Through a randomised, double-blind, placebo-controlled, three-way crossover study, Kempsford et al failed to demonstrate any difference in FEV1 following a 14-day treatment with inhaled fluticasone furoate between 9 AM and 9 PM dosing regimens in individuals with persistent asthma, but no mid-afternoon dosing was tested (21). Nevertheless, comparable AE profiles were found between morning and evening dosing (21). The lack of a chronotherapeutic effect may have also been due to the long half-life of fluticasone furoate and suggests that chronotherapy in asthma may be more effective using ICS with shorter half-lives where drug levels can be high during a specific window of time, thus reducing side-effects caused by ICS with longer half-lives.
A number of animal studies have shown that the circadian clock profoundly regulates inflammatory responses and immune cell trafficking (22).  Interestingly, cortisol levels have been negatively associated with the eosinophilic recruitment and activation in the lungs (23) and adrenalectomy in mice abolished circadian fluctuation of circulating eosinophils (24), suggesting a link between endogenous cortisol levels and eosinophil trafficking.  It may be that the exogenous glucocorticoids during the rapid fall of cortisol mid-afternoon better diminish the peak of eosinophilic infiltration in the lungs. However, in the current study airway eosinophilic trafficking could not be quantified due to limited sputum sample size but this should be further explored in future studies. We have also recently demonstrated that the blood immune cells are more sensitive to glucocorticoids at 4 PM compared to 4 AM in patients with asthma (10). Although this may partially explain the superior clinical efficacy observed following mid-afternoon dosing over the alternative regimens, steroid sensitivity in morning and late evening were not examined and should be explored in the future. Another explanation for our findings is that airway calibre is greater mid-afternoon compared to morning and evening, and this may improve drug deposition into the distal airways, making ICS more effective during the afternoon. 
Notably, once daily morning dosing regimen demonstrated overall better suppression in blood eosinophils compared to standard BD dosing, however this did not translate into greater improvement in lung function overnight. It maybe that the higher dosage administered in the morning in the ODAM regimen (compared to BD) remained effective in attenuating the mid-afternoon inflammatory cascade, but the therapeutic effects on lung function (perhaps through alternative mechanism such as the non-genomic effect of glucocorticoids (28)) are diminished at night when airflow obstruction starts to peak. 
[bookmark: _Toc147322844]
Strength and limitations
The current study explores the effects of ICS dosage timing on the daily rhythms of asthma, therefore it is limited by small sample size, short therapeutic and follow-up duration, with adherence optimised within a strict clinical trial setting. Whilst the small effect size may increase the risk of type II error (false negative results), we have demonstrated statistical significance in the pre-specified key end points in MESOR and 10 PM time point. However, the negative results (such as the differences in lung function and blood eosinophil counts at other time points during the day, the difference in serum cortisol levels, FeNO and peak flow amongst dosing regimens) may be due to the limited sample size and should be interpreted with caution. Nevertheless, the data presented in the current study form the basis for the design of future larger trials to establish the efficacy of ICS chronotherapy.
It is important to note that opinions regarding what constitutes the MCID in FEV1 following pharmacological intervention varies considerably (100-200ml) (29). Whilst we have found a 180ml difference in the improvement of FEV1 at 10 PM following mid-afternoon compared to the morning dosing regimen, the benefit of mid-afternoon dosing over the standard twice-daily regimen was smaller (+80ml) and therefore may not be clinically meaningful using this single time point. However, an improvement of >100ml in the 10 PM and the overall MESOR of FEV1 from baseline was observed following the mid-afternoon dosing and not the twice-daily regimen, potentially suggesting that more participants could reach MCID using mid-afternoon dosing regimen in clinical trials. We did not demonstrate any difference in ACQ-6 amongst dosing regimens, likely due to mild symptoms at baseline and short treatment duration. Notably, the established MCID in lung function are primarily based on distribution-based methods, taking into account daily variations (30). The MCID may be different when the daily variability is controlled within the study design and analysis; the benefit of using MESOR as an overall parameter for the assessment of treatment response in asthma clinical trials should be further explored.  Although the MCID in the reduction of blood eosinophil counts is unclear, a level of > 0.2 x 109 cells/L has been associated with asthma exacerbations (25). We observed that mid-afternoon dosing improved the overall blood eosinophil counts from over 0.2 x 109 cells/L following the standard twice-daily dosing regimen to under this threshold. This finding suggests mid-afternoon dosing may result in a reduction in asthma exacerbation risk compared to standard twice-daily dosing (26, 27). However, this could not be confirmed due to the limited follow-up period. A future larger efficacy trial with an extended dosing duration is needed to validate our findings, and to establish the longer-term impact of chronotherapy in asthma control, exacerbation rates, disease-related quality of life and side effects. Subgroups of patients who may best respond to ICS chronotherapy, such as those with frequent exacerbations and/or predictable nocturnal symptoms, should be further investigated in future trials. The acceptability of dosing in the mid-afternoon and adherence should also be further explored.
Our study population included individuals with mild to moderate allergic asthma and therefore the results cannot be extrapolated to other asthma phenotypes. Whilst previous studies demonstrated mid-afternoon dosing was superior in improving the morning peak expiratory flow rate, we did not observe this using patient-reported home PEF. This is likely due to unsupervised performance of home peak flow which is highly technique dependent. Instead, we used supervised spirometry, a more reliable measure of airway narrowing, as our primary endpoint. Furthermore, self-reported parameters, including adherence and reliever medication use, may not be reliable. Digital inhalers, Apps and hand-held devices which automatically log data may be more reliable and should be considered in future clinical trials design. 

CONCLUSION
Mid-afternoon dosing of inhaled BDP better improved lung function and inflammatory biomarkers compared to the alternative dosage timings without additional adrenal suppression, hence may result in better clinical outcomes without increasing steroid-related morbidity or costs. The role of chronotherapy in other asthma phenotypes and those with severe asthma should be characterised as the next step. Chronotherapy using other inhaled corticosteroids, including combination therapies, should also be further explored. Our findings warrant further validation in a larger clinical trial to establish its efficacy in the relevant asthma population and the health-economics impact should be evaluated. 
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