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Circadian variability in breath volatiles is affected by the timing
of inhaled corticosteroids in asthma
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To the Editor:

Many studies of exhaled volatile organic compounds (VOCs) have demonstrated changes associated with
asthma severity and phenotypes [1, 2], but as yet, true external validation of any VOC biomarker is
lacking. We recently highlighted a number of critical roadblocks to validation and clinical translation,
including the lack of understanding and control for physiological and biological variability [3].

Asthma demonstrates diurnal variation in symptoms and pathophysiology [4]. Some VOCs exhibit diurnal
rhythmicity in inhaled corticosteroid (ICS)-treated individuals [5]. Timing of ICS administration affects
clinical efficacy [6], but its effects on the rhythmicity of VOCs are not known. We investigated how
changing the timing of ICS dosing affected VOC signatures in asthma.

We conducted a randomised, three-way crossover trial of beclomethasone dipropionate (Clenil Modulite,
via pressurised metered-dose inhaler) 400 pg daily dose in the morning (08:00h (ODay)) versus
mid-afternoon (16:00 h (ODpy,)), versus 200 pg twice a day (08:00 and 20:00 h (BD)), in participants with
mild to moderate asthma [6]. Briefly, adults between the ages of 18 and 65 years were recruited with a
history of physician-diagnosed asthma, allergy to at least one common inhaled allergen and evidence of at
least one of the following: 1) bronchial hyperresponsiveness to methacholine (defined as a >20% fall in
forced expiratory volume within 1s (FEV;) at <1 mg in dose or <16 mg-mL~" in concentration); or 2)
>12% or >200-mL improvement in FEV, following 400 pg inhaled salbutamol via a spacer. All
participants stopped asthma maintenance therapies for a 14-21-day run-in period before the baseline visit.
During treatment periods, adherence to ICS dosing regimens was recorded using diary cards and was
excellent (>96%) [6]. At baseline, participants had exhaled VOCs collected (ReCIVA; Owlstone Medical,
Cambridge, UK) 6-hourly (04:00, 10:00, 16:00 and 22:00 h). The baseline visit was followed by three
4-week treatment periods in random order with a washout period (14-21 days) in between. 6-hourly
exhaled VOCs were collected over 24 h at the end of each treatment period; background room air samples
with the mask attached were also collected at this time. Participants were given meals at set times during
each overnight stay, with an evening meal provided between 17:00 and 18:00 h, a snack between 20:30
and 21:30 h, fasted overnight, and a breakfast given at 08:00 h and finished promptly by 08:30 h. This
study was approved by the Research Ethics Committee (North West Greater Manchester South, 20/NW/
0011) and registered at clinicaltrialsregister.eu as EudraCT 2019-004309-28. All participants provided
written informed consent.

A total of 500 mL of the lower expiratory portion of breath was sampled through multibed sorbent tubes
(Tenax TA and Carbograph 5TD; Markes International, Bridgend, UK). Samples were then analysed by
thermal desorption—gas chromatography—mass spectrometry as previously described [7]. VOC peak
intensities for 313 compounds were aligned and integrated (Masshunter Quantitative analysis; Agilent
technologies, Cheadle, UK), with their identification confirmed using external chemical standards (n=60)
or a combination of mass spectral library matches and retention index scores (n=253).

Time and dosing-regimen effects on VOC levels were analysed by repeated-measures ANOVA, modelling
time using harmonic regression with individual participant identifier (ID) as a variable. This was
performed first for all the VOCs together and then for individual VOCs. Tukey post hoc analysis was used
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to investigate pairwise differences. Effect at individual timepoints (04:00, 10:00, 16:00 and 22:00 h) was
analysed by repeated-measures ANOVA with participant ID as a variable. False discovery rate was used to
adjust for multiple testing. A hierarchical Gaussian process model was used to detect oscillating (rhythmic)
VOCs as outlined previously [5] and implemented in Stan (version 2.21.0). Missing data points (3.4%)
were imputed using a random forest proximity method (missForest R package, version 1.4). All statistics
were performed using R (version 4.0.2) in RStudio (version 2024.09.1).

21 participants (61.9% male, median (interquartile range (IQR)) age 40 (32—48) years, body mass index
26.2 (23.7-29.1) kg'-m™2) completed all dosing regimens. The median (IQR) FEV; at baseline was 3.0
(2.4-3.6) L. (86% (70-90%) predicted), with FEV/forced vital capacity ratio of 71.4% (63.5-78.6%),
fractional exhaled nitric oxide 50 (24-70) ppb and blood eosinophil count 0.21 (0.17-0.35)x10° cells-L~".

Both dose-timing and time-of-day of measurement were found to have an effect on VOC level (both
p<0.01). Pairwise differences were found between all dosing regimens versus the baseline (adjusted
p<0.05), except BD. 104 VOCs changed with dose-timing and 47 compounds changed with sampling-time
(adjusted p<0.05). 12 compounds changed significantly with both dosing pattern and time (figure 1), none
of which changed in the background room air control.

When looking for an effect of dosing regimens (compared to baseline) on VOC levels at individual
timepoints, 31 VOCs showed a difference with treatment in at a least one timepoint (adjusted p<0.05). Of
these, six VOCs showed a difference after OD 4y, 17 showed a difference after ODypy; and nine after BD.

Four VOCs were significantly rhythmic in ODxy, after adjusting for multiple testing (3,3- dimethylhexane,
thymol, menthol and isocetane) using Gaussian process model, but none in other dosing patterns and
at baseline.

We have demonstrated that ICS dosage-timing confounds exhaled VOC levels and patterns in a
time-of-day dependent manner, underscoring the importance of understanding contributing factors for the
biological and physiological variabilities in asthma. We confirmed that following ICS treatment, some
VOCs become significantly rhythmic (such as isoprene, a commonly reported potential breath biomarker)
[5]. Furthermore, we observed that certain chemical classes are significantly associated with ICS dosage
timing including sulfur-containing compounds (methyl thioacetate and dimethyl disulfide) and
monoterpenoids (o-pinene, B-pinene, sabinene, camphene and eucalyptol). Although both chemical classes
are commonly linked to dietary metabolism and synthetic flavour or scent additives, breath concentrations
have also been noted to be altered in patients with liver cirrhosis and respiratory infections [8, 9]. Notably,
we have previously shown that levomenthol (a terpenoid) in exhaled breath could distinguish oral
corticosteroid (OCS) use in patients with severe asthma [10]. Therefore, the metabolism of exogenous (ICS
and OCS) or endogenous steroids (such as cortisol, associated with circadian rhythmicity) may contribute
to exhaled monoterpenoids and their monomer isoprene [8—10]. In our study, the time interval between
ICS administration and VOC collection varied depending on ICS dosing regimens, potentially confounding
the different daily variations observed. Although we did not detect the propellant (norflurane) in breath
samples, both the immediate effects of propellent and/or ICS on local VOC production, and any
therapeutic effect [6], may have contributed to the variations observed. There is limited knowledge on the
influence of timing of ICS administration before exhaled breaths collection; this may be important and
should be accounted for in future studies.

We note that the rhythmic characteristics of some VOCs reported in the previous study [5] were not the
same in the current study. This is likely due to differences in study population, asthma treatment, ICS
dosing regimens and washout periods.

In summary, as dosage timings in ICS and time-of-day are important confounders for VOCs levels in
asthma, these factors must be appropriately accounted for at the biomarker discovery stage. This is
mandatory if we are to confirm reproducibility of results, external validation of findings and move towards
clinical application.

1,2

, Robert Maidstone @', Waqar Ahmed*?, Dave Singh™*?3, David Ray *°,
128 and Hannah J. Durrington

Ran Wang

Andrew Loudon®, Angela Simpson®?, Stephen J. Fowler 1,26

!Division of Immunology, Immunity to Infection and Respiratory Medicine, School of Biological
Sciences, Faculty of Biology, Medicine and Health, University of Manchester, Manchester, UK. 2NIHR

https://doi.org/10.1183/23120541.00277-2025 3


https://orcid.org/0000-0003-3324-969X
https://orcid.org/0000-0002-3482-3246
https://orcid.org/0000-0002-4739-6773
https://orcid.org/0000-0002-4524-1663
https://orcid.org/0000-0002-9990-9446

ERJ OPEN RESEARCH RESEARCH LETTER | R. WANG ET AL.

Manchester Biomedical Research Centre, Manchester University NHS Foundation Trust, Manchester,
UK. *Medicines Evaluation Unit, Wythenshawe, UK. *NIHR Oxford Biomedical Research Centre, John
Radcliffe Hospital, Oxford, UK. *Oxford Centre for Diabetes, Endocrinology and Metabolism, and
Oxford Kavli Centre for Nanoscience Discovery, University of Oxford, Oxford, UK. ®These authors
contributed equally.

Corresponding author: Hannah J. Durrington (Hannah.durrington@manchester.ac.uk)

Acknowledgement: We would like to thank the study participants for their time and commitment to the study and
the Medicines Evaluation Unit study team for help with the completion of the study. R. Wang, W. Ahmed,
A. Simpson, D. Singh, H.J. Durrington and S.J. Fowler are supported by the Manchester National Institute for
Health and Care Research (NIHR) Biomedical Research Centre (BRC) (grant numbers BRC-1215-20007, and
NIHR203308), Medical Research Council grants MR/W019000/1 and MR/V034049/1. D. Ray is funded/supported by
the NIHR Oxford Health BRC grant reference number NIHR203316. The views expressed are those of the author(s)
and not necessarily those of the NIHR or the Department of Health and Social Care. This work did not involve any
use of generative artificial intelligence.

Data availability: The study protocol is available on the trial registration website. Individual participant data that
underlie the results reported in this article after deidentification will be shared 3 years following article publication
with investigators whose proposed use of data has been approved by the study sponsor. Proposal will be directed
to pmoore@crosolutions.co.uk. To gain access, data requestors will need to sign a data access agreement.

Provenance: Submitted article, peer reviewed.
This observational study is registered at EudraCT with identifier number 2019-004309-28.

Ethics statement: 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 with EudraCT: 2019-004309-28, https://www.clinicaltrialsregister.eu/ctr-search/trial/2019-004309-
28/GB). All participants provided informed written consent.

Author contributions: H.J. Durrington, D. Ray, A. Loudon, A. Simpson, D. Singh and S.J. Fowler contributed to the
conception of the study, planning, set up and reviewing of the submitted article. R. Wang and W. Ahmed
contributed to the data acquisition, statistical analysis and writing of the article. R. Maidstone carried out the
statistical analysis and contributed to the writing of the article. H.J. Durrington is responsible for the overall
content as guarantor. The guarantor accepts full responsibility for the finished work and the conduct of the study.

Conflict of interest: D. Singh reports consultancy fees from Adovate, Aerogen, Almirall, Apogee, Arrowhead,
AstraZeneca, Bial, Boehringer Ingelheim, Chiesi, Cipla, CONNECT Biopharm, Covis, CSL Behring, DevPro Biopharma
LCC, Elpen, Empirico, EpiEndo, Genentech, Generate Biomedicines, GlaxoSmithKline, Glenmark, Kamada, Kinaset
Therapeutics, Kymera, Menarini, MicroA, OM Pharma, Orion, Pieris Pharmaceuticals, Pulmatrix, Revolo, Roivant
Sciences, Sanofi, Synairgen, Tetherex, Teva, Theravance Biopharma, Upstream and Verona Pharma. R. Wang,
R. Maidstone, W. Ahmed, D. Ray, A. Loudon, A. Simpson, H.J. Durrington and S. J. Fowler report no conflict
of interest.

Support statement: This work was supported by the J.P. Moulton Charitable Foundation. The funder had no role
in the study design, data collection, analysis or design of the manuscript. R. Wang is funded by the NIHR (through
an NIHR Clinical Lectureship) and received funding from Asthma+Lung UK (ECSG24\28). H.J. Durrington is funded
by MRC-CSF-MR/V029460/1 and received support from Asthma+Lung UK AUK-WAPG22/100005. R. Maidstone is
funded by Asthma+Lung UK WAPG22/100005. W. Ahmed is funded by the North West Lung Centre Charity. Funding
information for this article has been deposited with the Crossref Funder Registry.

References

1 Peltrini R, Cordell RL, Wilde M, et al. Discovery and validation of a volatile signature of eosinophilic airway
inflammation in asthma. Am J Respir Crit Care Med 2024; 210: 1101-1112.

2 Shahbazi Khamas S, Van Dijk Y, Abdel-Aziz MI, et al. Exhaled volatile organic compounds for asthma control
classification in children with moderate to severe asthma: results from the SysPharmPediA study. Am J Respir
Crit Care Med 2024; 210: 1091-1100.

3 Brinkman P, Wilde M, Ahmed W, et al. Fulfilling the promise of breathomics: considerations for the discovery
and validation of exhaled volatile biomarkers. Am J Respir Crit Care Med 2024; 210: 1079-1090.

https://doi.org/10.1183/23120541.00277-2025 4


mailto:Hannah.durrington@manchester.ac.uk
mailto:pmoore@crosolutions.co.uk
https://www.clinicaltrialsregister.eu/ctr-search/trial/2019-004309-28/GB
https://www.clinicaltrialsregister.eu/ctr-search/trial/2019-004309-28/GB
https://www.clinicaltrialsregister.eu/ctr-search/trial/2019-004309-28/GB
https://www.clinicaltrialsregister.eu/ctr-search/trial/2019-004309-28/GB
https://www.clinicaltrialsregister.eu/ctr-search/trial/2019-004309-28/GB
https://www.crossref.org/services/funder-registry/

ERJ OPEN RESEARCH RESEARCH LETTER | R. WANG ET AL.

4 Wang R, Murray CS, Fowler SJ, et al. Asthma diagnosis: into the fourth dimension. Thorax 2021; 76: 624-631.

5 Wilkinson M, Maidstone R, Loudon A, et al. Circadian rhythm of exhaled biomarkers in health and asthma.
Eur Respir J 2019; 54: 1901068.

6 Wang R, Maidstone R, Singh D, et al. The impact of dosage timing for inhaled corticosteroids in asthma: a
randomised 3-way crossover trial. Thorax 2025; 80: 504-511.

7 Peel A, Wang R, Ahmed W, et al. Changes in exhaled volatile organic compounds following indirect bronchial
challenge in suspected asthma. Thorax 2023; 78: 966-973.

8 Ferrandino G, Ricciardi F, Murgia A, et al. Exogenous volatile organic compound (EVOC®) breath testing
maximizes classification performance for subjects with cirrhosis and reveals signs of portal hypertension.
Biomedicines 2023; 11: 2957.

9 Fitzgerald S, Holland L, Ahmed W, et al. Volatilomes of human infection. Anal Bioanal Chem 2024; 416: 37-53.

10 Brinkman P, Ahmed WM, Gomez C, et al. Exhaled volatile organic compounds as markers for medication use
in asthma. Eur Respir J 2020; 55: 1900544.

https://doi.org/10.1183/23120541.00277-2025 5



	Circadian variability in breath volatiles is affected by the timing of inhaled corticosteroids in asthma
	Data availability
	References


