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ABSTRACT

Asthma is the most common chronic respiratory

disease in the UK; however, the misdiagnosis rate

is substantial. The lack of consistency in national
guidelines and the paucity of data on the performance
of diagnostic algorithms compound the challenges

in asthma diagnosis. Asthma is a highly rhythmic
disease, characterised by diurnal variability in clinical
symptoms and pathogenesis. Asthma also varies day

to day, seasonally and from year to year. As much as

it is a hallmark for asthma, this variability also poses
significant challenges to asthma diagnosis. Almost all
established asthma diagnostic tools demonstrate diurnal
variation, yet few are performed with standardised
timing of measurements. The dichotomous interpretation
of diagnostic outcomes using fixed cut-off values may
further limit the accuracy of the tests, particularly when
diurnal variability straddles cut-off values within a

day, and careful interpretation beyond the ‘positive’

and 'negative’ outcome is needed. The day-to-day and
more long-term variations are less predictable and it

is unclear whether performing asthma diagnostic tests
during asymptomatic periods may influence diagnostic
sensitivities. With the evolution of asthma diagnostic
tools, home monitoring and digital apps, novel strategies
are needed to bridge these gaps in knowledge, and
circadian variability should be considered during the
standardisation process. This review summarises the
biological mechanisms of circadian rhythms in asthma
and highlights novel data on the significance of time (the
fourth dimension) in asthma diagnosis.

INTRODUCTION

Asthma is the most common chronic respiratory
disease worldwide affecting 339 million people.’
It drives significant morbidity and mortality and
poses a substantial health-economic burden." > The
UK has one of the highest asthma prevalence rates
in Europe.® Prevalence rates are based on accurate
diagnosis; however, asthma is both overdiagnosed
and underdiagnosed at the global level.* In up to
one-third of asthma patients, treatment can be safely
withdrawn,’ raising concerns over significant misdi-
agnosis and overtreatment.' > In population-based
studies, between 19% and 73% of adults and chil-
dren who have symptoms and objective evidence in
keeping with asthma have never been formally diag-
nosed, indicating considerable underdiagnosis.* "
Misdiagnosing other conditions as asthma may
cause harm to patients, and the inappropriate use
of asthma treatment is associated with unnecessary
side effects and cost, without any clinical benefit."*
Failing to diagnose or treat asthma results in poor
disease outcomes and excessive mortality."®'” Accu-
rate asthma diagnosis is pivotal in achieving good
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disease outcome and has important implications in
the effective use of healthcare resources, but why is
the misdiagnosis rate so high?

Current challenges in asthma diagnosis

Asthma is a heterogeneous clinical syndrome.
While we now begin to understand the mechanisms
driving some of the asthma phenotypes and endo-
types, our knowledge remains limited, impeding
accurate asthma definition and diagnosis. In spite
of this complexity, the clinical features of asthma
include (some or all of) reversible airflow obstruc-
tion, airway inflammation and bronchial hyper-
responsiveness (BHR)."® All the currently available
diagnostic tests are aimed at demonstrating one or
more of these features. Peak expiratory flow (PEF),
lung function and reversibility tests demonstrate
airflow obstruction and variability, bronchoprov-
ocation challenges examine BHR. Fe ., allergic
sensitisation tests (skin prick test and immuno-
globulin E (IgE)) and serum/sputum eosinophil
counts are inflammatory biomarkers. In addition
to clinical symptoms, an asthma diagnosis should
be supported by objective evidence of variable
airflow obstruction or inflammation, yet there is
no single ‘gold-standard’ test. Adding to the chal-
lenge, national clinical guidelines have published
somewhat conflicting recommendations, causing
much concern among healthcare professionals.'” In
a population-based birth cohort study, the asthma
diagnostic algorithm for children recommended by
the National Institute for Health and Care Excel-
lence (NICE) was applied to 772 children. Strik-
ingly, in this population, only 3% of children with
current asthma had FEV, to FVC ratio (FEV,:FVC)
of less than 709%.%° Bronchodilator reversibility tests
(BDR) and Fe , also demonstrated poor diagnostic
accuracy using the recommended cut-off values.
This raises concerns over the potential for delayed
diagnosis in children or misdiagnosis; the compre-
hensive review of the literature that accompanied
this guidance clearly demonstrated the paucity of
evidence for the use of spirometry and bronchodi-
lator reversibility in children.?* !

Acknowledging that asthma is an umbrella term
covering this heterogeneity, in 2015, Global Initiative
for Asthma simplified their asthma definition to aid
diagnosis in clinical practice.”* This new definition
highlights the cardinal features of variability in asthma:
‘a history of respiratory symptoms such as wheeze,
shortness of breath, chest tightness and cough that vary
over time and in intensity” and “variable expiratory
airflow limitation’.** Despite this, the diagnostic guide-
lines continue to predominantly rely on using fixed and
arbitrary cut-off values in the interpretation of tests,
with little emphasis on the timing of measurements
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and how this may affect diagnostic accuracy.”! % In this review,
we will provide evidence that virtually all asthma diagnostic tests
demonstrate diurnal and longer term variation; we will show how
variability and timing impact asthma diagnosis and management. We
provide an overview of the biological clock mechanism and highlight
areas for future research.

ASTHMA VARIABILITY: THE FOURTH DIMENSION: TIME
Diurnal variability

Asthma is a respiratory disease that demonstrates strong diurnal
rhythmicity, typically with worsening symptoms overnight or early
in the morning.”* Nocturnal symptoms affect 74% asthma patients
leading to awakening at night at least once a week.** Up to 80%
of fatal asthma attacks in hospitalised patients occur overnight/early
morning.” % Excessive diurnal variations in symptoms and airflow
obstruction are associated with disease severity and risk of death.**
A number of studies have consistently demonstrated that airway
inflammation and airflow obstruction peak at 04:00.”7* In patients
with asthma, night-time PEF and FEV, are reduced, and airway
inflammation increased compared with daytime.”” 2* *' Moreover,
patients with large overnight decrements in PEF also have increased
airflow obstruction and BHR during the day.”” The amplitude of
PEF diurnal variability can increase up to fourfold during unstable
asthma compared with a symptom-free period,*” indicating that
nocturnal dips in lung function are an important objective marker
for disease control. During the development and validation of the
Asthma Control Questionnaire, ‘awoken at night by symptoms’ was
rated as the most important subjective marker for assessing adequacy
of asthma control.*

The biological clock in asthma

Mechanisms of biological timing

The word ‘circadian’ comes from the Latin ‘circa’, meaning
‘about’, and ‘dies’, meaning ‘day’.** Circadian rhythms, driven
by the 24-hour cycle of Earth’s rotation, are generated by a
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molecular clock expressed in virtually all cells. The cellular circa-
dian molecular clock consists of a positive arm—CLOCK (Circa-
dian Locomotor Output Cycles Kaput) and BMAL1 (Brain and
Muscle ARNT-Like 1), which interacts in the cytoplasm to form
a complex (CLOCK:BMAL1) and activates the transcription of
genes containing ‘E-Box’.* 3¢ The CLOCK:BMAL1 complex
drives the transcription of two inhibitory arms—PER/CRY
(period gene: PER1, PER2 and PER3/cryptochrome gene: CRY1
and CRY2) and REV-ERBo/REV-ERBP (Nr1d1/Nr1d2; nuclear
receptor subfamily 1, group D, members 1 and 2), which feed-
back to inhibit BMAL1:CLOCK heterodimer transactivation
function® %7 (figure 1). The circadian clock powerfully regu-
lates the oscillating rhythm of thousands of genes, proteins and
metabolic processes throughout the body, thereby controlling
biochemistry and physiology, including immune responses and
inflammation.** 3¢ 3% 3

While the cellular clocks express circadian oscillations when
in isolation, complex and intimate interplay exists between
the clocks and metabolic pathways at both local and systemic
levels. A central clock in the suprachiasmatic nucleus of the
brain, which is sensitive to light stimulation through the retina,
synchronises peripheral tissue clocks via neural and humoral
mediators. However, misalignment can occur (such as through
chronic shift work, jet lag or disrupted lighting schedules) and
negatively impact physiology and health.***

The circadian clock and asthma

The lungs contains its own autonomous peripheral clock mecha-
nism, which is located in the bronchiolar epithelial cells.** Many
growth factor ligands, receptors, inflammatory molecules and
airway glands, which are involved in the regulation and homeo-
stasis of the lungs, show circadian influences.**™® In partic-
ular, REV-ERBa. plays a key role as a repressor of pulmonary

inflammation.*”
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Figure 1
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Schematic demonstration of biological clock network. BMALT1, Brain and Muscle ARNT-Like 1; CLOCK, Circadian Locomotor Output Cycles

Kaput; CRY, cryptochrome gene; PER, period gene; ROR, RAR-related orphan receptor; SCN, suprachiasmatic nucleus.
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The role of circadian disruption in the pathophysiology of
respiratory disease is complex. Environmental stressors such as
jet lag, shift work and infections can result in circadian disrup-
tion, which in turn alter downstream clock-dependent physio-
logical and immune responses.*® In murine studies, deletion of
Bmall gene and circadian disruption by jet lag exacerbate acute
viral bronchiolitis caused by influenza A and Sendai viruses.*’
In Bmall knockout mice, extensive asthma-like airway changes,
including increased airway resistance and mucus production,
were observed after viral infection.*” In ovalbumin-induced
allergic asthma model, deletion of Bmall in myeloid cells mark-
edly increased lung inflammation, eosinophilia and interleukin
5,%0 suggesting it is a negative regulator. Interestingly, BMAL1
expression is lowest at night, potentially explaining increased
nocturnal airway inflammation in asthma. Recently, using the
house dust mite mouse model for allergic airways disease, and an
in vitro precision cut lung slice model, we identified a pathway
linking the core cellular clock, through REV-ERBa to airway
reactivity, smooth muscle tone and airway narrowing.’’ The
time-of-day effects in airway hyper-responsiveness following
allergen challenge were ablated in REV-ERBa-deficient mice, as
was rhythmic expression of key muscarinic receptor sub-classes,
mediating cholinergic smooth-muscle responses. Intriguingly, the
loss of clock gene expression, including REV-ERBa, in the lung
also appears to be a feature in patients with asthma compared
with time-matched controls.*’ In addition, children with respi-
ratory syncytial virus bronchiolitis and persistent wheeze also
demonstrated deficient BMAL1 expression in nasal washings.*’

Using cross-sectional data from >280000 individuals from
the UK Biobank, Maidstone et al demonstrated that permanent
night shift workers had higher likelihood of acquiring asthma
and worsened severity compared with day workers. This was
following adjustment of major confounding factors, including
social deprivation, occupational risks for asthma and smoking,
indicating that circadian misalignment due to imbalance between
the internal clock and the environment (external light-dark
cycle) may impact on asthma acquisition and severity.*!

In the context of allergic diseases, mast cell, basophil and
eosinophil biology are all under circadian regulation.*® >3 The
expression of high affinity IgE receptor (FceRI) in mast cells is
under clock control and the stimulation of FceRI at different
time points induces rhythmic production of cytokines in vitro.”*
Basophil degranulation in response to IgE ligation demonstrates
clear circadian rhythm in patients with allergic asthma, but not
in controls.*? This rhythmic variation in basophil response is in
acrophase with circadian variability of PEF in asthma®? (table 1).

Diurnal variability in asthma diagnostics

In making a diagnosis of asthma based solely on variability
in symptoms, it is often difficult to differentiate asthma from
‘asthma-like’ illnesses and other small airway diseases such as
COPD.?! %5 ¢ Self-reported diurnal symptoms alone poorly
predict asthma with low sensitivity and specificity.! Up to
809% of patients with COPD also self-report night-time or early
morning symptoms and 90% showed variability in symptoms
over a week.’®?’

Airflow limitation

The measurement of diurnal variation in airway calibre in
asthma is a key component of the diagnostic process.>> However,
it is paramount to understand that diurnal variation is not an “all’
or ‘nothing’ phenomenon that is exclusively observed in asthma.
In fact, circadian rhythm is an inherent biological timing system
present in all light-sensitive forms of life.* Healthy individ-
uals exhibit variability in lung physiology over 24-hour period,
but in patients with asthma this response is exaggerated.’®°
For example, a mean circadian variation in FEV, of 70mL is
present in healthy individuals, independent of environment and
posture,’® but in patients with mild to moderate asthma this
amplitude may be more than doubled.”

Currently, PEF monitoring is the only diagnostic test used to
demonstrate diurnal variability in asthma. Reliable demonstra-
tion of diurnal variation in PEF requires frequent measurement
to minimise the missed variations between readings. In partic-
ular, underestimation of diurnal variation becomes increasingly
likely if less than four evenly spaced out PEF readings are taken
over 24 hours.®’ ® The commonly used twice-daily readings
may underestimate PEF variability by up to 15% and pick up
only 20%-45% of the true diurnal variation.®! > Errors in the
timing of recording PEF will also result in missed peaks and
troughs.®® However, increased frequency and stringent timing
of daily readings are likely to result in reduced test completion

rate.** ¢

Bronchodilator responses and bronchial provocation challenges

The diurnal variation in bronchodilator reversibility can be
significant even in well-controlled and fully treated asthmatics.
Sly and Landau demonstrated that more than half of stable asth-
matic children had diurnal variations in BDR.** The peak of bron-
chodilator responses occurred between 02:00 and 04:00, with
greater bronchodilation on waking in the morning compared
with 16:00 (by 44 L/min). Interestingly, bronchodilation in the
evening was also greater than in the afternoon, suggesting that

Table 1  Glossary
Amplitude The maximum variation measured from mean
Acrophase Phase angle corresponding to the peak value of the rhythm

Biological (peripheral) clock

Central (master) clock

Self-sustained circadian oscillation in absence of external periodic input

The suprachiasmatic nucleus located in the basal hypothalamus of the brain, receiving external information via the retina

The propensity for the individual to sleep at a particular time during a 24-hour period; it can be broadly categorised into three groups: (1) morning-type (wake up

early and sleep early, peak of physical and mental activity during early part of the day); (2) evening-type (wake up late and sleep late, with peak physical and mental

Chronobiology Study that examines timing processes or biological rhythms
Chronotype

activity during end part of the day) and (3) neither
Chronotherapy Synchronisation of drug concentration to rhythms in disease activity

Circadian rhythm

Diurnal variation Variation during the day between dawn and dusk

Biological processes that display oscillation over 24-hour periodicity
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minimal BDR in PEF occur in the afternoon, coincident with
least airway narrowing and airway inflammation.?®

Direct bronchial provocation challenges performed over-
night have more profound effects than during the day.®*™ For
example, both methacholine and histamine challenges demon-
strate a twofold-threefold difference in provocation concen-
trations required to elicit 20% drop in FEV, (PC,)) at different
times of day in mild asthmatics, with the maximal BHR occur-
ring between 03:00 and 05:00.°* ¢ *® Consistent with this,
Martin and colleagues also reported significantly increased BHR
at 04:00, and even normal saline inhalation at this time triggered
>20% fall in FEV1.27 However, exercise challenge results in
greater hyper-responsiveness in the afternoon (18:00) compared
with the morning (07:00).%° Similarly, hyperventilation of cold
air induced a maximal fall in FEV | at 16:00, but this was halved
at 04:00.°* The differences in the phases (where the peak and
the trough occur) of BHR circadian changes with the nature of
the challenge reflecting the different underlying mechanisms
involved.

Biomarkers

Diurnal variation of Fe, in asthma has been established in a
number of studies.®® 7° 7! Saito et al demonstrated diurnal vari-
ation in Fe  in patients with asthma by using a domiciliary
nitric oxide (NO) analyser and found the amplitude of Fe,
diurnal variation is more sensitive than PEF in predicting poor
asthma control.”® In the paediatric population, diurnal variation
in Fe  was demonstrated with morning readings being 14%
higher than the evening readings.”' Conversely, Kharitonov and
colleagues failed to find diurnal variability of Fe , in both adults
and children with very mild asthma and normal lung function,”*
although the study design and in particular the timing of the
measurements (10:00-16:00) may have meant that the circadian
peak and trough of Fe  were missed. Georges et al investigated
diurnal variation in exhaled NO by taking measurements at
04:00, 16:00 and 22:00 in asthma patients with and without
nocturnal symptoms. Fe , was the highest when taken at
16:00 compared with overnight in patients reporting nocturnal
symptoms.”® Although this may suggest that nocturnal asthma
represents a distinct circadian phenotype, it is also possible that
nocturnal symptoms were reflective of poorer disease control;
hence, a more pronounced diurnal variation was observed in this
population. Recently, another study conducted by Wilkinson et
al in patients with moderate atopic asthma reported diurnal vari-
ation in Fey, when measured every 6 hours.”” The difference
between the trough (overnight) and peak (10:00) of Fe  was
large (12 ppb) even in stable asthmatics,®* and could be even
larger in uncontrolled cases.”” Importantly, the intrasubject
diurnal variations in Fe  straddled the currently recommended
fixed diagnostic cut-offs, and, therefore, may potentially impact
on diagnostic accuracies.®’

Airway eosinophilia also demonstrate diurnal vari-
ability.?® 3° 3 7 Eosinophil counts in the bronchoalveolar lavage
at 04:00 are twofold—threefold higher than 16:00 in patients with
asthma.’® 7* Transbronchial biopsies in patients with nocturnal
asthma had four times higher alveolar tissue eosinophils at 04:00
compared with 16:00.>' Durrington and colleagues found that
patients with severe asthma attending morning clinics were twice
as likely to have sputum eosinophilia compared with patients
attending afternoon clinics.”® This variation was only observed
in asthma and not in healthy controls. However, diurnal vari-
ation in blood eosinophils was present in both healthy and
asthma.”® Furthermore, circadian variation in total IgE levels

have been previously documented in both non-allergic and
allergic asthmatic children, with ~309% variability observed with
two diurnal peaks and one nocturnal trough.” Exhaled volatile
organic compounds (VOCs) are novel breath biomarkers. Some
VOCs become rhythmic in asthma,® highlighting the need for
considering time-of-the-day effects during the standardisation
and validation processes of novel asthma biomarkers.

The human biological clock is a remarkable built-in mecha-
nism that is well integrated with the Earth’s rotation and changes
in light, temperature and other environmental factors. There-
fore, the circadian amplitude of variation in asthma can be highly
dynamic, interacting with changes in environmental and disease
activities.”’ 7® Even in stable asthmatic children who have nearly
outgrown asthma, significant differences in circadian amplitude
of lung function have been observed between seasons, with the
highest during winter months.”” Interestingly, this coincides with
the seasonal variation of the lowest level of BMALT1 expression,”®
but the causal relationship between the two is unclear. Circadian
oscillation is predictable. Nevertheless, there is paucity of data
to investigate whether diagnostic error caused by circadian vari-
ability can be adjusted by the time-of -day effect. Furthermore,
interindividual differences in chronophenotypes of FEV, phases
exist in healthy volunteers,”” but whether these differences exist
among asthma patients is unknown. It is also unclear if the
same circadian patterns can be observed in all asthma pheno-
types/endotypes. Ascertaining such chronophenotypes in asthma
would be beneficial in delivering tailored diagnostic strategies
in measuring diurnal variability. Notably, chronotypes (patients
preferred pattern of sleep, see table 1) influence asthma risks
and nocturnal symptoms, and may also impact on the diurnal
variations and chronophenotypes in asthma,*! 778081

Day-to-day variability
Day-to-day variability in asthma is less well studied than diurnal
variability. Marked increase in BHR can occur within 24 hours
after exposure to sensitizers and can resolve within a week.**
Significant day-to-day variability in airway resistance and reac-
tance using forced oscillation technique have been demon-
strated by Goldman and colleagues during a stable period of
asthma.®®> However, this was markedly increased through exac-
erbation periods and was linked with poor medication adher-
ence and asthma control.’* % Fe,, also exhibits between-day
variability.”® 7' 8 %7 Ekroos et al investigated the short-term
variability of Fe_ in healthy volunteers and patients with mild
asthma at 10 min, 6 hours and 24 hours, and found that the vari-
ation over 24 hours were higher compared with those of shorter
time periods.}” Furthermore, the coefficient of variation in Fe
over 24 hours was more than doubled in those who have asthma
compared with healthy volunteers. Interestingly, even in symp-
tomatic individuals who did not fulfil the functional criteria of
asthma, the day-to-day variation was twice as high as healthy
controls.’” In asthmatic children, the day-to-day variation of Fe
over 2 weeks was even higher, with the coefficient of variance of
between 36% and 40%.”" Saito et al demonstrated significantly
increased day-to-day fluctuations in Fe in uncontrolled asthma
compared with well-controlled asthma patients, suggesting these
short-term variability of Fe, could be a surrogate biomarker for
disease control and predictor for risk of future exacerbations.”’
However, unlike diurnal variability, the day-to-day variation is
less predictable in individual patients in the diagnostic setting
and its impact on diagnostic accuracies is unclear.

To overcome short-term between-day variations, Wong et al
calculated the mean of daily airway resistance/reactance over a
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period of time.®* Similarly, the mean of Fe, obtained over two
consecutive days at the start and during treatment were used to
reliably determine response to inhaled corticosteroids during the
evaluation of Fe suppression test in severe asthma.*® However,
these measures are costly and time consuming in clinical prac-
tice. As the diagnosis of asthma is commonly based on one-off
testing, future research is needed to elucidate the implication of
day-to-day variability on diagnostic accuracy.

Longer term variability

Asthma pathophysiology and disease activity can vary signifi-
cantly over years. It is well known that remission of asthma in
children is common during the second decade of life, but many
relapse later on.* Panhuysen et al followed up 181 patients
between the ages of 13 years and 44 years with confirmed
asthma, and retested for BHR, airflow obstruction and clin-
ical symptoms 25 years later. Of these, 11% were no longer
considered to have asthma,”® suggesting adult patients may also
‘outgrow’ asthma. Even in patients with adult-onset asthma
phenotype, one in six patients experiences remission within the
first 5 years.”! Although milder disease has been associated with
better long-term outcome, Ross et al has demonstrated that half
of the children with severe asthma no longer had severe asthma
at 3-year follow-up,’” indicating there is a significant resolution
rate even in the severe asthma population.

Variation in asthma control and pathophysiology can be
observed over a shorter period of time. Peak flow variability,
decrements in lung function and other biomarkers such as eosin-
ophils may also increase during acute exacerbations and improve
with recovery following treatment.”® Vahlkvist e al demonstrated
more than threefold increase in Fe, during the pollen season in
birch pollen allergic mildly asthmatic children, without signif-
icant change in peak flow.”* Skiepko and colleagues measured
Fe,, 3-5months before and during pollen season in patients
with grass pollen allergic rhinitis and BHR. Strikingly, Fe, ; more
than doubled during pollen season, with markedly increased
BHR to histamine (by more than 10-fold) when compared with
pre-season.” Notably, these seasonal differences straddled the
fixed clinical cut-off values. Hence, allergen exposure or avoid-
ance in sensitised individuals near the time of clinical assessment
may affect diagnostic outcome. Furthermore, Selvanathan et al
showed that in 20% of patients with asthma who had a negative
methacholine challenge went onto have positive BHR following
medication tapering. However, spontaneous variations in BHR
also occurred during follow-up at 6 months and 12 months in
159% of patients irrespective of seasonal or medication changes.”®

((\VasV. WYY

Even in the absence of changes in lung physiology, asthma treat-
ment or symptom scores, considerable biological inflammatory
changes have been observed in repeated endobronchial biopsies
in stable asthmatics obtained 1month apart.”” Sputum inflam-
matory phenotypes are unstable in children with asthma over 12
months, independent of asthma medications or disease control.”®
Similarly, marked longitudinal instability in sputum cellularity,
bronchodilator responses, biomarkers and lung function have
been observed in adults within a year.” 1%

Influencing factors such as lifestyle changes, infections, medi-
cation compliance, pollution and climate further impact on
the natural history of asthma in an individual, making reliable
asthma diagnosis based on a snapshot assessment challenging.
Serial measurements and cautious interpretation of tests results
by taking into account of these factors at the time of tests may be
a valuable diagnostic strategy.

THE FUTURE OF ASTHMA DIAGNOSIS

Timing matters

Variability in asthma diagnostic tests has been realised for more
than 20 years,>* 3! ¢4 66974 414 our ongoing work continues
to support this.®* 7° However, the current ‘snapshot’ diagnostic
strategy remains inadequate in addressing this key issue.

The natural history of asthma is heterogeneous and complex,
with continuous and dynamic diurnal, day-to-day and longer
term variability (figure 2). In clinical settings, variability in the
outcome of diagnostic tests is further compounded by vari-
ations in test techniques and reproducibility of the test itself.
Knowing patients’ disease timeline and symptom triggers, and
integrating this knowledge with the timing of diagnostic tests
may improve the accuracy of interpretation of test results. The
recommended fixed cut-off points for diagnostic tests should
never be used in the absence of detailed clinical history and the
consideration of timing of the test. For example, a borderline
lung function measured during an episode of assumed ‘acute
exacerbation” may give a very different diagnostic probability
of asthma than if the test was performed during a stable and
asymptomatic period. While achieving accurate asthma diag-
nosis based on a snapshot assessment at a random time point
is ambitious, prompt reviewing and reassessment as the disease
evolves, with appropriate retesting will probably improve diag-
nostic accuracies. Performing diagnostic tests when patients are
more symptomatic may also enhance diagnostic efficiency than
during asymptomatic periods. However, there is little evidence
to support this.

AL MAANA 5

00 a Fixed cutoff value
AN AS a4

(U

Lung function

Acute exacerbation

4 _ha A s AANAN

Well-controlled

WA MW

Suboptimal
control

Time

Well-controlled period: characterised by better lung function and less diurnal variability. However, diurnal variation may straddle

diagnostic cut offs in some patients.

Period of suboptimal control: may be predictable in individual patients based on the triggers, such s cold weather or during pollen

seasons.

Acute exacerbation: characterised by marked deterioration in lung function and exaggerated diurnal variability

Figure 2 The timing of asthma diagnostic tests matters: a schematic diagram demonstrating variability of asthma with time.
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As asthma treatment is moving away from ‘one-size fits all’
approach towards more personalised strategies, perhaps, the
paradigm of diagnostic approach should also be shifted away
from complete reliance on dichotomous interpretation based on
unified and fixed cut-offs from ‘one-off’ testing. Ascertaining
circadian patterns of diagnostic tests in asthma and appropriate
adjustment of the ‘cut-off’ values according to timing of measure-
ments may improve asthma diagnosis in some patients. With the
evolving face of asthma diagnostic strategies, novel tools are
needed in order to bridge gaps in knowledge. It is important to
consider the time-of-the-day effects during the validation and
standardisation processes in patients with asthma.

Moving beyond ‘one-off’ testing

As the definition of asthma highlights the feature of ‘variability’,
it may be that the focus should be on demonstrating variations
in diagnostic measurements rather than the absolute values. The
possibility of using home testing devices, accompanied by inno-
vative apps, at the diagnostic stage will be valuable in capturing
the day-to-day variabilities and allow taking measurements at the
right time points for diurnal variations in asthma.

While home-based spirometry devices are commercially
available, the role in asthma diagnosis remains unclear. Home-
based Fe,, and forced oscillometry measurements appeared to
be feasible in previous studies and demonstrated clear advan-
tage over PEF in asthma monitoring,”® ** % but their usefulness
in diagnostic settings needs to be urgently studied as the next
step. Such studies in the evaluation of home-based testing will
provide opportunities for repeated measurements during the
day and night (over 24-hour period), through which rhyth-
micity can be determined. Importantly, careful chronotypical
assessment of patients (using validated questionnaires'®! %) is
mandatory in the accurate interpretation of chronobiological
data. The patterns of any circadian rhythm function (including
asthma symptoms and pathophysiological patterns) may vary
largely between chronotypes (see definitions in table 1). Indeed,
several studies have shown that phase shifts (phase advance or
delay) between extreme chronotypes (the morning and evening
types) range from 2 hours to 12 hours, depending on the biolog-
ical and behavioural parameters measured.'” This suggests
that the timing of peak and trough in lung function and asthma
biomarkers may also be very different with chronotype differ-
ences and should be appropriately stratified.

It is important to note that ascertaining the biological rhythm
in asthma will not only benefit in home-based testing strategy,
but will also ‘personalise’ the clinic-based diagnostic tests
(including bronchial provocation challenges, airway eosino-
philia assessment from induced sputum and blood biomarkers)
by interpreting using time-adjusted and chronotype-adjusted
values. It may be possible that the relative expression of core
clock genes in blood (or tissue) samples can provide a ‘biological
time stamp’ for the interpretation of ‘one-off’ testing, and this
should be explored in future research.

As circadian rhythmicity is ubiquitous among all individuals, it
is paramount to thoroughly characterise and define what consti-
tutes an ‘abnormally exaggerated’ circadian pattern in lung func-
tion (and other diagnostic tests) as the first step. Therefore, the
initial study should include patients with definite asthma, healthy
volunteers and those with asthma-like conditions/symptoms (eg,
COPD). Although it is expected that the amplitude/patterns of
circadian rhythm to differ after chronotype stratification among
the disease groups, a degree of overlap remains possible, in which
case this should be carefully quantified and acknowledged. It is

also noteworthy that the discriminative power should be rigor-
ously investigated in asthma diagnosis (eg, prospective studies
of symptomatic and treatment-naive patients) before clinical
implementation.

In addition to the measurement of diurnal/circadian variability
in asthma, a home-based testing strategy also confers the advan-
tage of capturing day-to-day and longer term variabilities, and
provides opportunity for lung function and biomarker measure-
ments at the time of exacerbations (such as following exposures
to triggers). This is crucial in the diagnostic workup.

Close collaborations with industry will be mandatory in the
future in driving the development of user friendly and cost-
effective devices for home-based testing that can be widely used
in primary care (where 85% of asthma patients are diagnosed
and managed'®) and secondary care. With rapidly evolving
technology and advances in data science, we are in a unique era
where a personalised approach in asthma care can be possible
through the integration of digital information (including sleep/
awake cycle measurements using technologies such as wrist
actigraphy,'®® the exposure of personal triggers through loca-
tion, pollution, weather and temperature forecasting and timing
of medication administration and test results into one system.
The incorporation of chronobiology in asthma care can also
provide opportunities to deliver tailored treatment according
to the rhythmicity of disease (chronotherapy), which may
result in better disease control with lower doses of medications.
Home-based testing moves beyond our current ‘one-off” testing
strategy and opens a door to a new approach in asthma care.
This approach not only has the potential to empower patients in
managing this highly variable disease, but also provides opportu-
nities in creating a better patient—clinician partnership.
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