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Background: Physiological evidence of small airways dysfunction (SAD) is present in some patients with asthma and is associated
with poor disease control. It is unclear if this represents a distinct phenotype of asthma or if it is an early manifestation of the disease.
The study aimed to evaluate SAD in asthma and its clinical associations.

Methods: A retrospective analysis of routinely collected health data obtained from adults referred for routine spirometric assessment
as part of their clinical management. The Maximal Mid-Expiratory Flow (MMEF) z-scores were used to assess the prevalence and
association factors for SAD. Pre- and post-bronchodilator data of MMEF and FEV; in patients with and without SAD or airflow
obstruction (AO) were analysed.

Results: A total of 1094 patients were included. 366 (33.5%) had evidence of SAD of whom 261 (71.3%) also had AO. Current
smokers were at an increased risk of having SAD (OR: 2.05; 95% CI: 1.43-2.93). 214 patients had Bronchodilator response (BDR)
data with 157 (73.4%) demonstrating BDR for MMEF and 121 (56.5%) for FEV,. SAD at baseline was associated with a significant
BDR for FEV; (OR of 3.59 (95% CI: 1.77-7.57)) and MMEF (OR of 2.89 (95% CI: 1.41-5.95)). Males were less likely to have
a positive BDR for MMEF than females (OR of 0.46; 95% CI: 0.24-0.89).

Conclusion: SAD is common in asthma and is related to the presence of AO, cigarette smoking and is associated with increased BDR
for both FEV, and MMEF. The assessment of SAD in routine clinical practice may help identify airway impairment early for the
initiation of targeted therapies.
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Introduction

Asthma is a common chronic disease, with more than 300 million people thought to be affected globally; 20 million in
the United States' and 9.8 million in the United Kingdom.? In the Middle East, the prevalence of asthma varies by nation.
Adjusted incidence rates ranged from 4.4% in Turkey to 7.6% in the Gulf cluster, which includes Saudi Arabia, Kuwait,
and the United Arab Emirates.® It is a heterogeneous disease with different clinical presentations and several phenotypes
have been proposed.*> Spirometry is the most commonly used method for objectively diagnosing asthma and confirming
a Bronchodilator Response (BDR) is considered the hallmark of asthma.® One of the main goals of asthma therapy is to
achieve good disease control, minimising symptoms and rescue inhaler use.” However, despite this, real-world studies

have shown poor control in a significant proportion of patients.® Smoking, obesity, and comorbidities such as
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cardiovascular disease and depression/anxiety all contributed to poor asthma control and an increased risk of future
exacerbations, resulting in uncontrolled disease in more than 50% of patients treated for mild/moderate asthma.’

Small airways dysfunction (SAD) is prevalent in patients with asthma'® and there is evidence to suggest that
inflammation in the small airways and the resultant SAD may be a contributory factor in poor disease control.'
Cigarette smoking has already been implicated as a risk factor for SAD in asthma'? as it is a major indicator of the
early development of Chronic Obstructive Pulmonary Disease (COPD)."?

The AssessmenT of smallL Airways involvemeNT In aSthma (ATLANTIS) Study'* found that SAD was more
common in patients with more severe asthma (as defined by the Global Initiative for Asthma (GINA) and associated with
poor asthma control and increased exacerbation frequency'”). However, this study used multiple techniques to assess
SAD and identified that different physiological tests characterised different cohorts of patients with SAD, suggesting that
the assessment tool itself has an impact on identifying patients with SAD.® It is currently unclear which physiological test
should be used to measure SAD,'® however, in clinical practice, it is likely that only one would be used.

The Forced Vital Capacity (FVC) and the forced expired volume in 1 second (FEV,) are used to classify airflow
obstruction (AQO), its severity, and the response to bronchodilators. These are considered to predominantly reflect the
function of the larger airways. While many other indices can be used to assess the function of the small airways, the
Maximal Mid-Expiratory Flow (MMEF; also referred to as the forced expiratory flow between 25-75% of the
FVC:FEF,5.75) is one of the most widely reported, as it is integral to the FVC manoeuvre and, hence, readily
available.

Despite the utility of MMEF as a marker for SAD, its usefulness in clinical decision-making continues to be subject
to debate. According to Quanjer et al (2014), MMEF offers no further benefit in standard clinical practice because of
their unpredictability, which lowers their dependability as stand-alone diagnostic instruments.'” However, this finding
stemmed from a diverse study population with various lung conditions, which may not reflect its utility in specific
groups. On the other hand, data from Ronish et al (2022) shows that FEF25-75% is associated with emphysema, COPD
physiology, and disease severity, suggesting that it may be relevant in particular settings like study cohorts.'®
Furthermore, studies focusing on alpha-1 antitrypsin deficiency (AATD) showed that reduced FEF25-75% predicted
was associated with poorer health outcomes, faster lung function decline, and the early development of macroscopic
emphysema, a key feature of the PiZZ genetic variant.'® The significance of comparing MMEF measures with other
methods, such as impulse oscillometry, which may provide better sensitivity in identifying minor airway anomalies in
patients with asthma and COPD.?°

Clinically, BDR is often used to differentiate between asthma and COPD. However, studies have indicated that it
may not be discriminatory®'*** as positive BDR can be found in patients with COPD.**** The BDR test has been

2526 g]though some asthmatics patients may not

highlighted to be important in the diagnosis and prognosis of asthma,
have a positive BDR. It was previously reported that asthmatic patients with normal FEV, had lower MMEF values,
indicating SAD as part of the disease paradigm.'® This suggests that changes in FEV, may not be the only marker to
assess treatment response. For instance, in children with asthma, low MMEF was associated with a positive BDR for
FEV,

Identifying the presence of SAD in asthma is increasingly of clinical importance. Small airways now form
a therapeutic target with the development of inhaled treatments with smaller aerosol particles*® and more recent evidence
of biologics having an effect on the small airways.***°

This current real-world study sought to assess the prevalence of SAD using MMEEF in an unselected cohort of patients
with asthma to determine the relationship of SAD to AO, BDR and smoking.

The study had four main aims.

1. To investigate the prevalence of SAD in patients under treatment for asthma.

2. To determine the relationship between both the presence of and severity of SAD and conventional AO in asthma.
3. To assess the relationship between demographic features and smoking behaviours and the likelihood of SAD.

4. To describe BDR for MMEF and FEV,, and to assess the association of SAD with BDR.
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Materials and Methods
This study was a cross-sectional, retrospective analysis of patients referred to the Lung Function & Sleep department for
an assessment of asthma.

Data Source and Settings

The data were obtained from the lung function department in a tertiary hospital in the West Midlands of the UK. All
routine lung function records of adults being tested for asthma diagnosis or monitoring and tested between 1%
January 2016 and 30™ April 2021 were screened for inclusion. The study and all study activities were approved by
the Health Research Authority (HRA IRAS number 274729; REC Reference: 20/HRA/0203). The data were collected
and compiled by the Lung Function & Sleep department and anonymised prior to analysis.

Inclusion and Exclusion Criteria
The study included adults aged 18 years or older who were undergoing treatment for asthma and had been referred for
routine lung function testing by a physician. Eligibility required a report of primary spirometry indices, specifically
FEV,, FVC, and MMEF.

Exclusion criteria ruled out individuals with other respiratory diagnoses, including COPD, bronchiectasis, or lung
malignancy. Patients with a history of previous lung surgery likely to impact lung function parameters were also
excluded, as were entries with missing key spirometry parameters (FEV,, FVC, MMEF).

Outcomes
The co-primary outcomes included determining the proportion and characteristics of patients with evidence of SAD and
assessing the BDR in patients with SAD, using MMEF and FEV1 as key measures.

The secondary outcome focused on The relationship of smoking to SAD.

Lung Function Testing

Participants were assessed using spirometry (MasterScreen Pro lung function system (Jaeger Ltd, Hochberg, Germany)),
which was performed according to the Association for Respiratory Technology and Physiology (ARTP)/British Thoracic
Society (BTS) guidelines.®' Patients were instructed to withhold their short-acting bronchodilators for at least 6 hours
and long-acting bronchodilators for 12 hours prior to spirometry, in line with standard practice guidelines. Using
calibrated spirometers, qualified workers completed the tests, making sure each patient executed a minimum of three
acceptable and repeatable procedures. With a maximum variation of less than 150 mL between the two best measures, the
greatest values for FVC and FEV, were reported.

The categorisation was based on z-scores of the FEV,/FVC** for AO and MMEF for SAD. The z-score was
calculated from the raw data provided using the Global Lung Initiative (GLI) 2012 formula.>* An FEV,/FVC z-score
of <-1.645 was taken to indicate the presence of AO, and the severity was classified by FEV; z-scores as follows:
>-1.645: Mild, <-2.0: Moderate, <-2.5: Moderately severe, <-3.0: Severe and <-4.0: Very severe.’' The lower limit of
normal (LLN) of MMEF was used to define SAD using a z-score of <-1.645 as it represents the lower 5 percentile,
recommended by the ARTP as the appropriate LLN for assessing lung function using spirometry.>'

The BDR was assessed 20 minutes after administering 2.5 mg of Salbutamol via jet nebuliser. A positive BDR for
FEV, was defined as a change of >12% and >200 mL following American Thoracic Society/European Respiratory
Society (ATS/ERS) spirometry guidelines.>* A change of >30% of the MMEF was considered a positive response for the
small airways as recommended by others.>® The % of change was calculated using the (% initial) equation according to
the ARTP statement.'

Statistical Analysis

Data analysis was performed using RStudio (based on R, from the R Core Team, version 4.2.0) software.*® Predicted
values and z-scores were calculated using IBM SPSS (version 27) software.’” The normality of data was assessed using
the Shapiro test, and then the normality of variance was assessed using Levene’s test in normally distributed data. For
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normally distributed data, unpaired t-tests were used to compare two continuous variables and ANOVA was used to
compare more than two continuous variables. For data not normally distributed, unpaired Wilcoxon rank tests were used
to compare two continuous variables and the Kruskal-Wallis test to compare more than two such variables. P-values
were adjusted using the Bonferroni method*® for multiple comparisons. For categorical variables, Chi-square tests were
used. Backward stepwise logistic regression models were used for SAD and the probability of positive BDR in those with
SAD and AO factors. In the regression models, odds ratios (ORs) with 95% confidence intervals (Cls) were used to
reflect the magnitude and direction of associations. A p-value of less than 0.05 was considered statistically significant. To
determine any predictors of SAD in asthmatic patients, a univariable regression model was developed that included the
whole cohort (n=1094) and the OR were calculated for age, sex, body mass index (BMI), and smoking status (never
smoker, ex-smoker, or current smoker).

Results

A total of 2328 lung function records were performed by patients with a confirmed or suspected diagnosis of asthma
during the study period. A total of 1094 unique patient records met the study criteria and were included for the baseline
analysis and, of these, 214 records had BDR data (Figure 1).

Baseline Characteristics
A total of 697 patients (63.1%) had neither SAD nor AO (SAD-/AO-) at baseline. A total of 366 (33.4%) had evidence of
SAD, of whom 105 (28.7%) had no AO (SAD+/AO-) and 261 (71.3%) had both SAD and AO (SAD+/AO+). Of the

Identified

:

E 2328 Records

Screening for 499 records removed
duplicate or Duplicates n=324
missing data Missing Info n= 175
Screening for 735 records removed
eligibility criteria (not under treatment for
n= 1829 asthma)

J,

1094 records included
for baseline analysis

!

214 records included for
BDR analysis

Figure | Flowchart of the screened records that shows the number that were assessed based on the inclusion/exclusion criteria.
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whole cohort, 292 (26.6%) patients had AO, of whom 261 (89.4%) had both AO and SAD. The smallest group (31
patients; 2.8%) was that including patients with AO but no SAD (SAD-/AO+).

The SAD+/AO- group was younger (on average) than the other groups, although this failed to achieve statistical
significance (p=0.051). The cohort was predominantly females (n= 687; 62.8%). Most of the patients (n=656; 60.0%)
were never smokers, with 280 (22.9%) being current smokers, and 158 (17.1%) ex-smokers. Table 1 summarises the
demographics of the patients based on physiologically defined groups.

Most patients (n=920; 84.1%) reported using short-acting Beta-2 agonists (SABA), followed by 706 (64.5%) who
reported using inhaled corticosteroids/long-acting Beta-2 agonists in combination (ICS/LABA), or ICS alone (n=425;
38.8%). There were no differences in medication use between the physiologically defined groups except in those using
LAMA.

Lung Function Characteristics

Those in the SAD+/AO- and the SAD+/AO+ groups had lower median FEV; values than those in the SAD-/AO- and
SAD-/AO+ groups, both of which were in the normal range. The median FEV; was lowest in the SAD+/AO+ group
(both for % predicted and z-score).

While the FEV/FVC ratio was within the normal range in the SAD+/AO- group, it was lower than for the SAD-/AO-
group. Although the SAD-/AO+ group had statistically lower FEV/FVC compared to the SAD-/AO- and the SAD+/AO-
groups the median z-score for FEV; (—0.62; IQR: —0.86 — —0.18) and FVC (0.94; IQR: 0.47-1.32) were within normal
range. Detailed lung function indices are reported in Table 2. There was a strong relationship between MMEF and FEV,
/FVC z-scores (R*=0.77, P<0.001), as shown in Figure 2. The MMEF z-score declined in a stepwise fashion with
increasing AO severity (P<0.001), see Figure 3.

Predictors of SAD

Using the univariable model, SAD was not associated with age. BMI was found to be a predictor of SAD with OR 0.96
(95% CI: 0.94-0.98). Sex was found to be associated with SAD more common in males with an OR of 2.20 (95% CI:
1.67-2.89). Both current smokers (OR: 1.72; 95% CI: 1.18-2.50) and ex-smokers (OR: 1.47; 95% CI: 1.07-2.01) were
more likely to have SAD than never smokers. In the multivariable model, age, sex and smoking status were included. Sex

Table | Demographics of Patients Based on Physiological Characteristics

Characteristic Overall SAD-/AO- SAD+/AO- SAD+/AO+ SAD-/AO+ P-value
N = 1,094 N = 697 N =105 N =261 N =31
Age (Years) 48 (35-61) 49 (35-61) 43 (33-53) 48 (34-63) 56 (40-71) 0.051
Sex, n (%) <0.001
Female 687 (62.8) 471 (67.6) 73 (69.5) 136 (52.1) 7 (22.6)
Male 407 (37.2) 226 (32.4) 32 (30.5) 125 (47.9) 24 (77.4)
Race, n (%) <0.001
Asian 214 (19.6) 143 (20.5) 31 (29.5) 36 (13.8) 4 (12.9)
Black 54 (4.9) 33 (4.7) 12 (11.4) 9 (3.4) 0 (0)
White 814 (74.4) 516 (74) 58 (55.2) 213 (81.6) 27 (87.1)
Unspecified 12 (1.1) 5(0.7) 4 (3.8) 3(1.1) 0 (0)
BMI 29.0 (25.1-33.3) | 29.1 (25.6-33.6) | 29.7 (25.6-35.5) | 27.7 (23.5-31.7)"1 | 27.7 (24.8-31.9) 0.003
Smoking Status, n (%) <0.001
Never Smoker 656 (60.0) 441 (63.3) 63 (60.0) 137 (52.5) 15 (48.4)
Previous Smoker 280 (25.6) 176 (25.3) 18 (17.1) 73 (28.0) 13 (41.9)
Current Smoker 158 (14.4) 80 (11.5) 24 (22.9) 51 (19.5) 309.7)

Notes: Groups were based on the physiological characteristics and labelled accordingly. Values are in Median (Q1 to Q3), or n (%).Kruskal Wallis test was used to
assess the statistical difference between the continuous groups. Pairwise statistical analysis was assessed using the Wilcoxon rank test for continuous variables.
The Chi-square test assessed the statistical difference between the categorical and pairwise groups.* Statistically different from SAD-/AO- group; 1, Statistically
different from SAD+/AO- group. The P values in bold indicates statistical significance.

Abbreviations: SAD, small airways dysfunction; AO, airflow obstruction; BMI, Body mass index.
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Table 2 Baseline Lung Function of Patients Based on Physiological Characteristics

Characteristic Overall N = 1,094 | SAD-/AO-N = 697 | SAD+/AO-N = 105 | SAD+/AO+N = 26| SAD-/AO+N = 3| P-value
FEV,

% Predicted 85.6 (70.6-97.3) 93.0 (84.0-102.1) 70.7 (58.9-78.9)* 61.4 (49.6-73.0)* 93.1 (88.5-99.0)* <0.001

Z-score —122 (-227 - —038) | 073 (-1.33-0.05) | —2.46 (-2.97 — —1.92)* | —2.72 (-349 - -2.11)* | —0.62 (-0.86 — -0.18)"* | <0.001
FVC

% Predicted 91.1 (79.6-102.0) 94.2 (84.8-103.7) 76.6 (64.8-87.5) 82.0 (72.0-96.7)"t 1144 (107.1-1202)"t* | <0.001

Z-score -0.82 (~1.69-0.00) ~0.59 (-1.36-0.13) | —2.13 (-2.82 — —1.25)% | —1.38 (220 - —0.34)"t |  0.94 (0.47-132)"* <0.001
FEV,/EVC (Ratio) 762 (67.9-81.6) 80.3 (75.8-84.3) 75.0 (71.5-77.9)* 61.1 (52.7-65.0)" 64.8 (58.4-68.3)" <0.001
FEV,/FVC Z-score | —0.73 (~1.73-0.15) —0.17 (-0.72-042) | —1.15 (~1.45 - —0.84) | -2.60 (-3.30--2.10) | —-195(-2.19-—177) | <0.001%
MMEF

% Predicted 72.6 (47.3-94.9) 86.4 (74.2-107.6) 52.4 (44.8-58.2)* 33.8 (24.8-42.6)" 58.9 (49.6-66.3)" <0.001

Z-score ~1.09 (-2.00 - —023) | —0.53 (-1.02-0.15) | —1.96 (-222——-1.78) | -2.62(-323--2.18) | 144 (-1.54—-135) | <0.001%

Notes: Groups were based on the physiological characteristics and labelled accordingly. Values are in Median (Q1 to Q3), or n (%).Kruskal Wallis test was used to assess the
statistical difference between the continuous groups. Pairwise statistical analysis was assessed using the Wilcoxon rank test for continuous variables. The Chi-square test
assessed the statistical difference between the categorical and pairwise groups.* Statistically different from SAD-/AO- group; 1, Statistically different from SAD+/AO- group;
+ Statistically different from SAD+/AO+ group. The P values in bold indicates statistical significance. “Comparative statistics were not conducted where a cut off was used in
the definition of disease (such as FEVI/FVC ratio).

Abbreviations: SAD, small airways dysfunction; AO, airflow obstruction; FEV/, forced exhaled volume in the |** second; FVC, Forced vital capacity; MMEF, Mid-maximal
expiratory flow.

remained a predictor for SAD (OR: 1.39; 95% CI: 1.07-1.81) as well as current smokers (OR: 2.05; 95% CI: 1.43-2.93).
Full regression table can be found in Supplementary Table (S1).

Characteristics of Patients With BDR Data

BDR data was available for 214 patients. Overall, 121 (56.5%) patients had a positive BDR for FEV; and 157 (73.4%)
had a positive BDR for MMEF. Apart from one patient, all those with a positive BDR for FEV,; (n=120) also had
a positive BDR for MMEF (99.5%). However, 38 (17.3%) patients had a positive BDR for MMEF without meeting the
BDR criteria for FEV;.

The median age for positive BDR for FEV, and MMEF was 38 years (IQR: 28.8-58.0), which was younger than
those with negative BDR for FEV; or MMEF (median age= 50 years; IQR: 35.8-66.3) and those testing positive for
MMEF alone (median age= 52 years; IQR: 37.0 to 73.0). Those with positive BDR for FEV, and MMEF had lower
baseline values for MMEF z-score compared to those negative for BDR. Furthermore, those positive for FEV, and
MMEF also had greater BDR for the FEV/FVC ratio compared to those in the negative BDR group and positive BDR
for MMEF alone group. There were no other differences in demographics between the groups. Table 3 describes the
demographics and baseline lung function for the groups. There was a strong correlation between the BDR for FEV1 and
MMEF as determined by the percentage change (R* = 0.90, P<0.001), see Figure 4.

Predictors of BDR

A prediction regression model was used to identify any predictors of the BDR for FEV,. In the univariable analysis,
predictors included age (OR= 0.97; 95% CI: 0.95-0.98) and SAD at baseline (OR= 4.61; 95% CI: 2.34-9.52). No other
factors were found to be significant predictors. In the multivariable analysis model combining these factors, age (OR=
0.97; 95% CI: 0.96-0.99) and the presence of SAD (OR: 3.76; 95% CI: 1.81-8.13) remained predictors of BDR for
FEV,. Full regression table can be found in Supplementary Table (S2).

Analysing the predictors of a positive BDR for MMEF using univariable analysis, older population was less likely to
have a positive BDR for MMEF (OR= 0.98; 95% CI: 0.96-0.99), males were less likely to be positive (OR= 0.45; 95%
CI: 0.24-0.84), and those with SAD at baseline were more likely to have a positive BDR for MMEF (OR= 3.84; 95% CI:
1.95-7.61). No other factors were found to be relevant. In the multivariable analysis model combining these factors, age
(OR= 0.98; 95% CI: 0.96-1.00), sex (OR= 0.46; 95% CI: 0.24—0.89), and the presence of SAD at baseline (OR= 2.89;
95% CI: 1.41-5.95) remained predictors of BDR for MMEF. Full regression table can be found in Supplementary

Table (S3).
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Figure 2 Scatter plot of MMEF and FEV /FVC z-scores with regression line and R A cut-off of —1.645 was used to categorise SAD and AO using MMEF and FEV,/FVC. The
4 groups are represented by the 4 colour dots as indicated on the figure.The regression equation is shown (upper left).

Abbreviations: MMEF, Maximal mid-expiratory flow; FEV/, forced expiratory volume in the first second; FVC, forced vital capacity; SAD, small airways dysfunction; AO,
airflow obstruction.

Discussion

In this retrospective data analysis of 1094 patients treated for asthma, SAD as defined by MMEF was frequently present
and associated with both AO and smoking. There was a strong correlation between MMEF and FEV/FVC with the
severity of SAD increasing as airflow obstruction worsened (defined by the FEV, z-score.’’ The results of the
ATLANTIS study, where the prevalence of SAD also increased with asthma severity as defined by GINA,'* are
consistent with our real-world setting in a larger cohort of patients. Additionally, several studies have demonstrated
the relationship between MMEF disease severity in different populations with obstructive patterns.'®>’

The current study also describes the association between SAD and a positive BDR for both MMEF and FEV;.
A positive BDR for FEV, was present in 56.5% of patients, which is in keeping with an asthma cohort.>® In participants
with evidence of SAD at baseline, this proportion was higher, with 64.8% having evidence of positive BDR for FEV; and
80.0% having a positive BDR for MMEF (predominantly in females).

Overall, 37 (17.3%) of patients had a positive BDR for MMEF but not FEV,, which is likely to be of clinical
relevance reflecting aerosol deposition. In asthma, BDR is associated with wheezing, atopy and poor symptom control,
and is inversely related to the Asthma Control Test (ACT) scores.”>*® There are treatments designed to target the small
airways and there is there is also increasing evidence that systemic biological therapies, such as monoclonal antibodies
targeting IL-5, such as mepolizumab, and IL-4/IL-13, such as dupilumab, positively impact small airway inflammation
by modulating the immune response in asthma, potentially improving small airway function.*'**> Measuring SAD should
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Figure 3 Box plot of MMEF z-scores for AO severities as defined in methods. Median value is the horizontal line, box is IQR and whiskers indicating range with points for
outliers.“****’= P<0.0001, “*’= P<0.05.
Abbreviations: MMEF, Maximal mid-expiratory flow; AQ, airflow obstruction; NS.= Not significant

enable tracking of small airways responses to therapies objectively.**** Furthermore, while it remains unclear if positive
BDR in the small airways significantly impacts on symptoms, an effect that is well established regarding the larger
airway. Assessing the function of small airways and the associated BDR provides an opportunity to identify these
individuals and evaluate targeting the small airways specifically as a therapeutic strategy.

A positive BDR for MMEF alone was mainly associated with females. Furthermore, females have previously been
reported to have a higher incidence rate of non-atopic asthma during adulthood,* suggesting a higher rate of under-
diagnosis for females.*>*® This indicates the possible benefits for assessing the BDR for MMEF in symptomatic females
where a positive BDR for FEV1 may not be established to confirm asthma diagnosis and therapy. Indeed, recent
ATLANTIS study reported that females had more severe asthma compared to male patients (based on GINA steps) and
were more likely to suffer asthma exacerbations despite the lower FEV1/FVC ratios in male patients.*’ The influence of
sex on BDR is an important factor that warrants further exploration. Recent findings by Chaiwong et al (2023) emphasize
the impact of the updated ATS/ERS pulmonary function test interpretation guidelines on BDR interpretation in
individuals with airway obstruction.*® It highlighted sex-related differences in airway physiology and BDR, which
may contribute to variations in BDR outcomes.

Our study pragmatically chose MMEF as an indicator of SAD as it is readily available on spirometry reports and,
hence, does not require additional testing methodologies. There is controversy concerning the use of MMEF, with studies
highlighting the inherent variability of the test.'”** For example, MMEF was considered not clinically useful in a large
multicentre, retrospective analysis of unselected patients referred for lung function tests including those without lung
pathology and those with a wide range of lung diseases. However, the analysis did not stratify the participants based on
disease or specific clinical presentation.'” It is worth noting that a test showing limited use in an unselected cohort can
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Table 3 Demographics, Baseline Values, and BDR Values are Based on Physiological Characteristics

Characteristic Overall - BDR for FEV, and + BDR for MMEF + BDR for FEV, and + BDR for FEV, P-value
N =214 MMEF N = 56 N =37 MMEF N = 120 N=1

Age (Years) 45 (31.3-58.8) 50 (35.8-66.3) 52 (37.0-73.0) 38 (28.8-53.0)"F 69 0.008
Sex, n (%) 0.002

Female 117 (54.7) 23 (41.1) 31 (83.8) 63 (52.5) 0 (0.0)

Male 97 (45.3) 33 (58.9) 6 (l6.2) 57 (47.5) 1 (100.0)
BMI 27.6 (24.1-32.0) 26.9 (23.4-31.1) 26.7 (23.5-30.1) 28.4 (24.3-33.0) 254 0.3
Smoking Status, n (%) 0.7

Never Smoker 104 (48.6) 26 (46.4) 16 (43.2) 61 (50.8) 1 (100.0)

Previous Smoker 61 (28.5) 18 (32.1) 14 (37.8) 29 (24.2) 0 (0.0)

Current Smoker 9 (22.9) 12 (21.4) 7 (18.9) 30 (25.0) 0 (0.0
FEV,

% Predicted 70.2 (57.2-80.4) 77.4 (63.6-86.9) 70.5 (54.0-78.2) 67.0 (57.1-78.7) 54.0 0.9

Z-score —2.2 (-2.9—1.5) —1.8 (-2.4—0.9) -1.9 (-2.9—1.6) 25 (-3.1-1.7) -2.7 0.1
FVC

% Predicted 85.0 (75.0-97.8) 93.6 (76.3-103.0) 80.2 (73.2-91.8) 84.9 (71.9-96.7) 782 0.2

Z-score =1.1 (-1.9—0.2) —0.5 (—1.6-0.2) =13 (-2.0-0.7) -1.2 (-2.0—0.3) -1.5 0.1
FEV,/FVC Ratio 65.0 (59.1-70.5) 66.6 (59.1-69.7) 65.6 (60.3-74.5) 64.9 (58.8-70.7) 527 0.6
FEV,/FVC Z-score -2.1 (-2.8—1.6) —2.0 (—2.5—-1.6) —1.8 (-2.7--1.2) -2.3 (-2.9—1.7) -2.8 0.07
MMEF

% Predicted 43.9 (31.2-56.0) 47.9 (37.9-60.4) 45.5 (27.3-56.7) 39.7 (30.4-52.9) 393 0.2

Z-score -2.3 (-2.8—1.7) =2.1 (-2.5—-1.4) =2.1 (—2.6—1.6) -2.5 (-3.1--2.0)* -1.8 0.011
A FEV, (% change) 14.5 (9.6-23.4) 5.3 (4.0-7.7) 10.3 (9.8-11.8) 21.5 (16.1-30.1) 12.7 <0.001%
A FEV,/FVC Ratio 7.8 (2.9-13.6) 2.9 (0.3-6.3) 5.8 (1.3-8.0) 11.4 (7.2-17.4)" 2.3 <0.001
A MMEF (% change) 50.0 (27.2-81.7) 16.1 (10.5-21.8) 36.3 (33.0-47.5) 75.7 (56.1-117.7) 22.3 <0.001%
Airflow Obstruction, n (%) <0.001

SAD-/AO- 33 (15.4) 15 (26.8) 9 (243) 9 (7.5 0 (0.0)

SAD+/AO- 23 (10.7) 1 (1.8) 5(13.5) 17 (14.2) 0 (0.0)

SAD+/AO+ 142 (66.4) 31 (55.4) 21 (56.8) 89 (74.2) 1 (100.0)

SAD-/AO+ 16 (7.5) 9 (le.) 2 (54) 54.2) 0 (0.0)

Notes: Groups were based on the physiological characteristics and labelled accordingly. Values are in Median (Q1-Q3), or n (%). Kruskal Wallis test was used to assess the
statistical difference between the continuous groups. Pairwise statistical analysis was assessed using the Wilcoxon rank test for continuous variables. The Chi-square test
assessed the statistical difference between the categorical and pairwise groups.* Statistically different from - BDR for FEV, or MMEF group; 1, Statistically different from +
BDR for MMEF group. The P values in bold indicate statistical significance.”Comparative statistics were not conducted where a cut off was used in the definition of disease
(such as FEVI/FVC ratio).

Abbreviations: SAD, small airways dysfunction; AO, airflow obstruction; BMI, Body mass index; FEV , forced expired volume in | second; FVC, Forced vital capacity; MMEF,
Maximal mid-expiratory flow; NS, Not significant.

still be of value in a selected group. Furthermore, a recent study showed that MMEEF can be a reliable index for assessing
SAD, and that it relates to asthma features such as BDR and airway hyperresponsiveness.’® Asthma patients have also
reported increased nocturnal and persistent symptoms, more emergency room visits and a higher blood eosinophil count
in those with SAD defined by MMEF but no AO compared to those with normal lung function,® indicating both
a pathological and therapeutic response association.

Recent studies have found that abnormal MMEF was associated with early disease manifestation in COPD,'*'
suggesting it reflects early changes in airway function. However, more studies are needed to determine if there are shared
inflammatory pathways between diseases reflecting the similar physiological changes.

It is possible that other physiological tests of small airway function, such as impulse oscillometry or multiple-breath
nitrogen washout, may provide additional insights into characterizing SAD in asthma. However, the reporting of small
airways function is not currently well described in relevant guidelines or statements such as the ATS or the ERS.’">?
Furthermore, there are differences and uncertainties in the methods for measurements, and normal ranges used for the
interpretation of SAD, which complicates their usefulness. Admittedly, this is also an issue for MMEF. Some studies
report the MMEF as % predicted but, for some patients, the LLN can be below 40% predicted.'”*’ In general, the ARTP
statement on pulmonary function testing supports the use of z-scores to prevent sex, age and height bias and, accordingly,
z-scores are utilised in the current study.>'
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Figure 4 Scatter plot of the BDR for FEV, relationship to the BDR for MMEF. The colours represent the four response groups.
Abbreviations: FEV |, forced expired volume in | second; MMEF, maximal mid-expiratory flow; BDR, bronchodilator response.

Strengths and Limitations

One major strength was the use of routinely collected data, enabling a large number of patients to be assessed. The
pragmatic use of routinely collected data was arguably a limitation as there were many missing data fields, which
excluded some patients (although there was still remained a large number). The study lacked patient-reported outcomes
such as the ACT or asthma quality of life questionnaire (AQLQ) so the impact from the patients’ perspectives could not
be assessed. Data restrictions also prevented us from calculating severity using GINA criteria. The BDR for MMEF was
not corrected for iso-volume, as previously recommended,” so the pre- and post-bronchodilator parameters were not
compared in the optimal manner. In the presented study the most recent BDR criteria for ATS/ERS guidelines was not
incorporated,”® which recommend using a 10% change relative to the predicted FEV,. While this approach offers
valuable insights and aligns with current clinical practices, the decision was made to adhere to the predefined
methodology for consistency and comparability within the dataset. Future studies should consider incorporating this
guideline to ensure alignment with the latest recommendations and to enhance the clinical applicability of the findings.
Another limitation of this study was its cross-sectional design, which limits the ability to establish causal relationships.
Longitudinal studies are needed to better understand the temporal associations between SAD, AO, and other possible risk
factors. Nevertheless, the study provides evidence to support the measurement of SAD and BDR in small airways. This
may be especially useful in future studies with interventions that target SAD for which BDR in the small airways
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measured by MMEF would be useful, particularly in the absence of a positive BDR for FEV, or lack of classical AO
related to the larger airways.

Conclusion

SAD and a positive BDR of its measurement are prevalent in asthma and present in even in those without conventional
physiological evidence of AO or BDR related to the larger airways. The findings of this study suggest that MMEF could
be a valuable marker for assessing SAD and BDR for the small airways in the assessment of asthma. However, further
studies are required to confirm the utility of MMEF in daily clinical practice. The relationship between SAD, BDR for
the small airways, respiratory symptoms, patient-reported outcomes and therapies that target small airways should also be
evaluated in future studies of patients with asthma.

Abbreviations

BDR, Bronchodilator Response; SAD, Small Airways Dysfunction; COPD, Chronic Obstructive Pulmonary Disease;
ATLANTIS, Assessment Of Small Airways Involvement In Asthma; GINA, Global Initiative For Asthma; FVC, Forced
Vital Capacity; FEV,, Forced Expired Volume In 1 second; AO, Airflow Obstruction; MMEF, Maximal Mid-Expiratory
Flow; FEF,5_75, Forced Expiratory Flow Between 25-75%; HRA, Health Research Authority; ARTP, Association For
Respiratory Technology And Physiology; BTS, British Thoracic Society; ATS, American Thoracic Society; ERS,
European Respiratory Society; SABA, Short-Acting Beta-2 Agonists; ICS, Inhaled Corticosteroid; LABA, Long-
Acting Beta-2 Agonist; BMI, Body Mass Index; OR, Odds Ratios.
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